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IV.1

SOILS IN RELATION TO NUTRITIONAL VALUES IN FOODS
by
FIRMAN E.

BEAR

Rutgers University
New Brunswick, New Jersey, U.S.A.
Good health in man means more than freedom from disease. It includes
possession of a feeling of joie de vivre. Such a feeling can be maintained
only if all of man's nutritional needs, both organic and inorganic, are being
met at optimum levels day after day, week after week, and year after year.
The urge of plants is to reproduce themselves rather than to serve the
purposes of man. Consequently, men have had to adapt themselves to
plants, choosing, by trial-and-error, the plants and their products that
best met their needs.
Man makes use mostly of the seeds, fruits, and tubers of plants for food
purposes. These are concentrated products of fairly uniform composition
for each species and variety of plant. Being reproductive organs, they normally contain all the organic and mineral nutrients the young seedlings
that may develop from them will require. The storage needs of these reproductive portions of the plants are met first, even if this results in deficiencies in other parts of the mother plants.
But the organic and mineral composition of whole plants of any given
species and variety varies greatly, depending on the nature of the soilclimate complexes in which they grew. Balanced human nutrition is favored
by consumption of the produce of many very different kinds of plants from
many very different kinds of soil. And it is further enhanced by consumption
of animal products, which have high supplemental protein, mineral, and
vitamin values.
Every man has a chemistry of his own that is related to his heritage (10).
This chemistry can be individually explored and adjustments can be made
in the diet in conformity with the chemists' findings. The practical limits
to such explorations are apparent. It is necessary, therefore, to develop
general principles that can be applied to the production and use of foods by
man.
The soil provides a starting point for such considerations. The climatevegetation complexes that were involved in soil formation in the foodproducing parts of the Earth varied from those of the tropical rain-forest
regions to those of the tree-covered humid temperate regions, the grasscovered prairies and plains, and the sparsely-vegetated deserts.
The latosolic, podzolic, chernozemic, and desertie soils that developed
in these four climate-vegetation regions, respectively, vary greatly in their
chemical composition. And the plants that are naturally adapted to these
regions vary all the way from those that are high in carbohydrates to those
that are high in protein and mineral nutrients (1). Manioc, potatoes, wheat,
and alfalfa can be used to represent the food and feed crops of these four
soil-climate-vegetation complexes.
The relationship between soil-climate complexes and the mineral values
of plants is illustrated by a study that was made of the ash constituents of
five kinds of vegetables, field-selected from 40 American farms located on
soils belonging to these four great groups (5). This study showed that total
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ash, Ca, cation-equivalent and most trace-element values were highest in
the produce of the irrigated desertie soils and least in that of the latosolic
soils. Mn values were an exception, tending to be highest in the produce of
the acid podzolic soils. Mg values tended to be highest in the plant produce
of the latosolic and the irrigated desertie soils.
Within reasonable limits, plants have the capacity to substitute one
mineral element for another of similar properties. The extent to which this
occurs depends on the amounts and ratios in which these elements are
present in available forms in the medium in which the plants are growing.
Thus, it was found that the ratios of Ca:Mg:K in equal weights of oven-dried
alfalfa that had been grown on 20 very different podzolic soils of New
Jersey under standardized greenhouse conditions varied greatly from soil
to soil and from the first to the eighth successive harvest (4). But the sums
of these three elements, expressed in me. per 100 gm. dry matter, tended to
be a constant for the produce of each crop-harvest from all these soils.
These sums averaged 170 me. for the first harvest and 187 for the eighth.
Such equivalent substitutions of Ca, Mg, and K for each other in plants
can be effected to a marked degree without materially reducing yields or
altering the plants' general appearance (3). But they may result in mineral
malnutrition of animals consuming the plants in forage form. Considerable
trouble has been experienced with 'grass tetany' in various parts of the
world, notably in Kansas and neighboring states in the United States and
in the Netherlands abroad (9). The disease tends to develop whenever the
ratios of K : (Ca + Mg) in the forage exceeds 2.2.
An immediate remedy for grass tetany is found in subcutaneous injections
of Ca and Mg gluconates. The long-time remedy lies in increasing the supplies
of Ca and Mg either by way of the soil and plant or the salt that is fed.
In marked contrast, 'bluecomb' disease in poultry, due to the feeding of
concentrates that are low in K, is overcome by adding a salt of potassium
to the feed or water.
Similar problems of imbalance for livestock are found in areas where
the forage contains relatively large amounts of Mo or Se in relation to the
supplies of Cu and S. The very troublescome diarrhea that occurs with
excessive Mo is remedied by subcutaneous injections of Cu glycinate or the
supplemental feeding of a Cu salt. The 'blind staggers' and sloughing-off
of hoofs resulting from eating forage that is high in Se as the selenate is
overcome by feeding S in the sulfate form. This remedy does not apply to
selenites or to organic forms of Se.
The problem presented by Sr 90 as a possible contaminant in feeds and
foods is not so troublesome where soils naturally contain relatively large
amounts of available Ca. In acid-soil areas a remedy is found, at least in
part, in liberal use of liming materials (8).
The larger part of the N plants obtain from the soil is absorbed in the
N0 3 form. Sometimes, excessive amounts of N0 3 accumulate in forage
with resulting toxic effects on the livestock that consume it. The N 0 3
content of vegetables is occasionally so high as to raise doubts that they
should be consumed by humans (11). Methemaglobinemia, a disease of
infants, is believed to be due to excessive N0 3 in food or water. One remedy
for such N0 3 accumulations in plants is found in supplying more of the
nitrogen in NH 4 form. This NH 4 ion is in competition with the mineralnutrient cations for a place in the plant whereas the N0 3 ion is in competition with the mineral-nutrient anions of P, S and CI.
Mineral-nutrient deficiencies and imbalances in feeds and foods constitute
highly important factors in their nutritional qualities. Frequently animals,
and occasionally men, consume the produce of only one soil and of only
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a few kinds of plants. Under such circumstances deficiencies of I, Co,
and P have been found in livestock and in man, with their well-known
symptoms of goiter, anemia, and poor bone structure, respectively. Of
these three elements, only the P has known value to most plants, so this is
the only one of them that is commonly applied to the soil in fertilizer form.
There is, however, the possibility that Co may have value to the Rhizobia of
legumes (7), and a salt of this element is sometimes applied to grasslands.
Iodine is supplied to both animals and man by way of the salt that is consumed.
Ruminants have a very considerable advantage over other types of
animals, including man, in that, with an adequate supply of carbohydrates
at their disposal, the rumen microflora can synthesize all the other needed
food substances out of inorganic materials. Thus molasses, urea, and mineral
nutrients, fed in conjunction with corncobs for bulk, appear to meet all
the needs for good growth in beef cattle. No such large-scale synthesis of
food substances from inorganic materials takes place in the alimentary
canal of man, but the possibility of some synthesis and absorption in the
intestinal tract cannot be completely ruled out.
Man can, however, make use of all the mineral nutrients in inorganic
form save for S and Co. The S must be supplied as methionine and thiamin
and the Co as cobalamin or some related organic form. The soils of the
tropics tend normally to be low in S, with the result that plants growing
on them tend to be deficient in methionine.
One seldom thinks of Na and CI as being mineral nutrient deficiencies in
plants, present in too small amounts to meet the needs of herbivorous
animals and of man. Since we are accustomed to overcoming this lack by
the use of common salt, one wonders why a more complete mineral salt is
not used instead of NaCl. Seasalt is now available in attractive free-flowing
form, made so by filtering the organic matter out of seawater and by carbonating the highly hygroscopic MgC^, changing it to MgC03, a nonhygroscopic and much less bitter salt. There might well be advantages in its
use.
Many people go to extremes in the use of common salt. If an absorbing
complex, whether it be a soil, the surface of a root hair, or the lining of an
alimentary canal, is continuously washed with a solution that is high in a
given salt, the ions of that salt tend to replace similar ions held in exchange
form on 'the absorbing complex. And notwithstanding the capacity of
living membranes to exercise selection in the ions they absorb, the law of
mass action still applies.
The only specific mineral allowances that have been agreed upon by
human nutritionists to date are those for Na, CI, Ca, P, Fe, Cu, and I.
For a normal vigorous man weighing 65 kg. and living in a temperate
climate, the daily allowances for the first five of these have been set at
60, 93, 12, 18, and 0.18 mg. respectively, and for the last two at 18 and
2—4 fig., respectively. No allowances have been set for K, Mg, or the other
necessary mineral nutrients, although they are indicated as being required
(2).
One of the intriguing facts about the mineral-nutrient balances in man
is that the blood plasma contains Na, K, Ca, and Mg in me. values per
liter of 142, 5, 5, and 3, respectively, whereas the cell fluids contain them
in me. values of 14,157, 0, and 26 respectively (6). A great deal of dependence is placed on 'homeostatic mechanisms' to maintain these ratios in the
extra-cellular and intracellular fluids, respectively. But man is subject to
many ills along the way, at least some of which might be avoided if more
were known about his mineral-nutrient needs and if the producers and
3
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processors of t h e foods he eats were advised as to what could best be done
to meet them.
In conclusion, likelihood of deficiencies a n d imbalances in t h e mineral
nutrition of man, and of his related organic nutrition as well, is greatest in
regions where choice of foods is limited to relatively few plant species grown
on relatively few kinds of soil, and where animal products, including fish,
are available in only limited supply. In regions where products from m a n y
species of plants from m a n y kinds of soil are a t man's disposai, the primary
problems are those of educating consumers on how to balance their foods
from t h e a b u n d a n t supplies a t hand a n d on t h e necessity of doing so. As
matters now stand, we are operating on a hit-and-miss system t h a t m a y
or m a y not meet our requirements.
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SUMMARY

Nutritional values of whole plants of a n y species vary greatly depending
on soil-climate complexes under which they grew. Plants often absorb
excess of one mineral nutrient a t the expense of others of like properties.
But me. summation values of nutrient cations and anions tend t o remain
constant. Mineral deficiencies and imbalances are common in livestock
consuming t h e produce of only one plant and soil. Co, I, a n d P are common
deficiencies, a n d K, Mo, a n d Se a r e often in excess. These troubles are
remedied b y feeding mineral mixtures. Man avoids such problems b y
eating t h e produce of m a n y plants and soils, plus animal products. Food in
tropical regions is higher in carbohydrates and lower in proteins and minerals
t h a n t h a t of irrigated arid regions, t h a t of other regions being in between. '
Man often consumes excess NaCl. Substitution of salt mixtures seems
logical. B u t S and Co must be supplied in specific organic forms.
RÉSUMÉ

Les valeurs nutritives des plantes cultivées de n'importe quelle espèce
varient beaucoup d'après le complexe sol-climat au sein duquel elles se sont
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développées. Souvent les plantes absorbent u n élément nutritif minéral en
excès, au dépends d'autres éléments doués de propriétés semblables, mais
les sommes des cations et anions nutritifs adsorbés, exprimées, en meq
tendent à rester constantes. Carences et déséquilibres minéraux sont très
fréquents chez le bétail qui consomme uniquement le produit d'une plante
ou d'un sol. Co, I et P font le plus souvent défaut, tandis que K, Mo et Se
sont souvent en excès. Ces carences peuvent être corrigées par adjonction
de sels minéraux aux fourrages. L'homme évite ces problèmes en se nourrissant des produits de plusieurs plantes et de plusieurs sols, et en consommant
des produits animaux. Dans les régions tropicales, la nourriture est plus
riche en carbohydrates et plus pauvre en proteïnes et en sels minéraux que
la nourriture des régions arides irriguées, celle des autres régions a des valeurs
intermédiaires. L'homme consomme souvent un excès de NaCl, et il semblerait logique de remplacer ce sel par des mélanges salins. Mais le S et le
Co doivent être administrés sous des formes organiques bien spécifiées.
ZUSAMMENFASSUNG

Die Nährwerte ganzer Pflanzen irgendeiner Species variieren in hohem
Masse, weil sie von den Boden-Klima-Komplexen unter den sie wachsen,
abhängig sind. Pflanzen absorbieren oft ein Übermass eines mineralischen
Nährstoffs auf Kosten anderer von ähnlichen Eigenschaften. Jedoch, die
Summe der nährwertigen Kationen u n d Anionen strebt konstant zu bleiben.
Mineralische Defizienzen und Gleichgewichtsfehler kommen öfters vor im
Viehstand, wenn dieser sich ausschliesslich von einer Pflanzenart oder auf
nur einer Bodenart ernährt. Co, I und P sind häufige Defizienzen; K, Mo
und S kommen often im Übermass vor. Diese Übel sind zu verhelfen durch
Verfütterung von mineralischen Mischungen. Der Mensch vermeidet derartige Probleme durch Produkte von vielerlei Pflanzen und von allerlei Böden
herkünftig, zu geniessen. In tropischen Gebieten ist der Gehalt der Nahrung
an Kohlenhydraten höher, an Eiweiss- und Mineralstoffen geringer als in
bewässerten ariden Gebieten; andere Gebiete liegen in dieser Hinsicht dazwischen. Der Mensch nimmt häufig zuviel NaCl zu sich. Ersatz durch bestimmte Salzmischungen scheint zweckmässig, aber S und Co müssen in
spezieller organischen Form verabreicht werden.
DISCUSSION

G. T. FELBECK, Jr.: At a Symposium on Grass Tetany held in Morgantown,
W.Va. in September 1959, the general conclusion seemed to be that grass
tetany occurrence in cattle was not related to the Ca or Mg level in the soil.
Dr. Bear's statement was in contradiction to the above conclusion. Does he
have any explanation for this apparent discrepancy?
F. E. BEAR: The term 'grass tetany' may be applied to a considerable number
of different types of animal distress caused by a number of different conditions
as related to the feed. But the evidence indicates that there is a form of distress
that is due to imbalance among the K, Mg and Ca and probably the Na. The
most likely cause is an excess of K in relation to Mg.
G. FOSTER: What proportions are to be used with these elements for plant
growth? Animal feeding?
F. E. BEAR: Although there does not seem to be any definite information
on this, the work of Kemp and 't Hart indicates that the ratio of K to Ca + Mg
should be less than 2.2. To arrive at this, one might determine the cation values
in the feed of cows, for example, that were producing 15.000 pounds of milk
a year and use that as a guide for milk cows.
N. R. DHAR: Could you tell me whether in the U.S.A. small amounts of
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vanadium oxide or compounds have been found profitable in plant or animal
nutrition? In some countries vanadium has been stated to be useful.
F. E. BEAR: Insofar as I am aware, no need for vanadium has been found
in the U.S.A. But the evidence indicates that this element may have value both
for plants and animals. I think it quite likely that a considerable number of
trace elements other than those now considered essential will be found to be at
least useful to particular forms of life.
-.

fi

7 T H INTERN. CONGRESS OF SOIL SCIENCE, MADISON, W I S C , U.S.A., 1 9 6 0

TEMPERATURE

I N F L U E N C E S U P O N V E G E T A T I O N AND
PROPERTIES

IV.2

SOIL

by
GEORGE D.

SCARSETH *

The study of soil characteristics as their properties m a y be influenced by
vegetation is to bring into focus the effects of climate upon plant life and
in turn their biotic consequences upon the soil. Climate, vegetation, and
soil properties become part of a complex that involves life associated with
and affecting the soil, and in turn, the growth and composition of plants.
VIEWPOINTS

CHANGE

Nearly forty years ago the author began the study of soils as a chemicalmineralogical system in the laboratories of Professor E. Truog. Chemical
methods to determine how nutrients for plants might be obtained from
soils were being developed. 'How Plants Feed' (13) was a classic chemical
concept which had widespread effect upon American soil chemists to introduce some relations between soils and plants.
Later Professor R. Bradfield titrated an acid clay and established the
essential nature of soil acids (3). Following this basic discovery, soil scientists
became engrossed in the physical chemistry and colloidal behavior of soil
clays. The age of the physical-chemical technician was born and for a
period the author was involved (10). As years and study advanced I became
deeply impressed with the work of Glinka (4), Lebedeff (9), Hilgard (5)
and J e n n y (7), who brought in the influences of climate upon soil characteristics. As a student of Transeau (12), Hoffer (6) and the van 't Hoff
principle (14) I have become converted to an ecological approach to the
study of soil properties and the relations between climate, plants and soils.
Albrecht (1) has many controversial ideas on possible relations between
the composition of soils, plants and the health of animals consuming the
plants. Many scientists are highly critical of Professor Albrecht's teleological style, but he is a keen observer and highly imaginative, and is
probably near to a lot of things that with more research m a y prove to be true.
This author does not dismiss this unorthodox and stimulating student.
FIELD

STUDIES

My own very practical life's work with soils in the varied climates of
the world, from the torrid, humid tropics (Central America and Belgian
Congo) to the frigid, dry tundras of the arctics (Alaska), was made possible
because of plant growth problems. The questions were usually about the
causes for poor plant growth, not directly about the soils. The soils were involved as they might be related to their capacities to deliver plant nutrients
or as agencies harboring plant pests and pathogens. Soil properties were
also important as they related to the supply or limitations of oxygen or
water to the root zones of plants.
The field observations referred to here are interpreted largely hypo* Director of Research, American Farm Research Association, West Lafayette,
Indiana.
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thetically. This is a limitation field studies present. However, this is no
more a limitation than the lack of field observations in laboratory studies
where data can be more easily obtained and statistically measured. It is
hoped that more accurate data will be forthcoming in this important
wilderness of our science.
We know that the rate of biological chemical reactions are speeded as
the temperatures rise (van 't Hoff's law). This means that the photosynthetic sugars are more rapidly respired in the heat of the tropics throughout the year than in the cool of the arctic summers. The long nights in the
tropics are thus costly to the net sugar available for growth, as compared
to the short nights of the arctic growing season. The longer days of photosynthesis in the arctics are another contrasting factor adding to the greater
production of sugars.
These apparent facts should result in a luxuriant vegetative growth
in the arctics, but another highly important temperature factor creates the
next limiting factor for fast and abundant growth. This is the lack of
available nitrogen.
The cold 6 to 10 inches of thawed soil over the permifrost of the subsoil
is too refrigerated for any extensive microbial decomposition to release
nitrogen locked in the organic matter. The result is that all the tundra
vegetation shows marked nitrogen starvation in the growing temperatures
of the long days, but short summers. This observation was made in the
tundra plains in the vicinity of Point Barrow, Alaska in 1956. Plant
tissue tests confirmed this observation.
The accumulation of organic matter on the surface of the arctic soils
is great. Even the top of a gravel ridge may have a 6 to 8 inch mat of
vegetable residue only partially decomposed, and the first few inches of
the topsoil is black with organic residue, but in a rainforest j ungle in Panama,
Northeastern Honduras and elsewhere, it was observed that there is little
or no organic residue on the ground surface. The soil surface is usually
wet and slippery as if scraped with a hoe. There is no black colored organic
residue in the topsoil. The soil is gray colored unless it is eroded and exposes
the red clay.
Limited evidence has demonstrated that a great many species of plants
will make extraordinary high yields on arctic soils when given available
nutrients in adequate amounts. Perhaps spraying arctic plants with nutrients
so as not to rely on mineralization of organic matter has promise.
The tundra soils are mostly in rainfall areas of less than 12 inches annually,
but this is enough to maintain the soils above the wilting point throughout
the summer season. This little rainfall would result in a desert vegetation
in warm regions, but in the arctics the cold subsoil acts as a condenser to
draw moisture from the air (Lebedeff effect — Odessa). The low temperature of the soil with its low vapor pressure forms a vapor pressure
gradient from the warmer air above the soil to bring in water in the vapor
phase.
In the hottest, humid tropics all of the biological forces of nature are
speeded to reduce organic matter, living or dead, animal or vegetative,
back to their elements. Respiration is so fast that only certain species can
grow sufficiently to produce a harvestable product. In Honduras we found
that irrigated banana yields were 15 to 20 % lower in the hot interiors
where maximum temperatures were about 45 C, than were the yields near
the sea where the temperatures were about 10° C lower.
The jungle vegetation would probably be intensely nitrogen starved
except for the large number of nitrogen-fixing plants that are mixed with
the non-nitrogen-fixing species.
s
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The popular concept is t h a t jungle soils are highly fertile because of the
big a n d dense vegetation. This deception comes from t h e fact t h a t t h e
jungle has been a nutrient accumulator for centuries. The soil is usually
highly leached and impoverished in the basic cations and is extremely
phosphorus deficient because of the high iron and aluminum clays t h a t
make u p the bulk of the soil minerals. When such a jungle growth is cleared
for farming purposes, the high fertility deception is gone. Such soils are extremely low in fertility; then nitrogen starvation is even greater t h a n
phosphorus starvation.
The van 't Hoff effect on the sugar respiration is especially apparent
when a t t e m p t s are made to grow root crops as potatoes, or any of the
cereals in the tropics. The high sugar and starch producing plants t h a t
grow fast belong to the cooler climates. A soil scientist who a t t e m p t s ,
under adequate moisture conditions, t o relate soil properties to growth
of certain crops so highly affected b y temperatures m a y overlook this key
functional factor involved.
W e t e n d to look at the soil in terms of the soil characteristics as these
are reflected b y chemical and physical properties and as they appear to the
eye, whereas t h e biological factors of plants a n d their organic residues are
probably primary factors for these properties.
PLANT COMPOSITION

The relation between t h e chemical composition of plants a n d soils is
probably greatly influenced b y climatic factors. Especially important are
the effects of t h e supply of nitrogen. I t is well known t h a t the nitrogen
content of plants, particularly in the vegetative parts, do v a r y directly
with the available nitrogen supply.
The supply of nitrogen appears to be greatly affected b y temperatures,
J e n n y (7), and the supply of nitrogen fluctuates widely in the root zones
as nitrates are moved into or u p or out of the soil b y rainfall or drougths,
as shown b y Krantz, Ohlrogge and Scarseth (8).
T h a t the supply of nitrogen is the first limiting factor in the growth of
m a n y non-leguminous plants in one or more stages of their growing on
mineral soils, has been found b y the author using hundreds of plant tissue
tests in the field (11).
The hypothesis is ventured t h a t the mineral composition of plants is
often masked b y the limitations in the nitrogen supply. If this be true,
then it's futile to a t t e m p t to relate the mineral composition of plants t o
soil composition, except in the instances where it is established t h a t the
mineral in question is the first limiting nutrient factor for the plant. There
is much confusion in the literature on this point !
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SUMMARY

This reports from field observations of nearly forty years about soils and
vegetation found in the jungles of the torrid, humid tropics t o t h e frigid,
dry tundras of t h e arctics.
The implications of v a n 't Hoff's law upon biological processes in plants
by extremes in temperature are discussed. I n t h e extremes of both climates
are found factors of biologic interest magnified sufficiently t o lend themselves to scientific and practical interpretations.
The Lebedeff effect (Odessa) related to soil and air temperatures and t h e
moisture available t o plants under various environmental conditions are
discussed.
The hypothesis is ventured t h a t t h e mineral composition of plants is
often masked b y t h e limitations in t h e nitrogen supply. If this be true,
then it's futile t o a t t e m p t t o relate t h e mineral composition of plants t o
soil composition, except in the instances where it is established t h a t the
mineral in question is t h e first limiting nutrient factor for t h e plant.
RÉSUMÉ

Cette communication est basée sur presque quarante années d'observations sur les sols et les végétations que l'on trouve des forêts vierges des
tropiques chauds et humides a u x Toundras sèches et froides des régions
antarctiques.
Les conséquences de la loi de Van 't Hoff sur les processus biologiques,
ayant lieu dans les plantes soumises à ces températures extrêmes, font
l'objet d'une discussion. Dans les conditions extrêmes de ces deux climats,
certains facteurs d'intérêt biologique prennent une ampleur suffisante pour
permettre d'en déduire des interprétations scientifiques et pratiques.
L'auteur discute ensuite l'effet Lebedeff (Odessa), lié a u x températures
du sol et de l'air ainsi q u ' à l'humidité disponible a u x plantes soumises à
diverses conditions de milieu.
Il avance ensuite l'hypothèse que la composition minérale des plantes
est souvent marquée p a r les réserves limitées d'azote. Il serait alors futile
de vouloir mettre la composition minérale des plantes en rapport avec la
composition du sol, sauf dans les cas où il est établi que le minéral en question
est le premier facteur limitatif pour la plante.
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ZUSAMMENFASSUNG

Diese Mitteilung betrifft Beobachtungen im Felde, während an die
vierzig Jahre, an Böden u n d Vegetation in dem Urwald der heissfeuchten
Tropen bis auf den kalten trocknen Tundren der Polgegenden angetroffen.
E s wird hier nun die Anwendung des van 't Hoff'sehen Gesetzes auf biologische Prozesse in Pflanzen bei extremen Temperaturen behandelt. In
beiden Klimaaüssersten wurden Faktoren von biologischem Interesse gefunden, genügend gross u m sie zu wissenschaftlichen und praktischen Deutungen zu benutzen. Ferner werden der Lebedeff-Effekt (Odessa) in Beziehung auf Boden- und Lufttemperaturen u n d das den Pflanzen verfügbare
Wasser bei verschiedenen Umständen der Umgebung in Betracht gezogen.
Und d a n n folgt die Hypothese, dass die mineralische Zusammensetzung
von Pflanzen öfters durch Beschränkung der N-Zufuhr verdeckt wird.
Wenn dem so ist, dann ist es nutzlos zu versuchen die mineralische Zusammensetzung der Pflanzen mit der Bodenzusammensetzung in Beziehung zu
setzen, ausser in solchen Fällen wo es feststeht, dass das betreffende mineralische Element der a n erster Stelle beschränkende Nahrungsfaktor für
die betreffende Pflanze ist.
DISCUSSION

L. D. BAVER: Comments: Experiments on sugar cane in Hawaii confirm the
observations of Dr. Scarseth on the growth of plants in subarctic regions. Using
air-conditioned greenhouses, it was found that there is a minimum temperature
below which the root system of a plant will not absorb water or nutrients from
the substrate. The plant may thus starve in the presence of plenty of nutrients.
I t was further found that cane that had ceased to grow because of low root
temperatures could be made to grow again by applying nutrients as a foliar
spray.
N. R. DHAR: There is no doubt that the available nitrogen (NH,—N + NO s —
N) in soils of cold countries is much smaller than that in warm country soils.
In Uppsala, Sweden, with an average annual temperature of 5° C only y2 %
of the total nitrogen which is always higher in cold countries than in warm
climates, is available. In Rothamsted with an average soil surface temperature
of 8°—9° C, the available nitrogen is of the order of 1—2 % of the total nitrogen,
which is a measure of the humus. In Allahabad, India, with an average temperature of 26° C, the available nitrogen may be as high as 10—30 % of the
total nitrogen and crops are grown without fertilizers.
Plant physiologists have established that plant respiration is influenced to
a greater extent than plant photosynthesis and hence carbohydrate increase
may be difficult in tropics under certain conditions.
C. HERRERA V.: In Ecuador, we grow bananas in different conditions as
far as the rainfall is concerned. We do not take care of the temperature because
the annual temperature does not change. I t is around 25° C. But the rainfall varies
from 600 mm up to 3.500 mm. We do agree about the statement of the author
that says: 'then the nitrogen starvation is even greater than phosphorus
starvation'. However, we may say that as far as banana culture is concerned,
we do not care about phosphorus but rather about the organic matter. We have
some plant analyses which show that the banana plant composition is as follows:
86 % HjO, 1 1 % organic matter and 3 % minerals. I t is just because we do
have these figures in mind that we are more concerned with the moisture
content than with the temperature as far as the banana growth is concerned.
In regard to the soil nitrogen content, we do believe that it is very closely related to the organic matter content of the soil, therefore our main concern is
organic matter. Banana yields are dependent of the nitrogen and moisture
content of the soils. Nitrogen is a matter of organic matter or of the addition
of fertilizers.
11
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FERTILIZERS A N D LIME IN RELATION TO T H E NUTRITIVE
VALUE OF CROPS
by
W.

H.

ALLAWAY AND K.

C.

T H E CONCEPT OF NUTRITIONAL

BEESON*

QUALITY

The first step in considering the possible effects of fertilizers and lime
upon the nutritive value of crops is to establish some acceptable concept
of the term 'nutritive value'. Each animal species has certain nutritional
requirements some of which are peculiar to t h a t species. A crop eaten b y an
animal m a y be of high quality with regard t o some of these requirements a n d
very inadequate with regard to others. When any ration is adequate in all
necessary components, the animal should be well nourished, but a deficiency
of one component or imbalance among components m a y result in critical
nutritional troubles. For these reasons the nutritional quality of a crop must
be defined not only in terms of the composition of the crop and the requirements of the animal, b u t also in terms of the entire ration to which t h a t
crop contributes some important factor. To evaluate these factors of nutritive quality measurements of animal health, growth rates, a n d reproduction
under specific conditions of feeding and management are essential. The
nutritive quality of a crop specimen m a y be adequate under one set of
feeding conditions and inadequate under other sets of conditions of evaluation.
FERTILIZER U S E AND THE NUTRITIVE QUALITY OF HUMAN FOOD IN THE U N I T E D
STATES

Using the concept t h a t nutritional quality must be defined b y feeding
trials involving definite rations and feeding practices, it is not surprising
t h a t in the United States instances relating nutritional quality of food for
humans to soils or soil management practices are very rare. The American
diet is higly varied, generally abundant, and is produced on a wide variety
of soils. Extremely few people in this country utilize diets produced on a
limited area of soil under uniform fertilizer practice. An examination of
the effects of fertilizer and lime use upon h u m a n nutrition in the United
States must therefore be based only on broad general relationships. On this
basis it can be stated t h a t use of fertilizers and lime has contributed to the
abundance and variety of the American food supply, without sacrificing the
nutritional quality of this food. This problem was discussed in detail before
congressional committees in 1950 and 1951 (6)**. The evidence presented at
t h a t time still constitutes an effective review of the subject.
In contrast to h u m a n diets, livestock rations, especially forages, are
sometimes produced within a limited area. Therefore, in the United States
effects of soil composition and soil management practices on nutritive value
of crops have been related to livestock problems.
* Assistant Director, Soil and Water Conservation Research Division,
Agricultural Research Service, U.S. Department of Agriculture, Beltsville,
Maryland and Director, U. S. Plant, Soil and Nutrition Laboratory, Ithaca,
New York, respectively.
••Figures in parentheses refer to lit. cited.
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THE EFFECT OF FERTILIZER AND LIME ON THE MINERAL COMPOSITION
OF PLANTS

An extensive literature has developed concerning the effect of fertilizers
on the mineral composition of crops (1). Only a few of the features of this
work will be considered here.
In the United States fertilizers have been used primairly to change
the kind of crop (botanical composition) that can be grown and to increase
crop yields, with less attention being directed toward bringing about
changes in the chemical compostion of the crop.
The content of certain minerals in crops has frequently been increased
through the application of fertilizers. Crop yield increases generally accompany these effects. Evidence that the change in mineral concentration
in the crop was an important factor affecting the nutritive value of the crops
produced is difficult to find. As pointed out by Matrone, et al(10) problems
of experimental technique in evaluating changes in the nutritive quality of
forages due to fertilization are formidable. The fact that a fertilized acre
of soil will nourish more animals than an unfertilized acre may be due to
increased yield of forages or changes in the botanical composition of the
forage rather than to an improvement in the nutritional quality of the
forages.
The requirements of animals for the mineral macronutrients can be
supplied through minerals naturally present in the ration or through the use
of mineral supplements. In the case of some of the micronutrients it appears
that the chemical forms of the elements found in plants may have a different
nutritional effect for the animal than that shown by inorganic salts. Thus,
Schwarz and Foltz (14) have shown that the selenium in the unknown factor
'3' is about three times as potent in preventing liver necrosis as is the
selenium in sodium selenite. The use of mineral supplements for farm animals
is fairly wide spread in the United States and this practice has undoubtedly
been responsible for the fairly low incidence of mineral deficiencies in
livestock in this country.
THE EFFECT OF NUTRIENT SUPPLY UPON THE PROTEIN AND AMINO ACID
COMPOSITION OF CROPS

Applications of nitrogen fertilizers have been shown to increase the
nitrogen content of non-legume crops. This increased nitrogen content is
frequently reported as an increase in protein through the use of a standard
factor to convert nitrogen as determined by the Kjeldahl method to percent
protein. In view of the requirements of animals for specific amino acids
inquiry into the effects of fertilizers on specific nitrogen compounds is
likely to be more informative than information on total nitrogen content.
A study of the effects of nutrition on amino acid distribution in plants
has been conducted by Thompson and colleagues (17). Deficiencies of
calcium, magnesium, phosphorus, potassium, sulfur and nitrogen were
applied to turnip plants grown in sand cultures. The protein and non-protein
fractions were separated and the amino acid composition of each fraction
was determined.
Although the percentage of total protein in turnip leaves could be altered
by changes in nutritional conditions, there was little change in the amino
acid composition of the protein. This is consistent with the template concept
of protein synthesis i.e., that the individual amino acids would be combined
into the protein according to a set pattern, and that the kind of protein in
a plant is primarily controlled by hereditary factors.
Thompson's examination of the non-protein amino acids in plants revealed
L3
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greater differences related to the macronutrient supply to the plants. For
example, a deficiency of nitrogen resulted in a significantly lower level of
threonine and proline as compared to the complete nutrient level. It should
be noted, however, that the non-protein nitrogen comprised approximately
15 percent or less of the total plant nitrogen in Thompson's experiments.
Thus, variation in the supply of the macronutrients influenced the kind of
amino acids found in plants, but these influences were confined to a class of
compounds present in minor amounts in the plants.
RELATIONSHIPS OF MINERAL NUTRITION TO THE VITAMIN CONTENTS
OF PLANTS

The effects of soils and fertilizers on the vitamin content of plants have
been the subjects of a great number of original papers and reviews with
many conflicting results and interpretations. The general conclusion reached
by Hamner in his review in 1945 (5) has not been successfully disputed.
He stated:
'It seems probable that variations in the ascorbic acid content of plants
such as might be encountered under field conditions are influenced so
markedly by differences between varieties and by climatic conditions that
the possible influence of soil conditions and fertilizer practices will be found
to have little practical importance. It seems probable also that any fertilizer
treatment (or lack of treatment) which causes the development of chlorosis
in the plants will likely decrease the carotene content of the leaves'.
From the work on vitamins and proteins, it would appear that the nature
of the elaborate organic compounds in plants is controlled primarily by
factors other than the macronutrient supply. The concentration and balance
of simple organic compounds which function as metabolic intermediates is
dependent upon the total metabolic processes of the plant and if the mineral
nutrient supply influences these metabolic processes, depletions or accumulations of the metabolic intermediates may result.
TRACE ELEMENTS AND THE NUTRITIONAL QUALITY OF PLANTS

A number of well documented examples of effect upon the nutritive
quality of plants from naturally occurring deficiencies of excesses of trace
elements have occurred in the United States. One of the early cases of such
a disturbance was associated with the adverse effects of excessive concentrations of selenium in forage in some of the western states. It was shown that
the supply of selenium in forms available to plants was high in certain soils
developed from Cretaceous shales. Plants of the Astragalus species were
found to accumulate notable quantities of this element. Much of the area
involved is used for extensive grazing. A measure of control of the detrimental effects of selenium on livestock could be obtained through use of
grazing management practices which favor the growth and consumption of
the grasses.
A more recent turn of events has been the demonstration that small
quantities of selenium will prevent exudative diathesis in chicks or liver
damage in rats on a diet deficient in vitamin E and low in cystine (12, 15).
Furthermore, Muth and co-workers (11) have demonstrated that muscular
dystrophy ('white muscle disease') in lambs can be prevented by supplementation of the ewe's ration (legume hay and oats) with 0.1 p.p.m selenium. There are further indications (14) that the different compounds of
selenium differ in their effectiveness in meeting the selenium requirements of
animals.
14
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A deficiency of cobalt has been found (2) to be responsible for poor
growth of cattle in specific areas in the eastern states. Through the use
of indicator plants it was found that on the coastal plain areas of the southeastern United States the Ground Water Podzol soils of sandy texture are
universally low in available cobalt (8, 9).
Excesses of molybdenum in forage in certain parts of the intermountain
area of the United States and many areas throughout the world have been
shown to be responsible for serious disorders of cattle (16). The soil parent
material and the degree of soil profile drainage have been shown to be related to the content of molybdenum in the forage produced (7).
Livestock produced on certain soils in Florida have been found to suffer
from copper deficiency (4). In this case the use of copper-bearing fertilizers
on the soils in question has not corrected the deficiency symptoms in the
livestock. Zinc has been shown to be limiting to plant growth in several
areas of the United States (13) but zinc deficiencies in livestock directly
associated with these zinc deficiencies in plants have not been recognized.
In addition to the instances of nutritional disorders in livestock that are
currently demonstrated to be associated with trace element deficiencies and
excesses, there are a number of livestock problems in the United States that
appear to show a geographic distribution suggestive of a soil or plant
composition vector. Among these disorders, brisket disease of cattle, a
cyclopia of lambs on certain areas in Idaho, deformities termed 'crooked
calf' in northwestern United States, grass tetany, and perhaps even bloat are
examples in point. Additional research will be required to establish and
clarify any relationship between these disorders and the mineral composition
of forage plants.
RELATIONSHIPS BETWEEN NITROGEN FERTILIZER USE AND ANIMAL PRODUCTION
FROM

GRASSLANDS

A recent trend in the United States has involved increased use of nitrogen
fertilizer on grasslands. Livestock grazed on grass swards maintained at
a high level of plant growth through use of nitrogen fertilizers are ordinarily
consuming one or at most a few botanical species, as contrasted to the
many species consumed by animals grazed on less intensively managed
pastures. The lush growth resulting from nitrogen fertilization may serve to
dilute the plant concentration of minerals available in limited supply in the
soil. These changes may be associated with changes in the nutritional status
of the grazing livestock.
An examination of results of experience in grazing nitrogen fertilized
grass swards in the United States discloses instances where highly satisfactory cattle weight gains per acre have been obtained from grass swards
fertilized with 200 lbs. per acre or more of nitrogen. Weight gains per animal
per day were lower from nitrogen fertilized grasses than from grass-legume
mixtures in some work reported. Inasmuch as the practice of using liberal
amounts of nitrogen fertilizers on grass swards is likely to increase, a
continuing study of the nutritional quality of the forage produced will be
needed.
THE PROBLEM OF NITRATE TOXICITY

The problem of nitrates in forage has been a matter of concern since
the early work of Bradley et al (3). A recent study by Crawford* indicates
* Crawford, R. E. Some effects of nitrate in forage on ruminant animals
Thesis — Cornell University, June 1960.
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t h a t the rate of which nitrate is ingested b y the animal must be considered in
the determination of critical concentrations for nitrate toxicity.
From t h e results of this work, it appears t h a t the levels of nitrates established through the use of nitrate drenches on livestock are not applicable to the establishment of toxic levels of nitrates in forage crops and
pastures. Additional research will be required to develop standards for
nitrates in plants t h a t are consumed at a slow rate b y animals.
SOME CONTINUING PROBLEMS

Although problems in livestock production traceable to deficiencies or
excesses of minerals in the soil have not been extensive in the United States
as in some other countries, stockmen in specific areas have been seriously
disadvantaged in certain cases. There are other instances of disorders in
some localities where a soil vector is suspected but not proved.
Some of the current trends in livestock production m a y bring additional
mineral nutrient problems to light. The increasing use of nitrogen fertilized
grass for forage and pasture, with an associate decrease in the number of
species in the ration has been mentioned. Livestock with the inherited ability
for very rapid rates of growth or high milk production are becoming more
prevalent. In m a n y cases hormones and other feed additives are being used
to promote rates of animal weight gain. Protection of livestock from insects
a n d contagious diseases is improving. The trend toward grassland farming,
with sharply increased use of fertilizers, in some areas results in high rates
of plant growth on soils t h a t were highly weathered and originally deficient
in m a n y minerals. The fertilizers added usually supply the minerals needed
b y plants but not necessarily those needed only b y animals. Cobalt and
selenium could be cited as examples of this point. These factors could very
well operate to put additional stress upon the animal a n d additional requirements for the mineral content of the rations. This will call for a better
understanding of mineral relationships in soils, plants, and animals.
The inter-relationships among the minerals are of special interest in
regard to gaps in our existing information. Although soil scientists and plant
physiologists have contributed m a n y significant articles to the knowledge of
mineral inter-relationships in plant nutrition, we cannot as yet control or
predict the mineral ratios in plants with accuracy. When the mineral aspects
of animal nutrition are added to the complex, our existing knowledge is still
less satisfactory. Certain definite inter-relationships between minerals in
the soil-plant-animal system are known, b u t this knowledge is at best only
qualitative. Interactions of copper and molybdenum, copper a n d zinc, a n d
sulfur and selenium are recognized but not as yet understood. There are
undefined interactions between minerals and organic constituents of the
rations, such as the relationships between selenium and vitamin E, or between
nitrates and protein.
I t seems very probable t h a t research directed toward understanding of
these inter-relationships will require added effort in the future.
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SUMMARY

In view of the fact t h a t human diets in the United States normally
include the produce of m a n y areas, relationships between nutritional quality
of h u m a n food and soil composition or soil treatments have been rare. Forage
consuming livestock have shown abnormalities traceable to the minerals in
the forage and to the soil where the forage was produced. Some of the most
severe cases have been associated with trace element deficiencies and excesses, b u t it is likely t h a t the widespread use of phosphorus bearing mineral
supplements in livestock rations has masked m a n y cases of phosphorus
deficient forages. Some of the current trends in livestock production m a y
result in the need for greater attention to the mineral relationships in soil,
plants, and animals. Information on mineral inter-relationships in soil-plantanimal complex is especially deficient at this time.
RÉSUMÉ

E t a n t donné que les régimes alimentaires humains dans les E t a t s Unis
comprennent normalement des produits de plusieurs régions, peu de r a p ports ont été établis entre la qualité de la nutrition humaine et la composition
ou le traitement du sol. Le bétail nourri de fourrages a parfois montré un
comportement anormal, dont les causes pouvaient être retracées à la compo17
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sition minérale des fourrages et des sol sur lesquels ils avaient été produits.
Quelques-uns des cas les plus sévères ont été associés à des carences et des
excès d'éléments mineurs, mais il est probable que l'emploi généralisé de
suppléments minéraux phosphatés dans les rations animales a pu masquer
beaucoup de cas de fourrages trop pauvres en phosphore. Quelques-unes des
tendances actuelles dans la production animale pourraient rendre nécessaire qu'une plus grande attention soit consacrée aux rapports minéraux
dans le sol, les plantes et les animaux. Il existe en ce moment fort peu d'informations sur les rapports qui relient les constituants minéraux dans le
complexe sol-plante-animal.
ZUSAMMENFASSUNG

Da die menschlichen Diäte in den U.S.A. normaliter Erzeugnisse vieler
Gebiete umfassen, kommen Beziehungen zwischen Nährwert menschlicher
Nahrungsmittel und Bodenzusammensetzung oder Bodenbehandlung nur
selten in Frage. Weidevieh das sein F u t t e r auf dem Felde sucht, hat jedoch
mehrfach Abnormalitäten gezeigt, in den mineralischen Bestandteilen des
Futters nachzuspüren, sowie auch im Boden wo das F u t t e r gewachsen.
Einige der ernstesten Fälle erwiesen sich als verbunden mit Defizienzen oder
auch Exzessen von Spurelementen; es ist aber wahrscheinlich dass die weit
verbreitete Anwendung von P-haltigen mineralischen Zugaben zu Viehrationen, viele Fälle von Viehfutter dem genügend P fehlt, verdeckt hat.
Einige der im Gang seienden Bestrebungen in der Viehzucht dürften darauf
hinauslaufen, dass man den mineralischen Beziehungen: Boden-PflanzeTier grössere Beachtung schenkt. An genügender Auskunft über die gegenseitigen Beziehungen dieses Komplexes fehlt es heutzutage wohl sehr peinlich.
DISCUSSION

A. MARIA KULANDAI: What would be the difference in the nutritive quality
of a grain grown with inorganic fertilizers and one grown with only organic
manure like the farm yard manure ? Have you any data to show the difference ?
W. H. ALLAWAY: We would not expect to find any difference in the nutritive quality of a grain grown with inorganic fertilizers and one grown with
only organic manure. This question is discussed in the following references:
1. K. C. Beeson — Comparative Effects of Organic and Inorganic Fertilizers
on the Nutritional Quality of Crops. No. 4 Official Publication, Association of
American Fertilizer Control Officials. P P 26—33.
2. C. S. Brandt and K. C. Beeson — Influence of Organic Fertilization on
Certain Nutritive Constituents'of Crops. Soil Science Vol. 71, P P 449—454,
1951.
N. R. DHAR: Dr. A. Carrel, the Nobel Laureate in his book on 'Man, the unknown' stated that the use of artificial fertilizers has led to the deterioration
of the quality of food materials. Is Dr. Allaway in agreement with Dr. Carrel?
W. H. ALLAWAY: In the United States the use of fertilizers has contributed
to an increase in the amount and variety of the food supply. There is no evidence
that this increase in abundance and variety has entailed a decrease in the quality
of the food produced.
H. PAUL: Application of nitrogen is generally associated with an increase in
percentage of protein. Could the author say whether this increase is associated
with a higher percentage of 'amide' nitrogen in the plant after the application of
nitrogen ?
W. H. ALLAWAY: Any factor affecting the metabolism of the plant will affect
the concentration of compounds which function as metabolic intermediates. The
IS
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effect of added nitrogen on the concentration of amide nitrogen in the plant
will depend on the effect of the added nitrogen on the total plant metabolism.
K. MENGEL: IS the time of N-application of interest for the N-compounds
in the plant?
W. H. ALLAWAY: In most instances the time of nitrogen application will have
an effect on the distribution of nitrogen compounds in the plant.

It)
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SOME CAUSES AND EFFECTS OF TRACE ELEMENT
DEFICIENCIES IN SOUTH AFRICAN SOILS
by
K. H.

SCHÜTTE AND S. AMDURER

University of Cape Town, South Africa
The widespread nature of trace element deficiencies in the tropics is not
generally realised, and their detrimental influence upon agricultural development not appreciated. In 1955 Schütte (1) published a brief deficiency
survey of Africa, south of the Sahara, showing the continental distribution
of these conditions. Other workers (2, 3, 4, 5, 6, 7, 8 and 9) have added much
information since then, but our knowledge of deficiencies and their distribution is still very incomplete.
In South Africa, trace element deficiencies have been more intensively
studied than in other territories, and it appears that about 80 % of the
agricultural land suffers from some degree of trace element deficiency.
This includes areas of latent deficiencies (i.e. regions in which the deficiencies are not acute enough to cause readily identifiable visual symptoms (10)). Deficiencies of zinc and manganese are very widespread in
fruit and cereals, while other deficiencies are common. In cattle and sheep
copper and cobalt deficiencies are locally acute (11), and in some areas
nutritional iron deficiency anaemia (12) and iodine deficiency occurs in
humans.
In spite of the widespread nature of these conditions, it has not yet been
possible to correlate the nature of the parent rocks and the nutritional
status of the soils formed, except in the most general way, but this is only
to be expected as our knowledge of the factors involved in soil formation
are still very incomplete (13).
The normal soil forming processes are altered by very large scale erosion,
resulting from excessive burning and overgrazing, which result in rapid
deterioration of soils. This process has gone so far that in certain places
even the 'undisturbed' natural vegetation, which should be adapted to its
environment, shows deficiencies (14).
Soil analyses, where available, are not always of much use as plant
requirements are not properly understood in this environment.
The following generalisations can be made. The Kalahari Sands give
rise to very poor soils. These soils stretch right up to the Congo. They have
low levels of copper and this appears to be the main factor preventing
cattle production in the extensive Kwango region of the Congo (15). The
sandy coastal plains of the south west and the south east Cape Province
have acute copper deficiency (15) (11).
Soils derived from Table Mountain sandstone frequently show copper,
manganese, iron, zinc and molybdenum deficiency. In the Cape, many
fruit growing areas on Bokkeveld shale soils are copper deficient. In the
Transvaal, zinc deficiency in maize is encountered upon soils of various origins. In the Cape Province, molybdenum deficiency in lucerne is found on
soils derived from Table Mountain Sandstones, on basalt soils, dolerite
ones and sandy clays (16).
Under South African conditions, external factors are of great importance
in determining soil fertility. In the tropics, much of the nutrient in the plantsoil biocycle is in the plant, not in the soil. Widespread burning results in
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TABLE 1.
Station
M'Vuazi

Rupona
Luvirona

Extracts from I.N.E.A.C.

Herbag s Analyses, Congo *
Mineral
Cont.

Species
Brachiaria ruziziensis
Digitaria umfolozi
Hyparrhenia diplandra
Schizachyrium platyphyllum
Setaria Splendida Stapf.
Themeda triandra
Brachiaria Platynota
Digitaria Maitlandii
(Ururiri)

Mg
Mn
Fe
Cu
Mn
Co
Mn
Fe
Cu

Average
for area

Average
for Congo

2.533 %
1.244 %
4.570 %
355 mg/kg
172 mg/kg
197 mg/kj
940 mg/kg
524 mg/kg
641 mg/k§
29.1mg/kg 10.58 mg/kg 10.8 mg/kj
481 mg/kg
172 mg/kg
197 mg/k§
0.680 mg/kg 0.230 mg/kg 0.54 mg/k^
1,742 mg/kg
366 mg/kg
197 mg/kg
1,697 mg/kg
546 mg/kg
641 mg/kg
18.3 mg/kg
5.9 mg/kg 10.8 mg/kg

* Obtained through the kind offices of M. G. Vallaeys, Director of M'Vuazi Researcl
Station.
nutrients being washed out of the soil before they can be absorbed by plants
and so rapidly impoverishes the soil. In parts of the Union of South Africa,
while conditions are not tropical, a similar state of affairs must exist (17).
In many areas no rain falls for long periods and these dry conditions
immobilise many of the plant nutrients and make them unavailable. Under
the oxidising conditions of these soils, the manganese and copper availability
is much reduced. The high insolation accentuates this by photochemically
oxidising the manganese (13) while, at the same time, increasing the plants
requirements for such elements as zinc. The inadequately shaded soils
absorb sunlight and heat up excessively, often well over 40° C, resulting
in a decreased availability of trace elements, rapid breakdown of soil
organic matter and, ultimately, severely decreased microbial activity.
Tins process results in soils which are readily leached when heavy rains fall.
Poor farm management which tolerates over-grazing and ill-timed burning
rapidly alters not only the nutritional status of a soil but leads to rapid
deterioration of its physical composition as well. These climatic factors
also make it clear why soil applications of trace elements are not so successful as in temperate regions, as dry soil conditions may immobilise nutrients,
and in sandy soils wet conditions are conducive to excessive leaching (11).
Many of the inland soils are alkaline and micro-nutrients are not readily
available. On the other hand, lime induced deficiencies are also found, but
deficiencies due to overfertilizing are not too common.
Due to the widespread deficiencies of major nutrients, especially nitrogen
and phosphorus, most fertilizer trials have ignored the fact that fertilizer
application should supply the plants nutrient requirements and endeavour
to supply a balanced nutrient solution for the plant. For this, all essential
elements must be supplied and the inconsistancies in many fertilizer
trials are probably due to low levels of trace elements limiting proper
utilization of major nutrients. With the widespread deficiencies of micro
nutrients, it seems that all fertilizer trials should include a full nutrient
control plot to determine if any of the other nutritional factors are limiting
production.
Known deficiencies can generally be treated by the normal conventional
means, although soil applications are not very widespread. In the Cape, a
very efficient spray programme is available to fruit farmers (18), and enables
them to produce good crops in deficient areas. Animal deficiencies are most
commonly combated by means of mineralised licks and these give very good
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results with cattle, sheep and swine. It is of interest that many indigenous
strains of animal show deficiency conditions less frequently than better
bred animals.
The recognition and identification of deficiencies, not their cure, is the
main problem at the moment. In the field, deficiencies tend to be multiple
and so the symptoms are not clear cut as in illustrated texts (19). Also,
symptoms tend to vary, and zinc deficiency in citrus in one area will show
'little leaf' but no chlorosis, while in other areas the characteristic chlorosis
is present but no obvious 'little leaf'. The most difficult deficiencies to
determine are latent ones, which, because they are so widespread, are of
great economic importance. These have no characteristic symptoms, but
cause decreases in yields, decreased resistance to drought and infection,
poor seed production, all insidious processes which can be blamed on the
nebulous 'decrease in fertility of the soil'. In animals, similar vague symptoms such as reduced fertility in flocks and herds, and 'poor condition'
of animals, can be found. These conditions can also be caused by parasites.
Even in human beings (12, 20) the nutritional factor may be important in
similar conditions. These deficiencies are not easy to identify and only
painstaking diagnostic techniques can identify them (21). Adequate crop
and fertilizer records would be of great assistance in this type of investigation, but they are rarely available in Africa and thus calculations of
nutrient loss due to cropping are not easily made.
That these latent deficiencies are important is shown by the influence
they have on crop yields. Fifty per cent of the potential potato crop can be
lost before visual deficiency symptoms occur (22).
In view of the poverty of information about soils in Africa, all that can
be done at the moment is to show the results of deficiencies upon plants
and animals. The consequences of these sub minimal levels of nutrients are
so great that it should make it quite clear that further systematic investigations of soils are urgently required in Africa. Soils inducing deficiencies,
and it is necessary to remember that what is termed as a deficient soil is
one that induces deficiencies only in certain plants and animals, are widespread in Africa. Nutritional elements may be present in appreciable
quantities but in a form unavailable to the organism. Soils inducing deficiencies are widespread and the consequences of these deficiencies very
great, as the following discussion will show.
The reduction in yield is the most obvious and important consequence of
deficiencies, but it is by no means the only one. That deficient plants are
more disease prone has been suspected for a long time, but very little proof
of this exists. Boron deficiency in barley resulted in severe Erysiphe graminis infection, although no Helmenthosporium sativum infection occurred
on deficient plants (23). Zinc deficiency in rubber trees decreased resistance
to Oidium infection (24), while copper deficiency in certain wheats appreciably lowered the resistance to Puccinia graminis (25). This very important
aspect of micro nutrients has not received the attention that it deserves.
The same is true of animals, and parasites can be more readily combated in
animals receiving adequate cobalt for instance (26).
The influence trace elements have upon the water economy of plants is
important, especially in hot dry regions prone to drought. Biebl (27)
showed that plants with trace elements in their fertilizer mixtures transpired
throughout hot dry days, while the controls did not. The latter did not
assimilate carbon while not transpiring. Both additive (28, 29) and substractive (30, 31) experiments show this effect on transpiration. Wilting also
occurs more rapidly in deficient plants (31, 33). The consequences of this
are very obvious in semi-arid regions, where the ability to endure a few
22

IV.4
extra water-less days m a y result in saving a crop t h a t would otherwise be
lost.
The influence of trace elements upon nutritional value of crops is a very
important consideration in a continent such as Africa, where malnutrition
is extensive. T h e vitamin content of plants is decreased b y deficiencies.
Manganese deficiency, for instance, appreciably lowers t h e vitamin A
content of spinach a n d t h e vitamin C of tomatoes a n d blackcurrants (34,
35, 36). Boron deficiency lowers carotene in carrots a n d in tomatoes a n d
other fruits (37, 38).
The influence of lack of trace elements upon amino acid content of
plants is probably of much greater importance, as kwashiorkor (protein
malnutrition of children) is extensive. Mineral nutrients a n d other external
factors have a very marked influence upon t h e amount a n d nature of free
amino acids in plants (39, 40) while others (41) have shown t h e fluctuations
in important amino acids with varying fertilization practices. Fertilizing
can certainly alter t h e feeding value of proteins (42, 43) and some workers
claim t h a t trace element deficiencies appreciably alter t h e amino acid
composition of plant proteins (44). This property of fertilizers is b u t poorly
understood, yet m a y be one of its very important aspects in Africa.
As might be expected with plant deficiencies on such a scale, animal a n d
human deficiencies also occur. Iron, iodine, copper a n d cobalt are known
to be deficient. I n poultry, manganese deficiency also occurs, b u t while
probably deficient in mammals too, it has not yet been adequately diagnosed.
I t is possible t h a t sub-minimal levels of trace elements m a y be found in
human beings, which are as yet unknown in more highly developed countries.
If it is legitimate to draw analogies between mammals a n d man, then
the amazingly high percentage of sterile women in parts of northern Nigeria (45) m a y be due to manganese deficiency and t h e high percentage of
Caesarian deliveries in some parts of southern Africa, due apparently, t o
inadequate pelvic development, m a y be due t o a similar cause, as proper
bone development depends on manganese. Reproductive difficulties are
found in both men a n d women and similar conditions are frequently associated with trace element deficiencies in animals; b u t these are speculations.
Goitre and certain nutritional anaemias are definitely common a n d t h e
possibility t h a t avitaminosis m a y be associated with elements such as
zinc must n o t be forgotten (46).
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SUMMARY

Trace element deficiencies in plants and animals are widespread in Africa.
Nutritional problems are of more importance a n d complexity t h a n in
Europe or t h e U.S.A., as few foodstuffs or fertilizers are imported, and t h e
local population a n d animals frequently live on t h e local produce, which
m a y be severely deficient. D u e t o the poverty a n d unskilled nature of m a n y
members of t h e indigenous population, expensive fertilizer programmes m a y
not be a feasible method t o combat these problems; b u t better soil management to prevent erosion, especially control of grazing and burning; mulching
to keep down soil temperatures; introduction of plants specially adapted t o
those soils with low contents of available nutrients, as has happened in
areas like t h e copper deficient North German Plain: a n d perhaps t h e introduction of mixed pastures, into which accumulator plants have been
incorporated which accumulate elements otherwise deficient in the herbage
(Table I ) : all these methods, in addition t o t h e more conventional ones i n
use, could have a profound influence upon t h e fertility of African soils
and, a s a result, upon t h e population.
RÉSUMÉ

On peut dire que les carences en éléments mineurs dans les plantes et
dans les animaux sont très répandues en Afrique. Les problèmes de nutrition
y sont plus importants et plus complexes qu'en Europe ou a u x E t a t s Unis
d'Amérique car peu d'aliments ou d'engrais chimiques sont importés et
la population autochtone et les animaux vivent fréquemment de produits
locaux qui peuvent présenter des carences très marquées. Des programmes
coûteux d'application d'engrais chimiques ne sont probablement que
difficilement réalisables pour résoudre ces problèmes vu la pauvreté des
habitants et leur faible aptitude professionnelle. Mais d'autres méthodes, en
plus de celles déjà utilisées dans le milieu indigène, pourraient avoir u n e
influence profonde sur la fertilité des sols africains et, partant, sur la population. On peut citer parmi celles-ci: u n meilleur aménagement d u sol
capable de prévenir l'érosion, et spécialement le contrôle de la pécoration e t
de l'incinération; le paillage pour réduire la température d u sol; l'introduction de plantes spécialement adaptées a u x sols pauvres en éléments nutritifs
comme il fut fait dans les plaines du nord de l'Allemagne, caractérisées par
25

IV.4
une carence en cuivre; et peut-être l'introduction de pâturages mixtes, dans
lesquels ont été incorporées des plantes qui accumulent les éléments qui
autrement feraient défaut dans le fourrage.
ZUSAMMENFASSUNG

Defizienzen an Spurenelementen in Pflanzen und Tieren sind in Afrika
weit verbreitet. Nahrungsprobleme sind hier wichtiger und komplizierter
als in Europa oder den U.S.A. da nur wenige Nahrungsmittel und Düngemittel importiert werden, und die ständige Bevölkerung und die Tiere grösstenteils leben von den örtlichen Erzeugnissen, welche nun gerade ernste Mangelerscheinungen zeigen. Infolge der Armut und der geistig noch unentwickelten Natur der Mehrzahl der einheimischen Bewohner können kostbare
Düngerprogramme zur effektiven Bekämpfung dieser Mangelprobleme noch
nicht durchgeführt werden. Bessere Bodenbehandlung um der Erosion
vorzubeugen; spezielle Beherrschung und Kontrole von Beweidung und Abbrennen; Bodenbedeckung um die Bodentemperatur niedrig zu halten;
Einführung von Pflanzen, die speziell geeignet sind für jene Böden mit niedrigem Gehalt an verfügbaren Nährstoffen, wie man erfahren hat in Gebieten wie die Kupfer entbehrende Norddeutsche Ebene; und vielleicht die
Einführung von gemischter Weidesaat, Pflanzen enthaltend die bestimmte
Elemente in sich anhäufen, welche sonst in der Heuernte fehlen; alle diese
Arbeitsweisen, aussen den gebräuchlichen, mehr konventionellen Methoden,
dürften einen eingreifenden Einfluss auf die Fruchtbarkeit afrikanischer
Böden, und demzufolge auf die Bevölkerung ausüben.
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MINERALS IN PASTURES:
SOIL-PLANT-ANIMAL INTERRELATIONS
by
E. J. UNDERWOOD

Institute of Agriculture, University of Western Australia,
Nedlands, Western Australia.
I. INTRODUCTION

All animals are dependent upon the soil for their supplies of all mineral
elements. With grazing stock this dependence is a direct one since they
derive all, or virtually all, their minerals from the grazed herbage and the
herbage plants, in turn, derive their minerals from the soil. The water
supplies rarely contribute significant quantities of minerals to animals,
except in endemic fluorosis areas where toxic quantities of fluorine are
obtained from the water, and in regions where highly saline waters contribute large amounts of sodium and chlorine. Even with iodine, over 90 %
of the total intakes of this element comes from the food supply, both in
goitrous and non-goitrous areas, despite the high inverse correlation which
usually exists between the iodine content of the drinking water in a particular
region and the incidence of goitre in man and his domestic animals in that
region. For this reason the factors which influence the mineral content of
pasture plants are the factors which determine the capacity of these plants
to supply the mineral needs of grazing stock in adequate amounts, in
proper proportions and without deleterious excess.
It is becoming increasingly apparent that the movement of minerals
from the soil to the animal, per medium of the herbage plants consumed,
is one of great complexity, subject to many variables. This complexity
is not merely a reflection of the many genetic and environmental factors
which influence the uptake of minerals by plants from the soil and the
concentrations which the plants carry; it reflects also the influence of these
factors upon palatability, upon the content of organic nutrients such as
amino-acids, and upon the presence of more subtle organic compounds which
may profoundly affect overall nutritive value.
II. FACTORS INFLUENCING THE MINERAL CONTENT OF PASTURE PLANTS

The mineral content of plants is dependent upon three basic factors:
the species, the soil and the climate. Many other factors, notably stage of
growth, irrigation and the use of fertilisers and soil amendments, can,
influence the mineral content of plants but they can largely be regarded as
modifications of these basic factors.
1.

Species Differences

Genetic differences in the mineral content of plants growing under the
same environmental conditions have long been known, although evidence
is growing that these are of greater significance than was at one time believed. Thus, in a recent study (1) of 58 East African grasses, grown to27
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gether on the same soil type and harvested at the same growth stage, it
was found that the total ash content ranged from 4.0 to 12.2 per cent, the
calcium content from 0.09 to 0.55 per cent and the phosphorus content
from 0.05 to 0.37 per cent. Further, it has been found in New Zealand that
plant iodine concentrations depend more upon the pasture species or strain
than upon soil type, soil iodine content, or season (2). Twenty-fold differences in iodine concentrations among pasture species and ten-fold differences among strains of rye-grass, growing on the same soils, were recorded. New Zealand pedigree perennial rye-grass and Italian rye-grass
are high iodine strains, whereas the hybrid, short-rotation or HI rye-grass
carries much lower levels of this element, as the figures in the following
table indicate.
Herbage Iodine Content (ppm on dry basis) (2)
Perennial rye-grass
Italian rye-grass
Short Rotation rye-grass
Soil Iodine Content (ppm)

1.6

—

0.17
0.3

1.4
0.90
0.23
0.18

1.5

—

0.15
0.85

The best-known example of genetic differences in mineral concentrations
concerns legumes and grasses. The former are not only very substantially
higher in calcium at all growth stages, but their strontium content is similarly and proportionately higher in legumes than in grasses, although the
actual concentrations of strontium are normally considerably lower than
those of calcium (3), (4). Several other minerals, including potassium,
sulphur, cobalt, copper, manganese and zinc, are also normally higher in
pasture legumes than in grasses but the differences are neither so large nor
so consistent as with calcium and strontium. This superiority of legumes over
grasses in mineral uptake from the soil does not extend to molybdenum
and iodine. With each of these elements, however, there are large and
fluctuating species variations both in respect to 'normal' concentrations
in the plant and in response to applications of the mineral to the soil (2),
(5), (6).
The ability of certain plant species to accumulate extremely high concentrations of specific minerals can be of the greatest significance in particular areas. It has been known for many years that some species of
Astragalus and other genera frequently contain 3000—5000 ppm of selenium,
compared with 10—30 ppm or less in common herbage species growing
on the same seleniferous soils (7). Moreover, these accumulator species
have the capacity to utilise forms of soil selenium unavailable to other
types of plants. In northern Australia it has recently been found that still
other, and quite unrelated, types of selenium accumulator plants exist,
which carry similar levels of selenium to the Astragalus species studied in
north America. It is the presence of these plant species which determines
the existence, in these areas, of a selenium poisoning problem in grazing
stock (8). Furthermore, selenium is not the only mineral element which
can accumulate in this way in particular plant species. Certain plants
growing on strontium-rich soils in England have been found to concentrate
strontium in their tissues to the incredibly high level of 26,000 ppm, compared with a normal range in other species growing with them of the order
of 10—100 ppm (3).
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2. Soil and Fertiliser Effects
All pasture plants reflect in their mineral composition the nature of the
soil upon which they grow. They normally react to a lack of a mineral in
the soil by limiting either their growth, the concentration of the mineral
in their tissues, or both. Conversely, they respond to soil applications of
the deficient mineral either by growing more, by carrying higher tissue
concentrations of the element, or by both. The extent to which these different responses actually take place in a given environment varies markedly
with the particular mineral involved, with the plant species, with the soil
type and with the climatic or seasonal conditions.
This is well exemplified in the case of phosphorus deficiency, without
doubt the most widespread and important mineral inadequacy affecting
crops and stock in the world. It is evident from the vast literature on this
subject that enormous differences exist in the relative yield and composition
responses of pasture plants to phosphate applications. These responses
range from effects wholly or predominantly on yield to those wholly or
predominantly on phosphorus content. Differences of this type are conditioned by (a) the plant species concerned, (b) the existence of other soil
factors, e.g., molybdenum or zinc deficiencies, limiting plant growth and
(c) the seasonal conditions, e.g. lack of rainfall, which can not only limit
plant growth but can depress the phosphorus concentrations in the plants.
Thus the plant species, Paspalum dilitatum, is very unresponsive in phosphorus content to phosphate applications even where yield increases
are substantial (9). Maximum yield responses to phosphate do not necessarily result in pasture plants carrying adequate levels of phosphorus
for the requirements of the grazing animal at all times of the year because
of the relatively limited capacity of most herbage plants to accumulate
this element in their tissues and of the depressing effect of drought and
stage of maturity of the plants upon phosphorus content.
Treatment of cobalt deficient soils with cobalt salts or ores, in most
cases, results in increased levels of cobalt in the herbage, with no effect
upon yield, but the extent of this response varies greatly with the nature
of the soil. Thus on the cobalt-deficient calcareous soils of South Austraha
the response to such treatment is so small and unreliable that direct administration of cobalt to the animal is preferred to the more usual method
of raising the cobalt intake of the animal to adequate levels by soil treatment with cobalt-containing fertilisers which increase the concentration
of cobalt in the pasture. Even on granitic soils, heavy dressings of lime
markedly depress cobalt uptake by pasture plants (4), (10). In incipient
cobalt-deficiency areas this could result in the precipitation of cobalt deficiency in sheep or cattle (11).
Lime treatment of soils, where these are dictated by yield responses
especially in the clover component of the pastures, can also affect the
mineral composition of the herbage in other respects. It can significantly
decrease the manganese content of the plants and significantly increase
the molybdenum content, but normally has little influence on the level of
copper. In many cases these effects have little significance, at least to the
grazing animal, but where the soil copper status is marginal, heavy liming
could induce 'conditioned' copper deficiency in the animal through raising
the molybdenum content of the pastures to levels capable of limiting copper
absorption and retention in the animal (11). Similarly, where the copper
status of the soil and herbage is above normal, heavy liming could mitigate
the deleterious effects of high copper intakes by the animal, through raising
the molybdenum concentrations in the herbage consumed by the animal,
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so limiting its ability to absorb and retain copper.
The soil-plant-animal interrelations with these elements are complicated
further by the finding of Dick (12) that the inorganic sulphate content
of the herbage, which reflects to some extent the sulphur status of the
soil upon which the pasture plants are growing, can completely determine
whether molybdenum does or does not limit copper absorption and retention
in the animal. Data on the inorganic sulphate content of pasture species
under different soil and climatic conditions are meagre but there is ample
evidence that soils which respond to sulphate applications by increased
herbage yield also respond by increased total sulphur levels in the plant
tissues. In fact, total sulphur levels in pasture species grown on sulphurdeficient soils may fall below the minimum sulphur requirements of grazing
ruminants. Values as low as 0.05—0.06 per cent total sulphur in subterranean clover (T. subterraneum) (13) and of 0.06—0.08 per cent in mixed
clovers and grasses (14) have been reported, although the minimum sulphur
requirement of sheep is about 0.1 per cent (15). It is apparent, therefore,
that the sulphur status of a soil, and the treatment accorded the soil with
sulphur containing fertilisers, can affect the grazing animal through the
yield of herbage, through its total sulphur content and through its inorganic sulphate content where the copper: molybdenum ratio of the
herbage is such that copper or molybdenum abnormalities in the animal
can arise.
The influence of soil type or fertiliser treatment on the nutritive value
of herbage is by no means confined to changes in the levels of the deficient
or excess mineral in the plant or in those of other minerals with which the
deficient or excess mineral is nutritionally related, such as those mentioned
in the previous paragraph. On molybdenum deficient soils, for instance,
striking increases in total pasture yield have been recorded from fertiliser
treatment supplying only 1 ounce of molybdenum per acre, or less. The
increases in protein yield from such treatment have been even more striking,
due partly to a higher proportion of legumes in the resulting herbage and
partly to improved nitrogen fixation by the legumes present. From the
point of view of the grazing animal the benefit derived from improving the
molybdenum status of the soil has therefore come, not from higher molybdenum levels in the herbage per se but from more herbage of higher
protein content.
The application of phosphorus-containing and sulphur-containing
fertilisers to phosphorus and sulphur deficient soils respectively, has
also been shown to raise the protein content of herbage in some instances,
independent of effects on botanical composition (16), (17). Some evidence
has been obtained that such fertiliser treatments can improve nutritive
value in other respects, judging by growth and feed efficiency studies
with rabbits (16,) (17) and lambs (18). These latter findings are difficult
to interpret at the present state of knowledge, although it should be mentioned that changes in palatability affecting feed intake by animals can
markedly influence both growth rate and efficiency of feed utilisation.
The possibility of changes in the essential amino-acid pattern of the protein
of the herbage should also be considered, as has been strongly pointed out
by Albrecht (19).
The possibilities of deleterious effects on pasture composition from
high levels of fertiliser treatment is further illustrated by a recent study
in Wales. In this investigation, Griffith (20) found nitrate nitrogen levels
in the herbage as high as 0.3 per cent following very heavy applications
of sulphate of ammonia. The importance of this can be gauged from
the fact that 0.22 per cent nitrogen as nitrate, or higher, can be
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lethal for cattle (21) and toxic effects have been reported from amounts
greater than 0.07 per cent (22).
3.

The Influence of Climate, Season and Stage of Maturity
These factors are considered together because plants mature partly in
response to internal factors inherent in their genetic constitution and partly
in response to external factors among which climate or season is of outstanding importance.
In all pasture species some decline in tissue concentration of minerals
occurs with advancing maturity but the decline is much greater with some
minerals and in some plants than it is with others. Thus the magnesium,
chlorine, iron, zinc, manganese, copper and molybdenum contents of
pasture species are generally lower in mature than in immature plants
(23), (24), (25), although the difference is rarely great and only in the case
of copper and molybdenum is this likely to be significant for the grazing
animal. The position with calcium, sodium, iodine and cobalt is highly
variable but phosphorus and potassium are elements which decline markedly
in pasture plants at maturity. A very large volume of evidence from different parts of the world could be cited to support this statement. Thus
in northern Australia Davies and coworkers (26) found the phosphorus
content of the perennial grass (Astrebla spp.) to fall from 0.21 per cent P
in the young, green stage to 0.05 per cent P when dry and mature and,
in the opposite corner of that continent, Underwood et al. (27) found the
phosphorus content of 'wheat-belt' pastures, composed entirely of annuals,
to fall from 0.27 per cent P when green and growing to 0.06 per cent at the
dry, mature stage.
The decline in potassium content with maturity is apparently of no
nutritional significance to the animal consuming the plants because the
levels in pasture plants are at all times well above the minimum requirements of grazing stock, but the position is different with phosphorus.
Not only can pasture plants during their mature, dormant stage supply
inadequate amounts of this element to stock, especially if the soil phosphorus status is low, but the length of time over which the herbage is in
this state relative to the length of time that it is green and growing can
determine the incidence of phosphorus deficiency in the animal. Where
the climate of a region includes four to eight months dry period in each
year, which is the position over huge areas of the earth's surface, low phosphorus levels are maintained in the grazing for this length of time and
phosphorus deficiency in grazing cattle is inevitable unless suitable supplements are provided. Even where the application of phosphatic fertilisers
is economically justified to raise herbage yields, the concomitant increase
in phosphorus content of the plants is largely confined to their growing
period and has little effect during the annual dry period.
III. DIFFERENCES IN THE MINERAL REQUIREMENTS OF PLANTS AND ANIMALS

The great qualitative and quantitative differences in mineral requirements which exist between plants and animals, within plant species and
within animal species, are of the utmost importance to the soil-plantanimal mineral sequence in grazing stock and therefore to the occurrence
of nutritional abnormalities of mineral origin in pasture plants and in
animals dependent upon these plants for their nutriment. In this respect
the mineral elements mostly fall within one of the following four groups,
although a clear line of demarcation cannot be drawn between them under
all circumstances.
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The first of these groups includes elements like iodine and cobalt which
do not appear to be needed by plants at all. A soil deficiency of either of
these minerals is therefore expressed solely in reduced plant tissue concentrations, resulting in deficiency states in the animal. The second group
includes elements such as potassium, zinc, iron and manganese which are
required by both pasture plants and grazing stock, but at very different
levels, so that a soil deficiency can limit pasture growth but the herbage
still contains adequate amounts of these elements for the minimum needs
of the grazing animal. The effect on the animal of a soil deficiency of these
elements is therefore an indirect one through the reduction in quantity
of herbage available. The third group includes phosphorus and copper, and
possibly sulphur, which are also required by both plants and animals. The
relative requirements, however, are somewhat similar, so that soil deficiency frequently results in deficiency states in both pasture plants and
grazing stock in the same areas. This situation can be greatly modified by
climate in the case of phosphorus, as was pointed out earlier. With copper,
pasture species are known (e.g. Trifolium cernuum in south-western Australia) which are efficient in obtaining copper from soils low in copper for
their own growth requirements but which, on such soils, carry concentrations
of copper in their tissues too low to meet the minimum needs of grazing
sheep and cattle. The fourth group of elements, of which boron is an example, are needed by plants but not by animals. A soil deficiency of this
element will therefore result in sub-normal growth of pasture plants but
animals consuming these plants will not be affected, except by the smaller
quantities of total herbage available to them or by changes in its chemical
composition other than in boron.
The most striking example of differences in mineral requirements among
animal species concerns the element cobalt. Cobalt deficiency per se, that
is distinct from vitamin B12 deficiency per se, has only been observed in
ruminants. A particular soil or pasture could therefore be regarded as
deficient if sheep, cattle or goats are grazed upon it but as entirely normal
if horses, donkeys or pigs are grazed. Less striking but of equal importance
is the difference between sheep and cattle in their minimum phosphorus
requirements. Many areas exist in which the pastures are deficient in this
element for cattle but adequate for sheep because of the lower requirement
of the latter species per unit of food consumed and of their more selective
grazing habits. Finally, mention may be made of the much greater susceptibility of cattle than of sheep or horses to high molybdenum levels in the
herbage. Drastic signs of debility and diarrhoea have been observed in
cattle on certain pastures high in molybdenum, whereas sheep and horses
have remained completely or almost unaffected on the same pastures.
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IV. SUMMARY

The capacity of pastures t o supply t h e mineral needs of grazing stock
in adequate amounts, in proper proportions a n d without harmful excess,
depends upon m a n y interrelated factors among which t h e mineral status of
the soil is of primary, b u t n o t necessarily dominant, importance. T h e
botanical nature of t h e herbage, t h e climatic or seasonal conditions under
which t h e plants grow, a n d t h e species of animal grazed, can be equally
significant factors in t h e soil-plant-animal mineral complex.
The complexity of t h e interrelations involved is accentuated b y t h e fact
t h a t t h e same soil, climatic a n d botanical factors which influence t h e
mineral content of pastures, and hence t h e mineral intakes of grazing animals a n d their utilisation, can also influence herbage palatability and overall
nutritive value in ways as yet imperfectly understood. Also, little is so far
known of t h e factors affecting t h e availability of minerals in pastures or
of t h e relationship of these minerals t o t h e ability of t h e animal t o handle
potentially toxic organic constituents in t h e herbage. A proper appraisal
of t h e value of pastures as a source of minerals t o the animal requires t h a t
these possibilities, as well as t h e gross mineral composition, be given increasing attention.
RÉSUMÉ

La mesure dans laquelle les pâturages peuvent pourvoir a u x besoins des
troupeaux en minéraux, en quantité suffisante, dans les proportions convenables, et sans causer des excès nuisibles, dépend de plusieurs facteurs
intimement liés. Parmi ceux-ci la richesse minérale d u sol est de toute première importance, tout en n'étant pas nécessairement dominante. L a composition floristique du couvert herbacé, les conditions climatiques ou saisonnières dans lesquelles les plantes se développent, et l'espèce animale qui est
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mise en charge peuvent être des facteurs tout aussi significatifs dans le complexe sol-plante-animal.
L a complexité de ces relations internes est encore accentuée par le fait
que les mêmes facteurs de sol, de climat et d'association végétale qui exercent une influence sur la teneur en minéraux des pâturages et dès lors sur la
nutrition minérale des animaux et sur l'utilisation que ces derniers feront de
ces éléments minéraux, peuvent également influencer la palatibilité des
herbages et leur valeur nutritive globale, d'une manière qui n'est encore
qu'imparfaitement élucidée. De plus, on ne connait encore que très peu des
facteurs qui affectent l'assimilabilité des minéraux fournis par les pâtures
ou de la relation qui lie ces minéraux à la capacité des animaux d'absorber
sans danger les constituants organiques potentiellement toxiques que contiennent les herbages. Une bonne estimation de la valeur des herbages en t a n t
que sources de nutrition minérale pour les animaux demande qu'une plus
grande attention soit consacrée à ces possibilités et aussi à la composition
minérale globale.
ZUSAMMENFASSUNG

Das Vermögen von Weideböden, den mineralischen Bedürfnissen von
weidendem Vieh in entsprechender Menge, in gutem Verhältnis und ohne
schädliche Exzesse entgegen zu kommen, hängt von vielen sich gegenseitig
beeinflussende Faktoren ab, unter welchen der mineralische Zustand des
Bodens von primärer, aber nicht notwendig alles überherrschender Bedeutung ist. Die botanische Zusammensetzung der Weidenflora, die klimatischen und Witterungsverhältnisse unter denen das Gewächs aufwächst, die
weidende Viehart, können alle gleichwertige Faktoren im Boden-Pflanze-TierMineralkomplex sein. Diese Kompliziertheit der gegenseitigen Verhältnisse wird noch extra benachdruckt durch die Tatsache dass derselbe Boden,
dieselbe klimatischen und botanischen Faktoren, von Einfluss auf den
Mineralgehalt der Weiden u n d daher auf die Aufnahme der weidenden
Tiere und deren Verbrauch, auch die Schmackhaftigkeit des Futters und
überhaupt dessen Nährwert beeinflussen in einer Weise, welche nur noch
sehr unvollkommen verstanden wird. Ebenso weiss m a n bisher kaum etwas
über die Faktoren welche die Aufnahme von Mineralstoffen aus den
Weideböden ermöglichen oder über die Beziehungen dieser Mineralien
zum Vermögen des Tieres um sich mit potentiell giftigen organischen Bestandteilen im F u t t e r abzufinden. Eine spezielle Wertschätzung des Weidenwertes als eine Mineralzufuhr für die Tiere verlangt dass neben der
gröberen mineralischen Zusammensetzung, allen diesen Möglichkeiten hier
genannt, wachsende Aufmerksamkeit gegeben wird.
DISCUSSION

A. A. NIKITIN: 1. What is the effect of copper in reducing the assimilation
of molybdenum by plants? 2. Can sulfur reduce the assimilation of selenium in
plants ?
E. J. UNDERWOOD: Copper does not reduce the assimilation of Mo by plants.
It antagonizes the effects of high Mo in animals.
Sulfate can reduce the absorption of Se by plants under appropriate conditions but not where the soil high in Se is also already high in sulfate. BaCl s
has been shown by the workers in Israel to be highly effective in reducing Se
uptake by alfalfa.
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R E L A T I O N O F RADIOACTIVE CONTAMINATION
O F CROPS TO SOIL F E R T I L I T Y *
by
R.

F.

R E I T E M E I E R * * AND R.

G.

MENZEL***

INTRODUCTION

Man has always been exposed to radiation from radioactive isotopes
occurring naturally in his environment. In recent years other radioisotopes
produced in nuclear energy activities have been introduced into the biosphere. These radioactive materials are ingested b y man primarily as
contaminants of his diet. Injurious effects on living tissues of ionizing
radiation emitted b y radioactive atoms have been recognized for decades.
Knowledge of the nature and severity of the effects of low levels of radiation
intensity, however, remains fragmentary. An understanding of the mechanisms of contamination of food chains with artificially produced radioisotopes, and of possible methods for decreasing this contamination if and
where the need should arise, is essential because of the increasing use of
nuclear energy. One of the possible means of control which have been
investigated is soil fertility.
SOURCES AND NATURE OF ISOTOPES

Sources of radioisotopes which might immediately or eventually contaminate agricultural products include (a) accidents and waste disposal
operations of nuclear energy installations, (b) nuclear weapon detonations,
a n d (c) accidents to nuclear-propelled or nuclear-implemented vehicles.
Large-scale nuclear fission reactions produce three general types of radioisotopes, namely (a) over 200 fission products, of atomic mass ranging
from 72 to 161 (23) and highest yields centered around masses 95 and 139
(19); (b) isotopes of low or intermediate mass activated b y neutron bombardment; and (c) heavy isotopes comprising unfissioned fissile materials,
for example, U 235 and P u 239. The composition of the radioisotopes in
any particular mixture will depend on the source, physical form, and time
after release. For example, accidental gaseous effluents from solid fuel
reactors are relatively rich in volatile elements such as iodine and cesium
(7), while fresh fallout particles from nuclear detonations m a y contain a
mixture of the three general types of isotopes (15).
W i t h regard to food chain hazards', the fission products are generally
considered to be the important group, and detailed attention therefore
will be restricted to them. However, the number of fission products considered most important in the food chain is relatively small. These include I 131,
half-life 8 days; Sr 89, half-life 53 days; Sr 90, half-life 28 years; and Cs 137,
half-life 27 years (8). Examples of some of lesser importance are Ba 140,
* Contribution from the Soil and Water Conservation Research Division,
Agricultural Research Service, U . S . Department of Agriculture, and the Division
of Biology and Medicine, U.S. Atomic Energy Commission. (Invitational paper
for Session I of Commission IV on 'Soil Fertility in Relation to Nutritive Value
of Crops', 7th International Soil Science Congress, Madison, Wisconsin, August
1 5 - 2 3 , 1960).
** Soil Scientist, U.S. Atomic Energy Commission, Washington, D. C , and
U.S. Department of Agriculture, Beltsville, Maryland.
*** Soil Scientist, U.S. Department of Agriculture, Beltsville, Maryland.
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half-life 13 days; Y 91, half-life 40 days; Zr 95, half-life 65 days; Ru 106,
half-life 1 year; Te 132, half-life 78 hours; Ce 144, half-life 290 days; and
Pm 147, half-hfe 2.3 years. To a great extent, these radioisotopes are not
formed directly during the fission reaction, but as decay products of other
isotopes. Some of them, in fact, decay further to other radioisotopes. For
example, Sr 90 decays to Y 90, half-life 64 hours; Cs 137 to Ba 137, halfhfe 2.6 minutes; Ba 140 to La 140, half-life 40 hours; and Zr 95 to Nb 95,
half-life 35 days.
PATHWAYS OF PLANT CONTAMINATION

Liquid radioactive wastes would generally contaminate plants by entry
into the root zones of soils. Radioisotopes disseminated through the atmosphere, such as those in fallout particles or in gaseous emanations from
nuclear reactions, however, may contaminate plants directly by deposition
from the atmosphere or indirectly after entering the soil. Four possible
pathways of contamination by air-borne radioisotopes have been suggested
(1, 8), namely
(a) direct contamination of the foliage and stems, known as foliar
contamination;
(b) direct contamination of influorescences and fruits, which is termed
floral contamination;
(c) absorption into stem bases and living roots of established grasses,
occurring in a root mat lying on the surface of the soil, which is presently
called plant-base absorption, and
(d) absorption into roots following deposition on the soil and entry
into the root zone, which may be called soil uptake.
The uptake of short-lived isotopes from soil is unimportant relative to
that of the longer-lived ones because of the appreciable time needed for
incorporation of an isotope into the root zone. For this reason, the soil
uptake pathway is of slight concern in the consideration of I 131 and Ba
140 as hazards. Contrarywise, all four pathways may contribute significantly
to the contamination of plants by Sr 89, Sr 90, or Cs 137, with their relative
importance in a particular situation governed by existing environmental and
depositional factors.
STRONTIUM-CALCIUM AND CESIUM-POTASSIUM RATIOS

The greatest attention with respect to long-time hazards has been
afforded Sr 90, because of its high fission yield, relatively high availability
in soils and biological systems, and long retention in the body. Both Sr 90
and Sr 89 accumulate in the skeleton, where they become potential causes
of bone cancer and leukemia. Their behavior is similar to, but not identical
with, that of calcium (6).
Cesium 137 is generally distributed throughout the soft tissues, and the
gamma radiation emitted by its daughter, Ba 137, penetrates the entire
body including the reproductive organs. Its behavior often is roughly similar to that of potassium, but not as close as is that of strontium to calcium;
in the periodic table cesium is two periods removed from potassium, instead
of one as in the case of strontium and calcium. This similarity of ion
pairs has led to the use of ratios of radiostrontium to calcium and of
radiocesium to potassium, especially the former, as criteria of radiation
hazards. Radiation hazard to a tissue, however, depends strictly on the absorbed radiation dose, and the widespread use of ion pair ratios as an expression of hazard has been questioned (24).
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Although objections to the uncritical use of ratios probably are valid,
the effects of soil fertility components on the hazard from radiostrontium
and radiocesium in the food parts of plants may be expressed in three ways,
namely (a) changes in the concentration of the radioisotope in a plant part;
(b) changes in the total quantity of the radioisotope in the part; and
(c) changes in the ratio of the concentration of the radioisotope in the tissue
to the concentration of the chemically similar nutrient element. A beneficial
effect of a change in soil fertility on the radiostrontium hazard of a food
part of a plant might then consist of a reduction in the soil-derived radiostrontium content, or an increase in the calcium content regardless of the
pathway of contamination by radiostrontium. Concurrent substantial
reductions in radiostrontium and calcium contents of foods supplying
a major fraction of the dietary calcium might require supplementation
of the diet with uncontaminated calcium from some other source.
ROLE OF SOIL MANAGEMENT

Various factors in soi 1 management other than fertility can have significan t
effects on the radioactive contamination of crops. These include tillage
practices (30), species of plant (30), intensive leaching (45), and physical
decontamination methods (29, 45). Combinations of productivity or management practices will sometimes be more beneficial than single treatments.
The information presented here, however, will be concerned primarily with
effects of fertility levels and of applications of fertilizers and soil amendments.
EFFECT OF SOIL CALCIUM AND STRONTIUM

Stable Strontium
Radiostrontium occurs in fallout in a carrier-free form, that is, in the
absence of stable strontium. In one group of 76 soil samples the exchangeable stable strontium content was found to range between 0.001 and
0.08 m.e. per 100 grams, with the peak frequency at about 0.01 m.e. per
100 grams (28). Although these values are low relative to the respective
exchangeable calcium content, they appear sufficiently high to preclude
radiostrontium behaving in soil as a carrier-free isotope.
Romney et al. (40) have reported that the concentration of Sr 90 in bean
plants and in Ladino clover was increased slightly by the addition to the
soil of up to 1 and 5 m.e. of strontium per 100 grams, respectively, in the
form of a strontium nitrate. The increased Sr 90 concentrations were
attributed to a displacement of exchangeable Sr 90 by the added stable
strontium into the soil solution. The appßcation of 10 m.e. of strontium per
100 grams, however, reduced the Sr 90 concentration in clover significantly.
Additions of stable strontium to an acid soil had no effect on the uptake of
Sr 90 by barley, spinach, or red clover (13). The extremely high amounts
of stable strontium required to reduce uptake of Sr 90 eliminate its application as a practical means of control.
Exchangeable Calcium
The similarity in chemical behavior of strontium and calcium suggested
that the uptake of radiostrontium from soils might be influenced by the
amount of calcium in the soil, by a process comparable to isotopic dilution.
It was actually found that the ratio of radiostrontium to calcium in cowpea
plants (26) and the uptake of radiostrontium by lettuce, rye grass, and
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wheat straw (14) decreased with increasing levels of exchangeable calcium
in surface samples of different soil types. The CaC03 content of calcareous
soils had no effect on the uptake of Sr 90, Cs 137, Ru 106, Ce 144, or Y 91 (32).
Fuller and Flocker (14) also observed no effect of naturally-occurring CaC0 3
on the uptake of Sr 90.
The Sr 90 content of potato tubers grown on Sassafras, Hanford, and
Sorrento soils was oppositely related to the level of available calcium (42).
Romney et al (39) reported that the uptake of Sr 90 by radish, beans, carrots,
lettuce and barley was greatest from acid low-calcium soils and least from
alkaline calcareous soils. In an experiment with four acid and four calcareous soils, the uptake of Sr 89 by alfalfa and by wheat plants varied
inversely with the exchangeable calcium content of the soil within the
range of 1 to 31 m.e. of Ca per 100 grams (2).
The foregoing results of comparisons of different soils were obtained in
pot experiments. Russell (43), on the other hand, has reported that in six
field experiments with grass-clover, cereals, kale, and root crops the ratio
of Sr 89 to calcium in the crops generally decreased with increasing content
of exchangeable calcium in the soil. The detailed results of these experiments
have been interpreted to mean, however, that in the United Kingdom
exchangeable calcium levels above 7 m.e. per 100 grams of soil have no
further appreciable depressing effect on the uptake of radiostrontium (30).
Calcium Additions
The finding of a general inverse relationship between exchangeable
calcium level and the uptake of radiostrontium led to investigations of the
effects of calcium-containing amendments. Additions of calcium carbonate
to soils whose cation exchange complex was already virtually base-saturated, e.g. calcareous soils, have had no appreciable effect (4, 9, 14).
Furthermore, some pot experiments with soils slightly less base-saturated,
and having pH values between 6 and 7, have shown only slight reduction
in Sr 89 uptake from the application of calcium carbonate albeit a greater
decrease in the ratio of Sr 89 to calcium in the plants (9, 14). However,
applications of liming materials to other acid soils, generally of lower pH
value than the foregoing, have been more effective (12, 13, 17, 18, 20, 21,
31, 37, 41, 48, 50). Reductions in uptake of radiostrontium or in the ratio
öf radiostrontium to calcium observed in these pot experiments generally
have ranged upwards to a factor of three-fold. Liming usually is more
effective on soils most deficient in calcium and less effective for cereal
crops than for other species. Fredriksson et al. (13) concluded that the
relationship between exchangeable calcium in a soil and the radiostrontium
in the plant can be expressed as follows:

where Y is the ratio of radiostrontium to calcium in the plant tissue, X
is the exchangeable calcium expressed as a percentage of the cation exchange capacity, and a and b are constants whose values depend on the
soil type, plant species, and kind of tissue.
Addition of CaCl2 or CaS0 4 to acid Cinebar soil in a pot experiment
reduced the uptake of Sr 89 by bean plants to about the same extent as
the equivalent amount of CaC03 (18), and recropping of the soil by barley
and radish plants, successively, also resulted in substantially reduced uptake
from the three treatments (48). Romney et al. (41) found the application to
acid Sassafras sandy loam of 5 m.e. of Ca per 100 grams as CaC0 3 and CaS0 4
to reduce the uptake of Sr 90 by bean plants to about 30 % and 15 %,
3S
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respectively; no effect was observed from the same treatment of two basesaturated soils.
Information concerning the effects of liming of acid soils on the uptake
of fission products other than Sr isotopes is limited. The results of some pot
experiments (20) suggest that the general effect on the uptake of Cs 137,
Ce 144, and Ru 106, where one occurs, is a decrease.
In a field plot experiment on Elkton silt loam, pH 5.2, rotary tillage of
four tons of CaC03 per acre into the surface six inches of soil together with
an application of Sr 89 reduced the ratio of Sr 89 to Ca in soybean plants
from 3.2 to 1.3 microcuries per gram (27, 38). Where the Sr 89 was placed at
a depth of 15 inches, the lime resulted in ratio values of 2.2 and 0.9, respectively, when it was raked into the soil surface and when it was buried
with the Sr 89. This indicates that surface application of lime is less effective
than incorporation in the soil for crops having root systems similar to soybean plants. In a field tank experiment with a neutral composited soil,
Fowler and Christenson (10) observed the application of CaCl2, but not of
CaC0 3 or SrCl2, to reduce the ratio of Sr 90 to calcium in lettuce, alfalfa,
and grass to a considerable degree.
Liming, at the rate of two tons of hydrated lime per acre, of a calcareous
soil and an acid soil having ammonium acetate-extractable calcium contents of 23.8 and 8.3 m.e. per 100 grams, respectively, did not affect significantly the ratio of Sr 89 to calcium in grass, cereal, kale, and sugar beet
crops grown in field plot experiments (30). In a third experiment, however,
on an acid soil having an exchangeable calcium content of 7.2 m.e. per
100 grams, the same lime application plowed in to a depth of 7 inches
reduced the value of the ratio for the various parts of grass, wheat, and
sugar beet plants by 20 % to 60 %. The same amount of hme applied
directly to the foliage of established grass effected an average reduction
in the ratio of Sr 89 to calcium of three succeeding cuttings of about onethird, which was due primarily to an increase in calcium content of about
the same magnitude. In another and similar experiment, the same treatment reduced the ratio in grass by two-thirds (44).
EFFECT OF FERTILIZER NUTRIENTS AND CESIUM

Two N-P-K factorial pot experiments with oats have been reported,
one with soil to which the nutrients were applied immediately before
planting (20), the other with soil from field plots which had received nutrient treatments over a 44-year period (17). In the former experiment,
only N, applied as NH 4 N0 3 , had a marked effect on the yield; the treatments containing N singly, or in combination with P or K or both, produced
yields of oats about four times that of the control pots. Nitrogen approximately doubled the concentration of Sr 90 in the straw, but decreased that
of the grain by about one-third. Applications of P and K had only slight
positive effects on the concentration in the straw. The Cs 137 concentration
also was increased by N, but P and K exerted a strong depressing effect.
In the latter experiment, the general effect of a long history of nutrient
applications on the concentration of Sr 90 was a slight decrease, probably
not significant in most cases. However, the K treatments reduced the Cs 137
concentrations in both straw and grain by about 90 %. It is quite possible
that during the long field experimentation available K had accumulated
to relatively high levels but that immediately-available N had not.
Large applications of phosphate in one experiment reduced the uptake
of Sr 90 from calcareous soils by 50 %, but had no effect on acid soil (49).
In a field experiment on a calcareous soil, however, additions of phosphate
had little or no effect on uptake by barley (3, 5).
.
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The influence of the level of available K in the soil on the uptake of radiostrontium and radiocesium has been investigated in a number of experiments.
Additions of K lowered the concentration of in Sr 90 wheat grain and straw
by almost 40 % and in peas by 25 to 35 % (20, 21). The uptake of Sr 90
by radish plants also was reduced by 40 % by an application of KN0 3
or of K 2 S0 4 plus Sr(N0 3 ) 2 (25). On the other hand, the uptake of Sr 89
by wheat seedlings in Neubauer cultures was reduced 30 % by K 2 S0 4
but not by KN0 3 additions (47).
The absorption of radiocesium from soils by plants generally is one to
two orders of magnitude less than that of radiostrontium, which is due at
least partly to fixation of the major part of the cesium in a non-exchangeable
form (46). In spite of this, increases in the available K content of soils have
been found to be correlated with decreased radiocesium content or ratio
of radiocesium to K in the plant (11, 16, 20, 26, 35). Nishita et al. (36) observed that K additions were more effective in this regard when the exchangeable K had been reduced to a low level by cropping, and that the
Cs 137 content of Ladino clover increased as the exchangeable K content
of the soil was decreased by successive cuttings.
Tensho and Mitsui (47) found that while K salts reduced the absorption
of Cs 137 by wheat plants in Neubauer cultures, additions of ammonium
salts enhanced it to 2.5 to 5.5 times that of the control. They concluded
that ammonium salts were the main cause of greater uptake of Cs 137 by
lowland rice than by upland rice, and suggested that top dressings of
nitrates might be substituted. Application of small amounts of carrier Cs
to the soil also increased the Cs 137 uptake markedly, for example, from
0.2 % to 4.8 % in the absence of other treatments. This striking effect of
stable Cs additions has been observed also in other experiments (32, 36).
It is undoubtedly related to the generally low content of exchangeable Cs
in soils, which is much less abundant than exchangeable Sr.
EFFECT OF ORGANIC MATTER

Establishment of an effect of the content of natural organic matter of
soils per se might be difficult because of concurrent variations in other soil
properties affecting the availability of radioisotopes. However, a few experiments have been conducted on the effects of applications of organic
materials to a particular soil.
Nishita, et al. investigated the effects of various kinds of organic matter
on the uptake of Sr 90, Ca, and other elements by barley seedlings in Neubauer cultures (33) and by tomato plants in pot experiments (34). The
general effect on Sr 90 and Ca was a decrease in uptake. Dry lettuce added
to Vina loam at rates of 1, 2, 5, and 10 % reduced the uptake of Sr 90,
Ca, and Mg by barley but increased the uptake of K and Na. The largest
reduction in uptake of Sr 90 obtained with the 10 % application, was to a
value of about one-seventh, and for Ca to about one-fourth. The effect
of lettuce exceeded that of peaty muck, horse manure, and leaf mold.
Lettuce had no effect on uptake from Egbert muck, which contains 32 %
or organic matter and high exchangeable calcium.
The effect of organic matter additions on uptake by tomato plants was
small compared to the effect on barley plants. The maximum uptake of
Sr 90 and Ca occurred at lettuce applications of 2 %, and that for Mg at an
application of 5 %. Possible explanations for the decreased uptake effect
of organic matter additions include immobilization in augmented microbial
populations, increases in cation exchange capacity, increases in size of
plant, and ionic competition. In these experiments the last appears im40
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portant, as suggested by the general decrease in uptake of Ca, Mg, and Sr
on one hand and the general increase in uptake of K and Na on the other;
the organic materials had appreciable contents of K and Na. It should be
noted that very large quantities of organic matter are needed to produce
substantial effects on the uptake of Sr and Ca.
Gulyakin and Yudintseva (17, 20) reported that a 15 % addition of
humus to soil reduced the Sr 90 content of intersown wheat and pea plants
approximately as follows: wheat straw by 55 %, wheat grain by 15 %,
ea straw by 65 %, and pea seeds by 70 %. The uptake of Ce 144 and Ru 106
y the straw also was reduced considerably. In another experiment (22)
rotted manure was found to reduce the uptake of Sr 90 and Cs 137, the
latter to a lesser extent, especially from a coarse sandy soil.

E

CONCLUSIONS

Most of the available information on the effects of soil fertility on the
uptake of hazardous radioisotopes concerns radiostrontium. This is to be
expected, as of all the longer-lived fission products strontium isotopes
exhibit the greatest availability to plants. A decreased uptake of other
fission products generally would not be of benefit if the uptake of radiostrontium were increased by the same treatment.
It has been shown here that various components of soil fertility may
affect the strontium content of plants. One of the most important of these
is the available calcium content. Since the range of natural-exchangeable
calcium levels is wide, differences in the magnitude of strontium uptake or
in the ratio of strontium to calcium in crops will occur among agricultural
areas. The results of small-scale experiments also indicate that the liming
of acid agricultural soils can reduce the uptake of radiostrontium, but
only by factors of three or four at the most. The few field experiments
which have been conducted actually have been less encouraging, as some
of them have shown little or no effect of increases in exchangeable calcium.
Possible benefits of applications of gypsum to alkali soils containing high
percentages of sodium on the cation exchange complex have not yet been
demonstrated. Liming of soils also has a general depressing effect on the
uptake of a number of other fission products.
Wherever fertilizer nutrient or organic matter applications reduce the
strontium content of plants, comparable reductions in calcium content
probably will occur also, with the result of only a slight change in the
ratio of strontium to calcium. One of the more striking effects of fertilizers
is the reduction of the uptake of radiocesium by applications of potassium
to soils low in available potassium. The usual effectiveness, as a hazard
control measure, of practical applications of fertilizers and organic matter is
comparatively slight. Treatments would have to be repeated in order to
maintain desirable effects over a period of years.
For a general recommendation as to management of soil fertility for the
control of the radioisotope content of crops, our current knowledge warrants
no change from those fertility levels which will provide the maximum
production of a particular crop.
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SUMMARY

Nuclear fission installations and devices are possible sources of radioisotopes which may contaminate crops and soils. With respect to the longerterm food chain hazard, most attention has been directed to the fission
products strontium 89, strontium 90, and cesium 137. The uptake of
radiostrontium by plants generally varies opposite to the level of exchangeable calcium in the soil. Increasing the exchangeable calcium content
of highly acid soils by adding lime often reduces substantially the radiostrontium content of plants or the ratio of radiostrontium to calcium.
Applications of ammonium salts have increased the uptake of radiostrontium by oats, and the uptake of radiocesium by oats and rice. Additions
of potassium, however, frequently decrease the uptake of radiocesium and
radiostrontium. Large additions of decomposable organic matter have
reduced the uptake of radiostrontium but also that of calcium. Application
of potassium, calcium amendments, or organic matter at practical rates
usually will not be of sufficient benefit to serve alone as an effective control
measure. The maximum production of crops therefore should be the primary
basis for the fertilization of contaminated soils.
RÉSUMÉ

Les installations de fission nucléaire et les engins qui l'utilisent peuvent
devenir des sources de radio-isotopes capables de contaminer les cultures et
les sols. Eu égard aux dangers que peut présenter à long terme la chaîne de la
nourriture, la plus grande attention a été donnée aux produits de fission
strontium 89, strontium 90 et cesium 137. L'adsorption de radio-strontium
par les plantes varie généralement en raison inverse du niveau de calcium
échangeable dans le sol. Lorsqu'on augmente la teneur en calcium échangeable de sols fortement acides, par addition de chaux, on diminue généralement de façon substantielle la teneur en radio-strontium des plantes et le
rapport radio-strontium/calcium. Des applications de sels d'ammonium
ont augmenté l'adsorption de radio-strontium par l'avoine et celle du radiocesium par l'avoine et le riz. Des apports de potassium diminuent souvent
l'adsorption du radio-cesium et du radio-strontium. Des quantités importantes
de matières organiques décomposables ont diminué l'adsorption du radiostrontium mais aussi celle du calcium. Les apports de potassium, d'amendements calcaires ou de matières organiques à des doses praticables ne suffiront généralement pas à eux seuls comme mesure effective de contrôle.
Pour cette raison, le but primordial de la fertilisation des sols contaminés
doit rester la production maximale des cultures.
ZUSAMMENFASSUNG

Kernspaltungsinstallationen und -Apparate sind mögliche Quellen von
Radioisotopen, welche Feldgewächse und Böden gefährlich anstecken
können. Mit Hinsicht auf eine langwährende Risikokette in Nahrungs44
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mittein wurde den Spaltungsprodukten Sr 89, Sr 90 und Cs 137 viel Beachtung gewidmet. Die Aufnahme von Radiostrontium durch die Pflanzen geschieht im Allgemeinen dem Gehalt an auswechselbaren Ca umgekehrt
proportional. Wenn man den Gehalt an austauschbarem Ca auf sehr sauren
Böden durch Kalkung öfters erhöht, erniedrigt man den Radiostrontiumgehalt der Pflanzen, oder das Radiostrontium zu Calcium Verhältnis. Anwendung von Ammonsalzen haben die Aufnahme von Radiostrontium durch
Hafer erhöht und die Aufnahme von Radiocaesium durch Hafer und Reis
ebenfalls. Kalidüngungen dagegen erniedrigen vielfach die Aufnahme von
Radio-Cs und -Sr. Grosse Mengen zersetzbarer organischen Substanz drückten die Aufnahme von Radio-Sr, aber auch die von Ca. Anwendung von K,
Ca-Zufügung, sowie organische Substanz, alles in praktisch gebräuchlicher
Menge, genügt nicht um allein als ein effektives Beherrschungsmittel zu
dienen. Darum müssten die maximalen Erträge von Kulturgewächsen die
erste Basis für die Düngung verseuchter Böden sein.
DISCUSSION

W. FLAIG: Have you also observed an increase of Ca-uptake in the case of
higher Sr-uptake after fertilizing with NH 4 N0 3 ?
R. F. REITEMEIER: The experiment referred to was reported by Klechskowsky and Gulyakin. Calcium concentration in the plants presumably were not
determined. It is probable, however, that an increase in uptake of calcium
resulted from the NH 4 NO, treatment similar to the effect on the uptake of
strontium.
H. KICK: Have you also found in your investigations what is the relation of
Sr-uptake by root and leaf stem system ? What is the influence of Mg and phosphate on the Sr-uptake?
R. F. REITEMEIER: (The meaning of the first question was not clarified by
the questioner, and because of the shortness of time, an answer was not attempted). In the experiment in which a linear relationship was obtained between
the ratio of radiostrontium to calcium in conifers the reciprocal of the
exchangeable magnesium content also was observed, but its magnitude was less
than that of the effect of calcium. The effect of phosphate application on the
uptake of strontium has been variable. In one experiment reported recently,
a massive application reduced the uptake by about 50 %.
DAVID L. GRÜNES: Why did nitrogen application increase the uptake of
radioactive strontium?
R. F. REITEMEIER: One possible explanation is that high concentrations
of nitrate in the soil may increase the uptake of all cations, in accordance with
results of Welsh e t a l . (Soil Sei. Soc. Amer. Proc. 18:137—140(1954)).
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FIFTY YEARS OF SOIL TESTING
by
EMIL TRUOG

Emeritus Professor of Soils, University of Wisconsin, U.S.A.
I was born on a farm in Wisconsin at a time when my father was still
clearing land of trees to bring the virgin soil under cultivation. I recall
my father saying that on new or relatively new land he never failed to
get a good crop regardless of seasonal weather conditions. This made a
deep impression on me as I observed that crop yields gradually declined
after fifteen to twenty years of cropping.
In a farm magazine, I read that the reason for this decline was the depletion of the supply of an element below the level needed for good yields.
The use of commercial fertilizers was not practiced in our area at that
time, and hence, there was only partial return in animal manure of the
elements removed.
The question naturally arose: what is the element whose supply has
become too low? An answer was not readily obtained at that time, and so I
decided to attend the College of Agriculture at the University of Wisconsin.
There I found that methods in use for determining the fertilizer needs of
soils were not dependable. In 1909 I received a B. S. A. degree and was
fortunate to receive an appointment as a research assistant in soil chemistry
at the University.
Under this appointment, I started investigations of methods of determining the lime and fertilizer needs of soils. The litmus paper test for determining soil acidity and lime needs of soils was the only simple test in
use for this at that time. I well remember how indefinite and bewildering
my results were with this test when I first tried it on my father's farm. I
decided that the soils were acid, but how strongly acid and how much lime
was needed were left entirely in doubt.
Because the results were unsatisfactory, I made an attempt to devise a
more satisfactory method. This resulted in the development in 1914 of
the zinc sulfide test, a semi-quantitative test, adapted for practical use by
county agricultural agents and others (6). During the following 10 to 15
years, or until the general adoption of the pH system, the test was widely
used and was the forerunner of the present so-called 'quick soil tests'.
In 1909 the Danish biochemist, Sorensen, announced his pH system of
expressing low degrees of acidity and alkalinity such as are encountered in
biological media. Fortunately, this system is well adapted for expressing
the reaction of soils. In time, simple and reliable colorimetric and electrometric methods of determining the pH of soils were devised, so that at
present the pH system is universally used for expressing the reaction of
soils.
It is of interest to note that when the system was first proposed, vigorous
opposition to it arose. It was contended that since the system expresses
reaction on a logarithmic rather than an arithmetic basis, an erroneous
conception is given; e.g., a pH of 5 is ten times as acid as a pH of 6. The
basis for the objection turned out to be an advantage, since the nearer one
approaches the neutral point, the more important does a slight change in
reaction often become.
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That interest in practical soil testing by the general public was rising is
expressed by the fact that in 1913, the Wisconsin Legislature made a specific
appropriation to finance a State-wide program of soil testing by the Soils
Department of the University in order that farmers might ascertain the
needs of their soils for lime and fertilizer. It is of interest to note that this
program was first envisioned and promoted by a citizen legislator, not
connected with the University, and that funds for this purpose have never
been interrupted. This program markedly stimulated the writer in his
efforts to develop better methods of soil testing.
The methods used in 1913 for determining the nitrogen, phosphorus, and
potassium needs of soils were for total analyses of these elements. Extraction of available phosphorus with one per cent citric acid and one-fifth
normal nitric acid had been advocated and practiced some. It was quite
generally held that if the total supply of the fertilizer elements was adequate,
good soil management would make them available. Unfortunately this did
not prove to be true in many cases, particularly, as regards potassium.
One great handicap was the lack of reliable methods for determining
rapidly small amounts of phosphorus and potassium. This was all changed
with the advent of new colorimetric methods for phosphorus and the flame
photometric method for potassium, calcium, and magnesium.
The principal acid excreted by plant roots and involved in plant feeding is
carbonic. In an attempt to simulate the action of carbonic acid in plant
feeding, the author (8), in 1930, proposed extraction of available soil phosphorus with 0.02 N sulfuric acid buffered with ammonium sulfate to a pH
of 3. On a quantitative basis, a saturated water solution of carbonic acid
is much stronger than this acid, but on an intensity basis the carbonic acid
solution (about pH 3.7) is weaker. Thus, we might expect the solvent effect
of these two solutions for soil phosphorus to be somewhat similar. To further
simulate plant feeding conditions, a relatively large ratio of the sulfuric
acid solution to the soil (200 : 1) is used. This, to some extent, has the same
effect as a leaching procedure. Also, the acid is not strong enough to dissolve
much iron and release difficulty available phosphorus combined with ferric
oxide. Solution of considerable iron would subsequently interfere with the
colorimetric determination of the phosphorus. An advantage of the method
is that the solution obtained needs no conditioning treatment for application
of the very sensitive and accurate Denigès colorimetric method (7) for
phosphorus.
The method, just described, has been and is still widely used. In using the
method, one should recognize that the acid used will dissolve rock phosphate, and thus, for fields that have recently received considerable amounts
of this material, the results will be too high. The same holds true for other
acid extraction procedures except the Bray (2) procedure that is specifically
modified to prevent this.
Increasing knowledge of the importance of exchangeable bases in soils
led to the conclusion in the late twenties that exchangeable potassium usually
accounts for nearly all of the available portion of that element in soils. In
1934, Volk (11) and the author published an article dealing with the rapid
determination of exchangeable potassium in soils, and recommended this
procedure as a reliable method of determining the available potassium in
soils and the need of potash fertilization. Now, the extraction of exchangeable potassium and its subsequent determination with the flame photometer is the generally accepted procedure for available potassium and also
available calcium and magnesium.
By the end of the thirties, increasing attention was being given to the
supply of minor nutrient elements in soils as a factor that may limit crop
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yields. In 1939 Berger (1) and the author proposed a hot water extraction
procedure for the determination of available boron in soils. For the final
determination of the boron extracted, the quinalizarin color reaction was
first utilized. Later a simplified curcumin color procedure was proposed (3).
The hot water extraction procedure has been reasonably satisfactory to
distinguish between low, medium, and high levels of available boron in soils.
The determination of the available copper, zinc, manganese, and molybdenum in soils has always been troublesome, both as regards their extraction and subsequent quantitative determination. The recent application
of the Aspergillus niger biological procedure (4) for these elements appears
to be very promising.
In general, the most important and frequently applied test of soils is that
for pH. Fortunately, this test is easily made by either colorimetric or
electrometric methods. About 25 years ago the author devised a colorimetric
method which involves mixing a special indicator with a small sample of
soil in a cavity of a spot plate. After smoothing of the soil surface, powdered,
crystalline barite is sifted over the surface of the soil until it is covered.
The barite then absorbs the indicator and assumes its color which is determined by the reaction of the soil. By comparison of this color with a
standard color chart, the pH of the soil is evaluated. It is necessary that
the barite be absolutely neutral. When properly done, this method gives
results that check within 0.2 pH of those obtained with the glass electrode.
In some countries, a salt solution in place of water is added to the soil
in making an electrometric pH determination of soils. In the U.S.A., water
is generally used and the ratio of water to soil by volume is usually about one
to one. One advantage in using water is that the resulting pH is close to
that of the natural soil.
An advantage in knowing the actual pH of a soil is its close relationship to
the availability of the various plant nutrients. This relationship is expressed
in the accompanying diagram. It will be noted that a pH of 6.5 to 7 is
favorable for a satisfactory availability of all of the eleven nutrient elements
shown (also for molybdenum not shown). Of very great practical importance
is the profound influence that reaction has on the availability of soil phosphorus. To maintain a favorable condition for this, it is necessary that the
pH be 6.5 or higher. A detailed discussion of this has been given by the author
(9). The relation of the availability of the other elements has also been discussed (10).
THE PRESCRIPTION PROCEDURE OF FERTILIZING CORN

Eight years ago the author was asked to write a fertilizer prescription for a
100-bushel acre yield of corn. After considerable discussion with associates,
a prescription procedure, details of which follow, was adopted.
A 100-bushel corn crop (ears and stalks) contains approximately 150
pounds of nitrogen, 60 pounds of P 2 0 5 , and 120 pounds of K 2 0. These
amounts must be obtained by the corn from the soil, manure and fertilizer
applied, otherwise the 100-bushel corn yield is not possible. The less the
crop can get from the soil, the more it will have to get from manure and
fertilizer. The soil tests tell how much there is in the soil in available forms.
From these results one may calculate how much will have to be added
in the form of manure and/or fertilizer. The percentages found to be available
in the soil by tests that a crop may get during the ensuing season will
depend on how the tests are made. The percentages here adopted are
based for phosphorus and potassium on tests made as described in this
paper, and for nitrogen on the test proposed by Truog and Shihata (5).
4s
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The calculations are somewhat involved because a corn crop cannot in
one season get all that is available in the soil or is applied as manure or
fertilizer. The approximate assumed percentages that a corn crop may
get from these sources are given in Table 1.
TABLE 1. Approximate assumed percentages of the nitrogen, phosphorus and
potassium present in available forms in soils and applied as manure
and fertilizers that may be obtained by the first corn crop grown.
Sources of three nutrient
elements

Percentages obtained by first corn
crop grown
Nitrogen

Soil (of available found by testï
Manure (of total present)
Fertilizer (of available present)

40
30
60

Phosphorus
40
30
30

Potassium
40
50
50

The percentages are, of course, only rough approximations. They are
assumptions based on general information. That they may serve as a
guide is substantiated by the results given later. For other crops than corn,
these percentages would of course be somewhat different.
In Wisconsin it is common practice of many farmers to apply about 10
tons of cow manure per acre. On the average this contains 10 pounds of
N, 5 pounds of P 2 0 5 and 10 pounds of K 2 0 per ton. In formulating the
prescription given in Table 2, it is assumed that the farmer will make such
an application of manure. If no manure, or less or more manure is applied,
the rate of fertilizer application must be calculated accordingly. Also, it is
common practice to apply a portion of the fertilizer with an attachment on
the corn planter. This places the fertilizer near the seed, that is, an inch or
two deeper than the seed and a similar distance to the side of the seed.
Fertilizer placed in this manner is generally called 'starter fertilizer' because
it gives the corn a quick start and often hastens maturity by one or two
weeks. The additional phosphate or potash fertilizer needed is usually
applied broadcast and plowed under. Additional nitrogen is often sidedressed when the corn is about one foot high.
A common rate of application of 'starter fertilizer' is 300 pounds per acre
of a complete mixture, such as, a 5—20—20 or 10—10—10. Because a starter
fertilizer provides for a very favorable supply of available nutrients in the
vicinity of the roots of the young plants, it is often applied even on relatively
fertile soils as an insurance against a possible lack of nutrients during early
growth due to restricted root development and unfavorable weather conditions.
That the prescription method of fertilizing corn has some merit is affirmed
by results which follow. Over a five year period (1952—1957 inclusive)
2,766 farmers in Wisconsin in a special demonstration project had their corn
land tested for available nitrogen, phosphorus, and potassium, and on the
basis of the test results, and manure applied, fertilizer prescriptions for
obtaining 100-bushel yields were followed. The yields obtained averaged
106-bushels per acre. Due to various imponderables, not taken into account,
such as the physical state of the soils and weather conditions that happened
to prevail, there was a considerable spread from the lowest to the highest
yields obtained. That the average yield for so many cases was so close to
100-bushels, is rather remarkable.
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TABLE 2. An example of formulation of fertilizer prescription on basis of soil tests and manure applied for 100-bushel corn yield.
Source of
Nutrient Element
Soil (available by test)
10 tons manure applied
Pounds needed as fertilizer
Total pounds obtained by
crop from three sources
Total pounds needed by
crop for 100-bushel yield

Ol

O

Lbs. N

Lbs. P 2 0 6

Present

Crop obtains

200
100
67

40% or 80 lbs.
30% or 30 lbs.
60% or 40 lbs.

Present
65
50
64

Lbs. K 2 0

Crop obtains

Present

Crop obtains

40% or 26 lbs.
30% or 15 lbs.
30% or 19 lbs.

125
100
40

40% or 50 lbs.
50% or 50 lbs.
50% or 20 lbs.

150 lbs.

60 lbs.

120 lbs.

140 lbs.

60 lbs.

120 lbs.
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Fig. 1.
Chart showing general trend of relation of a soil's reaction (pH) and associated
factors to the availability of its plant nutrient elements. Each element is represented by a band whose width at any particular pH value indicates the relative
favorableness of this p H value and associated factors to the presence of the
element in readily available forms (the wider the band the more favorable the
influence), but not to the actual amount necessarily present, this being influenced
by other factors, such as cropping and fertilization.
In 1955, the Arthur Walter Seed Company of Grand Ridge, Illinois, made
a test of the prescription method of making fertilizer applications for corn
on some of the fields of their cooperating seed growers. The results obtained
follow:
On one field, prescription was for 80 bu., yield
On 214 fields, prescription was for 100 bu., av.
On 13 fields, prescription was for 125 bu., av.
On 22 fields, prescription was for 150 bu., av.
On
2 fields, prescription was for 200 bu., av.

was
yield
yield
yield
yield

was
was
was
was

..
..
..
..

92.49 bu.
105.97 „
125.15 „
127.65 „
135.60 „

I t is really remarkable t h a t the average yields u p to 125 bushels per acre
came so close to those for which the fertilizer application was prescribed.
Apparently, weather conditions or other factors limited the yields to about
125-bushels per acre. Corn because of its great inherent capacity to produce
(yields of 200-bushels per acre and more have been recorded) is probably
better adapted to the prescription procedure for rate of fertilizer application
t h a n most other crops. The results given lend strong support to the value
of soil testing.
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SUMMARY

The writer began to study soil testing about 50 years ago. In 1913 the
Wisconsin Legislature made an appropriation to help finance a soil testing
program for farmers. This assistance has been maintained to the present,
and has been an important factor in stimulating the studies dealing with
methods of soil testing herewith described. Although practically every
state now has a soil testing program, the fact that Wisconsin pioneered in
such a program and now leads the Nation in alfalfa production and often
in acre yields of corn strongly supports the great value of soil testing.
RÉSUMÉ

L'auteur a commencé l'étude de l'analyse du sol il y a environ 50 ans. En
1913, la législature du Wisconsin vota un crédit pour aider le financement
d'un programme d'analyses du sol pour les fermiers. Cette subvention a été
maintenue jusqu'à présent et a été un facteur important pour stimuler
les études qui traitent des méthodes d'analyses du sol ici décrites. Chaque
état a maintenant son programme d'analyses du sol. Mais le fait que le
Wisconsin, pionnier en cette matière, est maintenant le plus grand producteur de luzerne et mène souvent la nation en rendement de maïs à
l'acre, met bien l'accent sur la grande valeur des analyses de sol.
ZUSAMMENFASSUNG

Vor etwa 50 Jahren begann Verfasser Bodenuntersuchung und Wertschätzung zu studieren. In 1913 stellte die Wisconsinsche Gesetzgebende
Macht eine Zuweisung fest um ein Bodenuntersuchungsprogramm für Landwirte finanzieren zu helfen. Diese Unterstützung wurde bis auf heute fortgesetzt und sie ist zur Anregung von Studien, die Methoden der Bodenuntersuchung, wie in diesem Vortrag beschrieben, betreffend, ein bedeutender Faktor gewesen. Obwohl jetzt praktisch jeder Staat sein Bodenprüfungsprogramm hat, zeigt die Tatsache daß Wisconsin mit solch einem Programm
bahnbrechend gewirkt hat, und jetzt in der Nation in der Alfaifaproduktion
und vielfach in den Maiserträgen pro Acre führend ist, in stärkster Weise
den großen Wert der Bodenuntersuchung für solche Zwecke.
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DISCUSSION

A. W. PETERBURGSKY: Would you be so kind to explain to me in detail your
method of the fertilizing calculation for a desired crop of corn?
EMIL TRUOG: First we test the soils with methods we are familiar with —
know how to interpret — then calculate how much the crop can get of that found
by test. Then from percentage crop from fertilizer, we calculate how much
fertilizer should be added. Details are too extensive to give here, but will be
explained in a paper to be printed in the S.S.A. Proceedings.
B. KARIM: 1. Is soil testing sufficient to diagnose the deficiency for microelements? If not, what other tests do you propose for diagnosis for deficiency for
micro-elements? 2. Do you consider chlorine as an essential 'micro-element'?
Can you please explain its physiological function in the plant?
EMIL TRUOG: The Aspergillus Niger procedure (biologic) appears to be the
best method now in use for determining the level of available micro-nutrients
in soils with the exception of boron which can be determined quite satisfactorily
by extraction with hot water. Chlorine seems to give vigor to some plants.
Its absolute essentiality appears to be questionable.
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SUR L'EVALUATION DE LA FERTILITE PHOSPHATIQUE DU SOL
(THE DETERMINATION OF SOIL PHOSPHATIC FERTILITY)
par
UMBERTO PALLOTTA

Institut de Chimie Agricole de l'Université de Bologna, Italie.
Dans le but d'améliorer la fertilité chimique du sol, tout le monde reconnaît un intérêt tout à fait particulier aux dosages des fractions 'assimilables' ou 'disponibles' du phosphore et du potassium qu'il contient, en
considération de l'importance de ces éléments dans la nutrition végétale.
En effet, lorsqu'on doit juger la fertilité chimique d'un sol ou bien formuler des conseils de fumure, on ne peut se borner à doser la quantité
totale de l'élément en question — bien que cette connaissance ait un certain
intérêt — mais on doit doser sa fraction dite 'assimilable' ou 'disponible'.
On rencontre des difficultés particulièrement pour ce qui concerne le
phosphore, car les ions phosphoriques sont entraînés par des phénomènes
de précipitation secondaire et d'absorption de la part des colloïdes du sol.
Je ne traiterai pas les nombreuses méthodes proposées jusqu'à présent
pour évaluer le phosphore 'assimilable'. Je me bornerai à rappeler que
pour extraire les phosphates les plus facilement solubles du sol, on emploie
les solvents les plus différents: solutions acides, neutres ou alcalines, de
différente nature ou concentration, éventuellement tamponnées. En général
une méthode, pour être utilisée, doit fournir des résultats exacts et reproductibles. En outre elle doit être applicable à l'analyse en série d'un
grand nombre d'échantillons.
On peut dire que presque toutes les méthodes proposées possèdent des
avantages et des défauts: chacune peut être utilisée à condition qu'elle
ait subi le 'calibrage' agronomique de façon qu'à la donnée obtenue dans
le laboratoire on puisse faire correspondre une signification pratique la plus
exacte possible. Cette donnée, substantiellement, doit permettre de conclure si le sol en examen se trouve au dessous de la 'limite de suffisance'
et que par conséquent il réagirait à la fumure phosphatée, ou s'il se trouve au
dessus de dite limite, et par conséquent, étant le sol suffisamment pourvu
de phosphates sous la forme assimilable, il ne réagirait pas à une fumure
phosphatée.
Parmi les méthodes actuellement employées en Italie pour évaluer le
phosphore 'assimilable', la méthode la plus utilisée est la méthode élaborée
dans l'Institut de Chimie Agricole de l'Université de Bologna par le Prof.
C. Ferrari. Elle a été appliquée depuis plusieurs années dans les laboratoires
qui s'occupent de l'analyse du sol: par exemple, l'Association Nationale des
Betteraviers et les Sociétés Eridania et Edison. L'Association des Betteraviers Italiens, à titre d'assistance technique à ses associés exécute chaque
année quelques dizaines de milliers d'analyses du sol, particulièrement
de ceux cultivés à betteraves à sucre. Les analyses effectuées ont déjà démontré qu'à peu près deux tiers des sols examinés possèdent un contenu de
phosphore 'assimilable' inférieur à la valeur limite et, par conséquent, ils
ont besoin d'une fumure phosphatée appropriée.
Le nouveau procédé qui constitue la base de la méthode Ferrari a été
communiqué par lui-même à Dublin en 1952 à l'occasion du Joint Meeting
des Commissions II et IV de la Société Internationale delà Science du Sol (1).
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Dans la même réunion G. Sandri et ses collaborateurs (2) ont communiqué
les résultats obtenus en appliquant la méthode Ferrari à l'évaluation du
phosphore 'assimilable' dans des sols acides et sub-acides. Ensuite, cette
méthode a été convenablement adaptée à l'analyse des sols calcaires (3),
qui représentent la majorité des sols italiens cultivés, et pour lesquels cette
détermination est particulièrement difficile.
La méthode Ferrari se distingue des autres nombreuses méthodes proposées pour évaluer le phosphore 'assimilable', par le fait que la formation
de 'bleu phospho-molybdique' est effectuée non sur un extrait du sol,
mais en présence du sol même. Il est possible d'effectuer la réaction colorimétrique en présence du sol car le 'bleu phospho-molybdique' obtenu à
froid par action de l'acide ascorbique, dans la condition de la faible acidité
prescrite (pH 4,8), n'est pratiquement absorbé ni par le papier filtre ni par
le sol. A cause de cette particularité la nouvelle méthode permet de doser,
au moyen d'un seul traitement de l'échantillon, tout le phosphore qui
se dissout dans un temps déterminé, dans les conditions expérimentales
choisies (température, pH, etc.,) sans qu'il existe la possibilité de formation
d'équilibres entre les ions phosphoriques qui se trouvent en solution et
ceux qui sont retenus de toute façon par le sol.
Ces équilibres sont la cause de remarquables incertitudes et limitent
quelquefois la reproductibilité et même la signification des résultats fournis
par quelques méthodes chimiques proposées jusqu'à présent pour évaluer
le phosphore 'assimilable'.
La méthode Ferrari a déjà subi l'indispensable 'calibrage agronomique',
au moyen des champs expérimentaux effectués suivant la méthodologie
expérimentale la plus scrupuleuse. On a ainsi établi la moindre valeur du
contenu en phosphore 'assimilable' qu'un sol doit posséder afin qu'il puisse
être considéré comme suffisamment pourvu, lorsqu'on emploie la méthode
de détermination en question. Pour la culture de la betterave à sucre et
pour les types de sol examiné, particulièrement argilleux ou argillo-limoneux,
cette valeur est de l'ordre de 90 à 100 parties par million (p.p.m.) de P 2 0 6
passée en solution — fractions minérale et organique — ce qui correspond à
270-300 kgs/ha de P 2 0 5 .
Je juge à propos de résumer en peu de mots les résultats obtenus dans
l'expérimentation exécutée pour le 'calibrage agronomique' de la méthode
Ferrari.
Pendant les cinq ans 1955—1959, on a effectué 38 champs expérimentaux
dans les zones de Ravenna et Rovigo, c'est-à-dire dans des milieux que
l'on peut considérer des 'tests' pour les terrains les plus fortement cultivés
à betterave à sucre en Italie. On a adopté le dessein expérimental à 'split
plot', avec 6—8 répétitions, pour évaluer l'efficacité des différents niveaux
de fumure phosphatique et azotée, dans leurs effets principaux et dans
leurs interactions.
Les dotations initiales de P 2 0 6 'assimilable' des champs expérimentaux
étaient comprises entre 40 et au delà de 120 p.p.m.; elles ont été subdivisées
en cinq classes, correspondant aux dénominations suivantes: terrains pauvres
(41—60 p.p.m.), pauvrement pourvues (61—80 p.p.m.), moyennement
pourvues (81 — 100 p.p.m.), suffisamment pourvues (101 — 120 p.p.m.)
et riches (au delà de 120 p.p.m.). On a eu les plus grandes fréquences dans
les trois premières classes: respectivement le 21, le 40 et le 26 % de la totalité
des champs.
Dans le graphique on a illustré les relations existant entre les cinq classes
de dotation susdites et les augmentations de production obtenues par la
fumure phosphatique, subdivisées en trois groupes: supérieures au 20 %,
inférieures au 20 % et pas significatives.
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Le graphique démontre évidemment qu'au fur et à mesure qu'augmente la dotation initiale de P 2 0 5 'assimilable', l'augmentation de production
baisse. En effet, tandis que dans la classe 1 (41—60 p.p.m.) on a obtenu
des augmentations de production supérieures au 20 % dans le 75 % des
champs et dans le restant 25 % des augmentations inférieures, mais toujours
statistiquement significatives, dans la classe 2 (61—80 p.p.m.) seulement
dans le 20 % des champs les augmentations de production ont surpassé
le 20 % et environ le 13 % des augmentations n'est pas significatif. Dans
la classe 3 (81 — 100 p.p.m.) seulement le 10 % des champs a donné des
augmentations de production supérieures au 20 % (ceux avec un contenu
moyen de P 2 0 5 'assimilable' compris entre 80—90 p.p.m.) tandis que dans
le 40 % des champs ces augmentations ne sont pas statistiquement significatives.
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Dans les classes 4 et 5 (101 — 120 et au delà de 120 p.p.m.) aucune augmentation de production n'a apparu statistiquement significative.
Il paraît clairement démontré la validité de la susdite 'limite de suffisance'
de P 2 0 6 'assimilable' fixée sur 90—100 p.p.m. pour la culture de la betterave
à sucre.
La connaissance de la 'limite de suffisance' bien qu'elle ne puisse avoir
pour des raisons évidentes, une valeur absolue, constitue cependant un
élément nécessaire de jugement pour celui qui veut donner des conseils en
matière de fumure.
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Voilà pourquoi il serait très souhaitable que les déterminations de 'phosphore assimilable', qui sont exécutées dans le monde entier, soient exécutées
de manière à être directement comparables pour rendre vraiment concordants les efforts que l'on accomplit partout afin de mieux connaître
l'état de fertilité phosphatique des terrains.
Toutefois il ne semble pas possible de parvenir à l'emploi d'une seule
méthode de détermination du phosphore 'assimilable' de la part des nombreux laboratoires de différents pays et aussi dans ceux d'un même pays.
En effet l'emploi d'une nouvelle méthode analytique rencontre des difficultés
pratiquement insurmontables, particulièrement dans les pays où l'analyse
du terrain est entrée depuis plusieurs années dans la pratique agricole et
où, par conséquent, des techniciens et des agriculteurs sont désormais
accoutumés à voir exprimés les résultats analytiques suivant la méthode
employée depuis longtemps.
Il serait cependant suffisant d'établir les correlations existant entre les
différentes méthodes afin de pouvoir s'exprimer au moyen d'un langage
commun, intelligible à tout le monde.
Le meilleur moyen pour atteindre dans le plus court délai ce résultat
si important, il serait d'effectuer des échanges d'échantillons de terrain des
champs expérimentaux qui ont servi pour le 'calibrage agronomique' des
différentes méthodes employées dans les différents laboratoires et de calculer
les correlations existant entre les résultats fournis par les mêmes méthodes.
A mon avis, ce travail en collaboration parmi le plus grand nombre de
laboratoires est sans doute préférable à l'application des différentes méthodes analytiques sur les échantillons d'un seul laboratoire, pour les raisons
suivantes:
1) chaque laboratoire peut être considéré spécialisé dans l'exécution de
la méthode analytique qu'il a adoptée et cela assure l'exactitude des résultats;
2) le travail résulte bien plus rapide car il est subdivisé parmi les différents laboratoires;
3) le nombre des échantillons à analyser résulte bien plus grand et il
comprend de différents milieux pédo-climatiques et de différentes cultures.
Un pareil travail en collaboration à déjà été effectué, grâce à l'initiative
de l'International Superphosphate Manufacturer's Association (I.S.M.A.),
entre le Statens Planteavls-Laboratorium de Lyngby (Danemark) dirige
par le Prof. K. A. Bondorff, et le Laboratoire de Chimie Agricole de
l'Université de Bologna (Italie) dirigé par le Prof. C. Ferrari. Le Prof.
Bondorff a envoyé 748 échantillons de terrain au Prof. Ferrari, qui en a
envoyé 474 à son collègue danois.
Les résultats de ce travail en collaboration ont été recueillis dans un
volumineux et remarquable rapport du Prof. Bondorff, pas encore publié.
Ils sont très intéressants et ils démontrent qu'une recherche collégiale de
ce type, effectuée sur une échelle la plus vaste possible, pourrait être
extrêmement utile.
Je souhaite pourtant qu'une telle collaboration puisse avoir lieu parmi
le plus grand nombre de laboratoires des différents pays du monde et je
saisis cette occasion pour formuler ma proposition aux participants au
Vllème Congrès de la S.LS.S., précisant que cette proposition constitue le but principal de mon rapport.
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RESUMÉ

Le rapporteur rappelle la méthode Ferrari de détermination du phosphore 'assimilable' du sol, la plus employée actuellement en Italie. Cette
méthode a déjà subi l'indispensable 'calibrage agronomique', ce qui donne
une valeur pratique aux résultats analytiques.
E n considérant que la détermination du phosphore 'assimilable' représente u n élément de jugement irremplaçable pour connaître l'état
de fertilité phosphatique du sol et pour donner des conseils en matière
de fumure, le rapporteur souhaite que cette détermination soit effectuée
partout avec la même méthode, ou, au moins, exprimée d'une façon directement comparable.
Pour atteindre rapidement ce but, il propose que les différents laboratoires s'échangent réciproquement des échantillons de sol de champs
expérimentaux qui ont servi pour le 'calibrage agronomique' des différentes
méthodes et qu'ils calculent les corrélations parmi les résultats obtenus.
Le rapporteur, en souhaitant une telle sorte de collaboration, soumet
cette proposition aux participants au V l l è m e Congrès de la S.I.S.S.
SUMMARY

The author discusses Ferrari's method, t h e most used in Italy, of determining 'assimilable' phosphorus in soil. This method has already undergone t h e indispensable 'agronomic calibration' which gives a practical
value t o t h e analytical results.
The author, considering t h a t t h e determination of 'assimilable' phosphorus is essential for an estimation of t h e phosphatic fertility of soil and
for giving advice on fertilizer requirements, suggests t h a t this determination
should always be made b y the same method or, a t least, expressed in a
directly comparable way.
To attain this end quickly he proposes that different laboratories exchange samples of experimental fields which have been used for t h e
'agronomic calibration' of the different methods, and t h a t correlations a r e
calculated between t h e results obtained.
The author submits this proposal t o t h e participants of t h e V I I Congress
of the I.S.S.S.
ZUSAMMENFASSUNG

Verfasser erwähnt die heute in Italien meistgebrauchte Methode Ferrari
zur Bestimmung des assimilirbaren P im Boden. Diese Methode hat schon
5S
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die unvermeidliche 'landwirtschaftliche Kalibrierung', welche den analytischen Daten einen praktischen Wert verleiht, durchgemacht.
In der Erwägung, dass die Bestimmung des assimilirbaren P ein unersetzliches Beurteilungselement für die Kenntnis des Grades der P-Fruchtbarkeit, und somit für Düngungsratschläge ist, hofft Verfasser, dass diese
Bestimmung überall gleicherweise ausgeführt werde, oder wenigstens in
einer direkt vergleichbaren Form.
Um dieses Ziel schnellstens zu erreichen, schlägt er vor, dass die verschiedenen Laboratorien Bodenproben von Feldversuchen, welche für die 'landwirtschaftliche Kalibrierung' der verschiedenen Methoden gedient haben,
gegenseitig auswechseln, und dass sie die Korrelationen zwischen den erhaltenen Resultaten ausrechnen.
Diesen Vorschlang unterbreitet er den Teilnehmern des Kongresses.
DISCUSSION

N. A. DHAR: In Italy superphosphate is largely used in crop production and
Professor Pallotta has carried on his experiments with superphosphate. I am
anxious to find out whether Thomas phosphate (basic slag) has yielded good
results.
U. PALLOTTA: On a employé le superphosphate parce que nous avons trouvé
expérimentalement que dans les terrains calcaires la production du 'sugar
beet' ou du maïs est correlée significativement avec le pourcentage du phosphore soluble en eau. En général pour le 'sugar beet' et pour le maïs en Italie,
on met la fumure sur les terrains calcaires et ensuite le superphosphate, et on
l'enterre pendant le labour pour enrichir toute la couche arable ('plough-depth')
du complexe P/M.O. Au contraire, dans les terrains acides et subacides et a
la semence de la 'Medicago sativa' (Alfalfa) on met la fumure avec les scoriesThomas avant la semence. Dans les régions très productives de l'Italie du Nord,
on emploie 10—12 q/ha de scories-Thomas mélangé à la fumure.
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CHEMICAL EXTRACTANTS AS A DIAGNOSTIC AID IN
DETERMINING LEVELS OF 'AVAILABLE' SOIL PHOSPHORUS
by
MATTHIAS STELLY AND RAY RICAUD*

The economical production of high quality crops requires that the
plant nutrient condition of soil media approaches a balanced and optimum
level. The soil has been recognized as a storehouse of plant nutrients since
the era of Liebig. Field experimentation to measure soil fertility dates
to 1834 when Boussingault of France conducted studies on his farm at
Bechelbronn. This method of investigation is recognized universally as the
most reliable for assessing soil productivity. However, in addition to
limitations in number imposed by cost, problems relating to the conduct of
field investigations encompass several factors, such as, (a) the inability
to control growth factors other than that being measured and (b) the
extended periods before results are available.
Chemical analyses as means to evaluate the supply of certain essential
nutrients available to growing plants are employed widely in soil testing
laboratories throughout the world (14) **. Refinement or replacement of
methods presently in use to obtain higher degrees of correlation between
chemical data and plant responses for various crops grown on soils in a state,
nation or region is a continuing objective of considerable merit (11, 12).
Since the need existed in Louisiana for a chemical method to measure
'available' soil phosphorus levels which significantly correlate with plant
growth and composition, experimental work relating to that objective was
conducted.
It is not the purpose of this paper to review methods, the origin and
merits of various extractants, the effects of soil to solution ratios and the
chemistry of soil phosphorus. Very valuable reviews and discussions of
these topics have appeared in the literature (2, 3, 5, 6, 7, 8, 9) in addition
to those previously cited (11, 12, 14). Experimental results are presented
which establish the usefulness of chemical extractants as a diagnostic
aid to determine levels of 'available' soil phosphorus.
OBJECTIVES

Investigations in Louisiana relating to chemical measurements of
'available' soil phosphorus were based on three objectives: (a) to compare
various solutions as to their ability to extract soil phosphorus, (b) to
study the effect of soil to solution ratio on phosphorus extraction, and
(c) primarily to determine the degree of correlation between values of soil
phosphorus extracted chemically and biological data relating to plant
responses. The biological data were obtained in field and greenhouse experiments involving yield and phosphorus uptake measurements.
A satisfactory extractant and soil to solution ratio for soil phosphorus,
selected purely on laboratory performance, should satisfy at least three
requirements. These are: (a) the range in amounts of phosphorus extracted
should be relatively wide from low to high fertility levels for a given soil,
(b) the phosphorus concentration of the filtrate should not necessitate
evaporation or a second dilution for accurate colorimetric determination,
and (c) the soil to solution ratio should not make the procedure unwieldly.
* Department of Agronomy, La. State University, Baton Rouge, Louisiana.
** Numbers in brackets refer to literature cited.
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PROCEDURE

Twelve surface soil samples collected over the Southeastern United States
were used initially to study the effects of extracting solutions and ratios on
the measurement of 'available' phosphorus in these soils. Nine extracting
solutions were compared at soil to solution ratios of 1 to 10, 1 to 20, 1 to 50
and 1 to 100. Measurements were based on molybdophosphoric blue color
induced by reduction with stannous chloride (15) after pH adjustment
using paranitrophenol as the indicator. Interferences due to fluoride ions
were diminished by the addition of boric acid as recommended by Kurtz
(4). Statistical analyses were based on methods published by Snedecor (10).
TABLE 1. 'Available' P extracted from twelve soils in Southeastern
extracting solutions at a 1 to 20 soil to solution ratio.
Soil types

Olivier si. 1.
Crowley si. 1.
Miller c. 1.
Berks si. 1.
Davidson c. 1.
Nason si. 1.
Pembroke si. 1.
Tilsit si. 1.
Maury si. 1.
Gainesville f.s.
Lakeland f.s.
Red Bay 1. f. s.

Extracting Solutions (a)

State
I

La.
La.
La.
Va.
Va.
Va.
Va.
Ky.
Ky.
Fia.
Fia.
Fia.

r-values when compared to soin. I

United States by nin

21
18
248
21
29
97
33
124
61
654
118
17

—

II

13
8
34
11
15
55
17
88
41
412
117
12

III

IV

VI

VII

VIII

IX

7
8
255
11
11
47
19
88
34
235
42
4

P. in p.p .m.
4
3
5
3
3
3
23
24
12
24
12
3
5
1
5
18
15
22
8
3
8
36
22
36
12
11
4
75
75
17
20
21
8
4
4
1

4
6
243
243
2
38
9
46
10
145
22
2

2
2
46
46
1
10
4
22
3
20
8
2

2
1
38
38
1
10
4
24
4
25
8
2

.94** .85**

.03N N H . F in .IN HCl
.03N N H . F in .025N HCl
.05N HCl + .025N H a S 0 4
.15N HC 3 H 5 0 3 + .3N HAc
+ .03N N H . F at pH 4.25
* Significant to the 5 % level

V

.95** .61*

.91** .70*

.56

V - .002N H 2 S0 4 at pH 3.0
VI - ,5Na H C 0 3 at pH 8.5
VII - .IN HCl
VIII - IN NH 4 Ac a t pH 4.8
I X - .75N NaAc in .5N HAc at p H 4.8
** Significant to the 1 % level

EFFECTS OF EXTRACTANTS AND SOLUTION RATIOS ON SOIL
PHOSPHORUS MEASURED

Data presented in Table 1 permit comparisons of extracting solutions
at a 1 to 20 soil to solution ratio. Extractants No. I, II and III, in decreasing order, removed the greatest amounts of phosphorus from most
soils. Values by the six other solutions generally were very low excepting
for acid extractions of soils presumably containing calcium phosphates.
In spite of differences in the magnitude of values, highly significant positive
correlations were obtained at the 1 to 20 soil to solution ratio between
phosphorus values by the .03N NH 4 F in .IN HCl solution (No. I) and by
extractants No. II, III, IV and VI. Only IN NH4Ac at pH 4.8 (No. VIII)
failed to correlate within the five per cent level of significance with Bray's
modified method (No. I). Additional data not reported for the nine extractants on these twelve soils at 1 to 10,1 to 50 and 1 to 100 ratios indicated
the same general relationships among extractants.
(il

.68*
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Further comparisons of phosphorus extractants were made using four
extractants at four soil to solution ratios on samples from a ten-year-old,
N-P-K-lime experiment conducted by Sturgis and Newman (13) on Richland-Olivier silt loam, a Mississippi River Pleistocene terrace soil complex.
Surface soil samples were collected from plots which had been treated with
8-0-8, 8-4-8 and 8-8-8 commercial fertilizer at the rate of 600 pounds an
acre annually and limed initially with 3,000 pounds of dolomitic hmestone
an acre. The sampling followed a corn (Zea maize) crop in a corn-cotton
70
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Figure 1. 'Available' soil phosphorus values as affected by extractants and soil to
solution ratios and as related to previous field treatments and field corn grain
yields.

(Gossypium hirsutum) rotation. Differences in amounts of phosphorus
extracted by various solutions are shown clearly by results presented in
Figure 1-A. The greatest values were obtained by a hydrochloric acid
solution containing ammonium fluoride which presumably replaces adsorbed phosphate ions (1). Irrespective of the magnitude of values, a
significant positive correlation was obtained again between results by
.03N NH 4 F in .IN HCl and by any one of the other extractants.
The effects of extractants and soil to solution ratios on the amount
of 'available' soil phosphorus measured, using samples from the 8-8-8 limed
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IV.9
treatment of the aforementioned field experiment (13), are represented
graphically in Figure 1-B. Greater values for phosphorus were obtained as
the soil to solution ratios increased from 1 to 10, 1 to 20, 1 to 40 and 1 to 60,
especially when phosphorus was extracted with .03N NH 4 F in .IN HCl
solution. Similar ratio effects have been reported by Byrnside and Sturgis
(2) on soils usually cropped to sugar cane and by Reed and Sturgis in their
earlier work (8).
Results were obtained also from the use of one part of soil to 10, 20,
50 and 100 parts of solution with the nine extractants and twelve soils previously listed in Table 1. Data obtained by .03N NH 4 F in .IN HCl extractions and reported in Table 2 reveal ratio effects on 'available' phosphorus measurements. The variation in 'available' phosphorus among soils
reported for the 1 to 10 ratio ranged from 12 to 463 parts of phosphorus per
million parts of soil. Relative values to express amounts of 'available'
phosphorus obtained by wider ratios were calculated on the basis that
values by the 1 to 10 ratio equal 100 per cent. The relative values for the
1 to 20 ratio ranged from 101 to 232 per cent (Table 2). Similar but even
wider ranges were obtained for the 1 to 50 and 1 to 100 ratios. Additional
data not reported for the other eight extractants corresponded closely to
trends already discussed. These differences may be attributed to the kinds,
amounts and solubilities of compounds of phosphorus present in these soils.
TABLE 2. Comparisons of 'available' P values obtained with various soil to solution ratios o\
.03N NHjF in .IN HCl with those of a 1 to 10 ratio for 12 soils in Southeasterr,
United States.

Soils used

Olivier si. 1.
Crowley si. 1.
Miller c. 1.
Berks si. 1.
Davidson c. 1
Nason si. 1.
Pembroke si. 1.
Tilsit si. 1.
Maury si. 1.
Gainesville f. s.
Lakeland f. s.
Red Bay 1. f. s.

State

La.
La.
La.
Va.
Va.
Va.
Va.
Ky.
Ky.
Fia.
Fia.
Fia.

Averages
P increase per unit ratio
increase above 1 to 10
r-values

P in ppm,
1 to 10
ratio
18
18
186
14
12
69
24
93
37
463
112
14
88 ppm.

Relative values based on the
1 to 10 ratio values as 100 %
1 to 20

1 to 50

1 to 100

114
101
133
147
232
141
135
134
167
141
105
118

116
126
181
214
357
151
174
142
232
149
104
120

192
126
182
291
427
154
203
164
322
170
105
143

139%

172%

207%

- 3.3 %
.997"
-

- 1.2 %
- .7 /o
.933"
.996"

••Means a highly significant positive correlation when compared to values obtained b}
the 1 to 20 soil to solution ratio.

The greater amounts of phosphorus removed at wider ratios of soil to
solution are indicated in Table 2 by greater average relative values compared
to that by the 1 to 10 ratio. The relative increase in 'available' phosphorus
as a function of widening soil to solution ratio was greater between the
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1 to 10 and 1 to 20 ratios than between the 1 to 20 and 1 to 50 or the 1 to
50 and 1 to 100 ratio range. When using .03N HN 4 F in .IN HCl as the
extractant, the amuont of 'available' phosphorus increased 3.9 per cent
for each unit ratio increase between the 1 to 10 and 1 to 20 ratio range.
This value was much greater than the corresponding values of 1.2 and
0.7 per cent increases per unit ratio increase between the 1 to 20—1 to
50 and 1 to 50—1 to 100 ratio ranges. These relationships characterizing
the effects of soil to solution ratios using the .03N NH 4 F in .IN HCl extractant were typical of all extracting solutions studied except the NH4Ac
solution. The latter showed large percentage gains for all ratios but yielded
relatively low 'available' phosphorus values for several soils regardless of
ratio used.
The highly significant, positive r-values (Table 2) obtained by comparing
results of the 1 to 20 ratio with those of any other ratio are noteworthy and
may be interpreted to mean that the magnitudes of values and n3t the
relationships of the data were affected by ratios of soil to solution. Results
by all nine methods when compared at the 1 to 20 and 1 to 50 ratios gave
positive r-values exceeding .84 which were highly significant.
RELATIONSHIPS BETWEEN FIELD PLANT YIELDS AND CHEMICALLY
EXTRACTED PHOSPHORUS VALUES

The primary objective of this investigation was to determine the relationship, if any, between amounts of 'available' phosphorus indicated
chemically and responses by plants grown on such soils. Graphic relationships between amounts of phosphorus and field corn grain yields are shown
in Figure 1-A. Yields, obtained by Sturgis and Newman (13), are given for
the year 1958 and for the eleven year period 1947 — 1958 for each of three
annual phosphorus treatments on limed plots. The relationships between
yield and phosphorus values obtained with the lactic acid and acetic acid
in .03N NH 4 F extractant and particularly with the .03N NH 4 F in .IN HCl
solution, were markedly superior to those with .IN HCl and with NH4Ac
solutions. Interrelationships similar to the foregoing were obtained with
plots from the same experiment not limed when cropped with corn and
also with plots limed and not limed when cropped with cotton.
Based on the foregoing data, and unpublished results, use of .03N NH 4 F
in .IN HCl at a 1 to 20 soil to solution ratio was selected to further investigate objective No. 3, that is, correlations between biological and chemical
evaluations of soil phosphorus. Results from three additional field experiments involving three pasture crop mixtures and soil types were obtained in 1957 and 1958. Experiment A (Figure 2) * shows residual phosphorus accumulations resulting from various treatments over a five year
period. Similar results were obtained in experiments B and C with treatments which were applied annually for five and four years, respectively.
Whereas all levels of accumulation of phosphorus were evident by chemical
measurements, crop yields increased only to a given level of 'available'
soil phosphorus. It may be inferred that this level met the phosphorus
needs of the crops under the existing environmental conditions. The Louisiana SI White Dutch clover (Trifolium repens) and oat (Avena saliva) forage
yields increased directly with 'available' soil phosphorus up to about 37
* Yield data in Figure 2-A were obtained by R. J. Miears and M. B. Sturgis
and in Figure 2-B and 2-C by Olen Curtis and H. D. Ellzey, L.S.U. Agric. Expt.
Sta. Soil samples used from these fields were available through the cooperation
of these co-workers.
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parts per million of 'available' phosphorus in the 0 to 2 inch surface layer
of Crowley silt loam (Figure 2-A). On Providence silt loam Louisiana
SI White Dutch clover and tall fescue (Festuca arundinacea) also responded
in terms of yield to differences in 'available' phosphorus levels. No yield
differences were obtained above 36 parts per million of phosphorus in the
0—6 inch surface layer of soil (Figure 2-B). Similar results were obtained
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Figure 2. Correlations between crop yields and 'available' soil phosphorus in
three field experiments which included various phosphorus treatments.

on Providence-Dumas silt loam with a pasture crop mixture of oats, ryegrass (Lolium multiflorum) and crimson clover (Trifolium incarnatum)
(Figure 2-C). In this experiment no further yield increase was obtained
when the 'available' soil phosphorus reached 32 parts per million in the
0—6 inch layer of surface soil. The r-values between yields and 'available'
phosphorus values in the responsive range were all significant and positive.
Both yields and 'available' phosphorus were correlated to the field treatments (Figures 2-B and C).
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RELATIONSHIPS BETWEEN GREENHOUSE PLANTS YIELDS AND CHEMICALLY
EXTRACTED PHOSPHORUS VALUES

Greenhouse investigations were conducted to evaluate further .03N NH 4 F
in .IN HCl solution at a 1 to 20 ratio as an extractant for soil phosphorus
available to growing plants. Samples of Richland-Olivier silt loam and
Crowley silt loam were obtained for this purpose since 'available' phosphorus in these soils and related ones had been difficult to correlate with
plant growth in the past. The bulk samples for each soil were collected from
an experimental field differentially treated with phosphate. These samples,
therefore, represented levels of soil phosphorus as indicated chemically by
the adopted procedure. Additional phosphorus was applied initially at
several rates before cropping in the greenhouse. Oat forage yields, phosphorus uptake and 'available' soil phosphorus following corn and oat
crops on the Richland-Olivier soil are reported in Table 3. In general,
amounts of phosphorus extracted increased as a function of previous field
and current greenhouse phosphorus treatments, Table 3-A. Yields of oats
are reported in Table 3-B. Unlike values for 'available' phosphorus which
continued to increase due to current fertilization, yields increased only to a
degree, that degree being related to the 'available' phosphorus accumulated
in the soil. Uptake of phosphorus by plants followed more closely the pattern
of 'available' phosphorus than that of yields, Table 3-C. Uptake of phosphorus apparently was not affected to the same degree as yields by other
limiting growth conditions and may have resulted in luxury consumption.
TABLE 3. 'Available' soil P, forage yield and P uptake by oats grown on RichlandOlivier silt loam in the greenhouse in 1958.
Previous*
treatment

PA
added,
0

greenhouse, lbs. a n A. r a t e
48

96

144

L.S.D.
5%

1%

A. 'Available' P in ppm. (.03N NH 4 F in .IN HCl, 1 to 20 ratio)
8-0-8
8-4-8
8-8-8

13.2
17.0
24.8

14.6
20.1
27.5

16.5
21.7
28.4

19.8
24.6
31.4

3.8

5.0

B. Forage yield, gm. per pot, dry wt., 60° C.
8-0-8
8-4-8
8-8-8

11.6
14.8
16.6

14.4
17.3
16.9

17.5
18.0
18.9

17.9
19.2
18.7

2.2

3.0

22.6
27.2
30.1

24.4
28.1
29.3

3.6

4.8

C. Uptake, mg of P per pot.
8-0-8
8-4-8
8-8-8

12.5
16.7
19.8

16.8
21.7
24.3

* Applied at the rate of 600 lbs. an acre for ten years while cropping to corn
and cotton in rotation. Limed initially with 3000 lbs. of dolomitic limestone
per acre (13).

Greenhouse results obtained with corn, oats and pearl millet (Pennisetum
glaucum) on Richland-Olivier silt loam and millet on Crowley silt loam are
reported graphically in Figure 3. Bulk soil samples representing levels of
available phosphorus resulting from previous field treatments were cropped.
Yield of crops and phosphorus uptake from pots receiving no additional
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phosphorus treatment are reported. The r-values between amounts of
chemically measured 'available' phosphorus and yields and 'available'
phosphorus and phosphorus uptake were positive and significant irrespective
of crop or soil.
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Figure 3. Interrelationships of 'available' P, dry forage yields and P uptake
from soils by crops grown in the greenhouse, 1958.
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SUMMARY

The following general conclusions summarize the results presented.
1. The amounts of 'available' soil phosphorus measured chemically
depended upon the choice of extracting solution and soil to solution ratio
used.
2. The amounts of 'available' phosphorus by any one method and soil
to solution ratio generally were highly correlated to values obtained with
.03N NH 4 F in .IN HCl at the corresponding ratio.
3. The amounts of 'available' phosphorus at one dilution usually were
highly correlated to values given by another soil to solution ratio of the
same extractant.
4. In assessing the laboratory adaptability of an extractant for routine
use in a soil testing laboratory the magnitude and range of values for the
variable being measured are of primary importance.
5. A solution of .03N NH 4 F in .IN HCl at a 1 to 20 soil to solution
ratio satisfied the requirements stipulated as desirable of a soil testing
extracting agent for phosphorus.
6. The extractant adopted yielded differences in amounts of soil phosphorus between soils and for a given soil as a result of phosphorus fertilization practices.
7. Laboratory values for phosphorus by the adopted method were closely
related to field and greenhouse yields of crops and to phosphorus uptake by
plants in greenhouse investigations.
8. Chemical extractants can be used effectively to measure fertility
levels of soil phosphorus. Their effectiveness is dependent on the efforts
given to correlation of laboratory results with plant responses.
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RÉSUMÉ

1. Les quantités de phosphore du sol 'assimilable', mesurées par voie
chimique, dépendaient du choix de la solution extrayante et du rapport sol/
solution utilisé.
2. Les quantités de phosphore assimilable, trouvées par n'importe quelle
méthode et rapport sol/solution, étaient en étroite corrélation avec les valeurs
obtenues par 0.03N NH 4 F dans 0.1N HCl pour les mêmes rapports sol/
solution.
3. Les quantités de phosphore assimilable, extraites à une dilution donnée,
étaient généralement en corrélation étroite avec les valeurs obtenues au
moyen du même extrayant mais pour un autre rapport sol/solution.
4. Pour pouvoir estimer dans quelle mesure un extrayant convient pour
des déterminations de routine dans un laboratoire d'analyses des sols, il
importe de tenir compte de l'ordre de grandeur et de la gamme de variations
que présentera la variable à mesurer.
5. Une solution de 0.03N NH 4 F dans du 0.1N HCl et un rapport sol/
solution de 1—20 satisfaisaient aux conditions requises pour un extrayant
du phosphore.
6. L'extrayant choisi indiquait des différences en phosphore d'un sol à
l'autre, et aussi pour un même sol ayant reçu des quantités variables d'engrais phosphatés.
7. Les valeurs obtenues au laboratoire par la méthode choisie étaient en
étroite corrélation avec les rendements des récoltes des essais en serre et en
champs, et aux quantités de phosphore absorbées par la plante au cours
d'expériences en serre.
8. Les extrayants chimiques peuvent être utilisés avec succes pour mesurer
les niveaux de fertilité en phosphore du sol. Ceci dépendra des efforts que l'on
fera pour les résultats de laboratoire en corrélation avec les réactions des
plantes.
ZUSAMMENFASSUNG

1. Die chemisch bestimmten Mengen verfügbaren Boden-P's sind abhängig von der Wahl der Extraktionslösung und vom Verhältnis von Boden
zu Lösung.
2. Obige Mengen P waren höchst korreliert mit durch .03N NH 4 F in
.IN HCl im korrespondierenden Verhältnis erhaltenen Werten.
3. Die Mengen verfügbaren P bei einer bestimmten Verdünnung waren
gewöhnlich höchst korreliert mit Werten, in einem anderen Boden zu
Lösung-Verhältnis desselben Extraktionsmittels erhalten.
4. Beim Aussuchen eines geeigneten Extraktionsmittels für Routinearbeit in einem Bodenuntersuchungslaboratorium sind die Grösse und die
Schwankung von Zahlen für die variable Grösse, die man messen will,
von primärer Wichtigkeit.
5. Eine Lösung von .03N NH 4 F in .IN HCl im Verhältnis Boden-Lösung
gleich 1 zu 20 entsprach bestens den gestellten Ansprüchen in Betreff eines
für P geeigneten Extraktionsmittels.
6. Das Extraktionsmittel lieferte deutliche Unterschiede im P-Gehalt
verschiedener Böden und für einen bestimmten Boden solche als Resultat
praktischer P-Düngungen.
7. Laboratoriumwerte für P, nach der angenommenen Methode erhalten,
schlössen sich den Feld- und Gewächshauserträgen von verschiedenen Kulturen und dem von den Pflanzen im Gewächshaus aufgenommenen P eng an.
8. Chemische Auszugsmittel können zur Bestimmung der Boden-P-Fruchtbarkeitsniveaux erfolgreich benutzt werden. Ihr Erfolg ist von der Weise, wie
man Laboratoriumresultaten mit den Reaktionen der Pflanzen korreliert.
(19
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DISCUSSION

R. E. KALCKMANN: Which is the procedure to prepare samples from paddysoil for P determination ? Air-dry or water-soaked for a long time ?
MATTHIAS STELLY: Your point is very well taken. In Louisiana we find that
rice may not respond to phosphorus fertilization but a crop (noticed with cotton
particularly) following rice which is grown under arable soil conditions shows
very high responses to phosphorus fertilization. I do not attribute this to type
of crop solely. I feel strongly that a reduced type of phosphorus compound
of higher availability to rice is formed under flood conditions. We are trying
to study this hypothesis now. Meanwhile, all samples are air dried for soil
testing purposes.
R. M. ANWAR: 1. Why was the Bray's method selected as the best extracting
solution? Is it because it gave higher correlation? 2.'Why was water alone not
used? Water might be a universal extracting solution. 3. What is the correlation
between the amount of P extracted by the different extracting solutions?
I am almost certain that such correlation exists to the extent that knowing
the extracted P by one method is enough to calculate the amount extracted by
any other method and thus selection among methods would be dependent
mostly on cost and ease with which the method is performed.
MATTHIAS STELLY: 1. In the studies conducted thus far in Louisiana, it has
shown up well from the viewpoint of its correlation to plant yields. It also is
easily handled in a laboratory in that it gives a clear filtrate at all times. This
is not always so with other extractants. Finally, the method and ratio chosen
met requirements of an extractant based on laboratory performance as suggested
in manuscript. 2. We do not regard it so. First of all it fails to meet the laboratory requirements we expect of an extractant. 3. As stated in manuscript,
phosphorus values by one method and ratio for nearly all methods are highly
correlated to the next. Values by one ratio of one method compare closely to
those of another ratio of the same method in most instances. In general, I
agree with all your comments here even to the point of saying that the ease of
using the method chosen was a factor considered, but the ease of reproducing
the values under soil testing conditions (not research conditions) was a most
important factor. I do not find it possible with water.
N. P. DATTA: 1. Similar work in India on comparison of methods of available
phosphorus in soils (slightly acid, neutral to alkaline) for wheat and paddy
crops showed that 0.5 M NaHC0 3 method (pH 8.5) gave best correlations
with wheat and paddy crops yields both in greenhouse and field experiments.
Of the two Bray methods. No. 1 using 0.025N HCl + 0.03 N NH 4 F followed
the former method close and gave significant correlations in the crops of wheat
only but failed completely on paddy. The Bray No. 2 (0.1N HCl + 0.03N
NHjF) was very poor for both wheat and paddy. In view of above, I shall
be glad to get the experience of the authors on this method on paddy soils as
Louisiana grows paddy also? 2. What percentage of the recommendations sent
out to farmers and followed by them are successful?
MATTHIAS STELLY: 1. The work done was not extensive but rather intensive
with few soils and crops used to date. Unfortunately the paddy soils have not
been successfully correlated with respect to yields and chemically extracted
phosphorus. The Crowley soil used is a rice producing soil but the correlation
Studies involved pasture crops — not rice — it appears that the amount of
'available' phosphorus may be very different under inundated soils as compared
to drained soil conditions. Correlation studies are being continued in the paddy
soil area and basic work was initiated in an endeavor to expedite our understanding of these problem soils. Now I might add that with few exceptions high
correlations between any two methods at one ratio or any two ratios of one
method were obtained but some of the values are so small as to be unreliable in
a soil testing laboratory where errors may be large as compared to values obtained in a research laboratory. 2. Unfortunately we do not have data on hand
to answer this question. Furthermore, such data need to be interpreted with
care since soil testing does not predict the total environment and management
practices of farmers. In this respect, soil testing has occasionally been oversold
to farmers.
70

IV.9
B. KARIM: 1. Is the extractant (.03N NH 4 F in .IN HCl) suitable for both
acid and alkaline soils for extracting available P?
2. How the above method of extraction compares with the sodium bicarbonate
method in indicating the availability of soil P?
MATTHIAS STELLY: 1. It is less suitable for alkaline soils if we assume that the
phosphorus in these soils is in forms of acid-soluble compounds especially
calcium phosphates. In these instances, values would be very high but if correlated with plant yields, it does not matter what values one obtains. If you
obtain no response to phosphorus on such soils, you have no soil testing problems
in the first place. Admittedly, if an insoluble calcium phosphate fertilizer is
used in large amounts and the soil is subsequently tested, the values for available phosphorus are wrong. This points out the need to know the fertilizer
practices in previous years. 2. The bicarbonate extractant did not appear to
meet our needs on acid soils with much absorbed phosphorus and phosphorus
presumably of the iron and aluminium types. On alkaline soils and soils fertilized with tricalcium phosphates, it may be superior to the method chosen by
us.
J. P H . CULST: What chemical forms of total soil phosphorus are extracted
by your method, and in what proportion of their respective amount?
MATTHIAS STELLY: Reference is made to the work of Bray and his associates
for your answer. Our immediate objective was to determine the relationships
of P values obtained to crop yields and uptake regardless of the forms of P
extracted. It is suggested that acid-soluble and absorbed forms of P would be
extracted by the .03 N NH 4 F in .IN HCl solution. I doubt that the proportions
would be the same in all soils but will depend on the amount of each form constituting the total phosphorus.
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FACTORS INFLUENCING THE CHANGE IN EXCHANGEABLE
SOIL K OBSERVED ON DRYING *
by
A. D. SCOTT AND J. J. HANWAY

Iowa State University, Ames, Iowa
The K in soils may be arbitrarily classified into soluble, exchangeable,
and nonexchangeable forms. The distribution of K between these forms
at a particular time, however, depends upon many factors. One of these
factors is the moisture content of the soil.
Numerous investigations have shown that K fixation will occur when
many soils are dried (6, 9). It has been evident for some time, however,
that soils may also release nonexchangeable K to soluble and exchangeable
forms when they are dried. Much of the earlier work on this release of K
dealt with changes in soluble K, but as early as 1928 Steenkamp (12) published data showing marked increases in exchangeable soil K may occur as
a result of drying. More recently, the effect of drying soils on the release of
K has been studied by a number of workers (1, 2, 5, 7, 8, 10).
Soil samples are generally dried in soil testing laboratories before exchangeable K determinations are made. Also, dried soils are often employed
in greenhouse experiments to determine the response of plants to K applications and to study the K supplying power of soils. It has been found, however, that the amount of K absorbed by plants is better correlated with the
exchangeable K extracted from moist than from dried soils and that drying
soils before cropping may have as much effect on the adsorption of K by
plants as 60 ppm. applied K (5). Thus, the release of K that occurs when
soils are dried has considerable practical importance. Information about
the processes involved in this release is, however, still lacking.
A study of the changes in exchangeable K that occur when soils are
dried has shown that several factors affect the amount of K release observed. Some of these factors and their effect on K release are considered
in this paper.
DEGREE OF DRYING AND CATION ADDITIONS

Various increments of KCl were added to field-moist Fayette subsoil
(18—24 inch) samples and the mixtures dried first at room temperature in
the laboratory, then in a desiccator over concentrated H 2 S0 4 at 25° C. and
finally in an oven at 110°, 200°, 350°, and 500° C. The moisture content
of the soil at each stage of drying was calculated on the basis of the dry
weight of soil after drying at 110° C. for 24 hours. Exchangeable K in the
samples was extracted with neutral 1 N NH4OAc. The results are shown in
figure 1.
In the absence of added KCl, there was a continuous increase in exchangeable K as the moist Fayette subsoil was progressively dried. The
moist, air-dry, 110° C. oven-dry and 500° C. oven-dry samples contained 26,
62, 210, and 714 ppm. extractable K, respectively. Thus, the greatest
release of K occurred at moisture levels below the air dry state (about
* Journal Paper No. J-3893 of the Iowa Agricultural and Home Economics
Experiment Station, Ames, Iowa. Project 1234.
72

IV.10
600

ouuu

„500
5
Q.

^400
o
UJ
(-300
u

<

cc

£200'
Ld

* 100

o
O

5
10
15
-5
0
5
10
% MOISTURE ( I I C C , DRY WEIGHT BASIS)

Figure 1. K extracted with neutral 1 N NH 4 OAc from Fayette subsoil samples
that had been dried to various moisture levels after increments of KCl had
been added.

5.5 per cent moisture in this experiment). When KCl was added to the soil,
much of the added K was fixed under moist conditions. Also, with the
highest level of added K (4000 ppm.) there was a continuous decrease in
exchangeable K (fixation) when the soils were progressively dried. With
intermediate amounts of added KCl both fixation and release was observed
in the same drying cycle. It is not known if these changes in extractable
K are the net result of two processes (fixation and release) occurring simultaneously or simply a redistribution of K between exchangeable and
nonexchangeable forms in the same material. The data show, however, that
soils which normally release K on drying will also fix K if the soluble
and exchangeable K level in the moist soil is increased enough by adding K.
The extractable K-moisture curves did not exhibit abrupt changes in
shape when the drying temperature was increased beyond room temperature.
This continuity of the curves indicates that the release of K by soils at
elevated temperatures is probably part of the same exchangeable K-moisture relationship that is observed on air-drying.
The effect of adding other salts or HCl to soils before they are dried
has also been investigated (10). It has been found that NH4C1, NaCl and
HCl additions reduce the amount of K released by drying whereas Ca, Mg
and Li salt additions have little or no effect. The NH4C1 additions were
particularly effective, probably because the NH 4 ions blocked the replacement of nonexchangeable K by other cations during the drying
treatment.
REVERSIBILTY OF K RELEASE

Moist soils are not easily handled in soil testing laboratories and often
the samples received for analysis are already dry; yet undried soil exchangeable K values are needed. Thus, with the possibility of obtaining
these values from dry samples in mind, the reversibility of the exchangeable K changes associated with drying was investigated.
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Undried Marshall subsoil (18—24 inch) samples that contained 24 per cent
moisture were exposed in desiccators to relative humidities of 10 and 95
percent at 25° C. At the end of successive four week intervals the moisture
and exchangeable K (extracted by neutral 1 N NH4OAc) in the soil samples
was determined and the samples were switched from one desiccator to the
other. The results of this experiment are shown in figure 2.
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Figure 2. K extracted with neutral 1 N NH 4 OAc from Marshall subsoil samples
that had been stored at 25° C. in desiccators with relative humidities of 10 and
95 percent and then switched after four week intervals.

In the 'dry' and 'moist' desiccators the soil moisture changed to about
2 and 8 percent, respectively. Also, the exchangeable K level in each
sample increased and decreased repeatedly as the moisture content decreased and increased. Thus, in this soil at least, the changes in exchangeable K associated with moisture were to some degree reversible. Once
dried, however, the soil did not decrease in exchangeable K to the initial
field-moist level of 26 ppm. Instead, the exchangeable K level decreased
to a mean value of 66 ppm. in the 'moist' desiccator which appears to be
the limit of reversion in this soil since air-dry samples that were placed
in water for 30 days also contained 68 ppm. exchangeable K.
SOIL TYPE AND DEPTH IN THE PROFILE

Since plants may utilize K in the subsoil as well as the surface soil,
information about the distribution and availability of K throughout the
soil profile is needed. Most of the data on the distribution of exchangeable K in soil profiles has been obtained, however, with dry samples. Thus,
a study of the exchangeable K in moist, air-dry and oven-dry samples from
various depth in different modal soil profiles in Iowa was initiated (3).
More than 170 profiles have now been examined and it is apparent that
the profile data for the four soil series (for description see Simonson et al.
(11)) shown in figure 3 represents most of the characteristics observed.
The data for these profiles were obtained by extracting moist, 110° C. ovendry and oven-dry-rewetted samples with neutral 1 N NH4OAc. The ovendry samples were dried for 24 hours; the rewetting was with water and for a
period of 30 days.
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Figure 3. K extracted with neutral 1 N NH4OAc from moist, 110° C. ovendry and oven-dry-rewetted samples from profiles of four Iowa soil series.
In every case the exchangeable K in the moist subsoils was low, in
some cases very low. Also, the moist surface soil always contained more
exchangeable K than the moist subsoil. This was probably due to the
application of K to the surface either as plant residues or fertilizers.
Drying increased the exchangeable K in most of the profile samples.
Only in a few cases like the Floyd was there a decrease in exchangeable
K. This occurred in surface samples that contained large amounts of exchangeable K relative to the subsoils under moist conditions. This effect
would be comparable to the fixation encountered in the 4000 ppm. added
K treatment in figure 1.
In general, the release of K associated with drying was least in the
surface samples. Then, with depth in the profile there was either a fairly
uniform amount of release (Marshall) or a large increase in release (Edina)
with depth. In any event, the profile distribution of exchangeable K
was greatly affected by moisture content of the soil at the time of extraction. Also, the data for the dried samples gave the erroneous indication
that the subsoils contained large amounts of available K.
The cross-hatched areas in figure 3 show the decrease in exchangeable
K (reversion) that occurred when the oven-dry soil samples were placed in
water. Some reversion occurred at all depths in the profiles but the amount
of reversion was generally small in the upper horizons. Considerable reversion occurred in the samples from the lower part of the profiles, but in
no case did the exchangeable K level of the dried soil decrease to the initial
moist value.
PARTICLE SIZE FRACTION

Before the processes involved in the release of K by drying soils can be
fully understood, it is necessary to know something about the material
in the soil that is responsible for the release of K. As a first step in this
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direction, soil samples were fractionated on a particle size basis and the
release of K by these different size fractions was determined.
Undried samples from three depths (0—8, 19—28 and 37—48 inches) in
the Edina profile shown in figure 3 were dispersed in water by mechanical
agitation. The soil samples were not pretreated and dispersing agents
were not added. Then, by sedimentation and centrifuging, most of the
20—2,2—.2 and < . 2 fi fractions were separated from the soil. The exchangeable K in moist and oven-dry (110° C, 48 hours) samples of these fractions
was determined by extraction with neutral 1 N NH4OAc. The increase in
exchangeable K (release) due to drying is shown in figure 4 for each size
fraction and at each depth in the profile.
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Figure 4. K release by particle size fractions from different depths in an Edina
soil profile determined by extracting exchangeable K in moist and 110° C.
oven-dry samples with neutral 1 N NH4OAc.
At all depths in the profile the <.2 n fraction released the most K
on drying. At the lower depths, however, the 2 — .2 n fraction also released
large amounts of K. Thus, it would appear that the clay size material is
primarily responsible for the K release observed with soils.
The K release values shown in figure 4 were calculated on the basis
of the oven-dry (110° C.) weight of the fraction involved. Thus, it is significant that the release observed with each fraction was relatively constant
in the two subsoil samples but much less in the surface sample. This difference may be due to K that has been added to the surface soil as fertilizer
or plant residues.
It was expected that the release of K was due to mica in each fraction
but only the 20—2 ß fraction exhibited a 10 Â mica peak when X-ray
patterns were obtained with glycerol solvated samples. Total K analyses,
however, indicated mica must have been present. At the 19—28 inch depth,
for instance, the 20—2, 2—.2 and < . 2 fi fractions contained 47, 35 and 28
me. K per 100 g., respectively.
REVERSION DURING EXTRACTION

When soils are dried, changes occur in the amount of K that can be
extracted. The magnitude of the change observed, however, depends upon
the extractant employed. It has been suggested that different results are
obtained because some of the released K reverts to a nonexchangeable
form during the extraction (4).
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The effect of reversion during extraction on the amount of K release
observed with different extractants is shown in table 1. K was extracted
from field-moist and oven-dry (110° C, 48 hours) Marshall subsoil (18 to
24 inch) samples by shaking 10-g. samples with 100 ml. extradant for 24
hours and filtering. The extractants were 1 N NH4OAc, 1 N NaOAc, 1 N
Ca (OAc)2 and 0.1 N HCl solutions and the same solutions with 5 me. NH 4
(NH4OAc) per 100 ml. also present. In some cases, oven-dry samples were
rewet in water for 24 hours and extracted with the solutions that contained
no NH4. In others, oven-dry samples were rewet in the extracting solutions
without NH 4 for 24 hours and 5 me. NH 4 per 100 ml. solution was added
just before the samples were shaken and filtered.
TABLE

1. K extracted with various extractants from moist, oven-dry and oven-dry-re
samples of Marshall subsoil.
K extracted

Extradant

Moist

Oven-dry

ppm.
16

ppm.
248

NaOAc

15

161

NaOAc-NH4

20

207

Ca(OAc),

1

105

Ca(OAc)a-NH4

1

186

HCl

22

209

HC1-NH,

22

236

NH 4 OAc

Oven-drv-rewet
HsO

Extractant

ppm.

ppm.

134
128
173
120
143

M

143

M

»t

226

K
released
ppm.
232
118
146
113
187
153
104
119
185
142
187
121
214
204

Decreas«
in
K relea;
ppm.
114
86
119
45
79
128
113
47
92
45
111

* Relative to the release observed with NH4OAc.
The data in table 1 shows that less K release was observed when Na
or Ca salts were used instead of NH4OAc. The results obtained with HCl
and NH4OAc were comparable. It is also evident that there were at least
two reasons for the low values that were obtained with Na and Ca solutions.
One of the reasons was that some of the released K reverted to a nonexchangeable form when the dried soils were extracted with Na and Ca
solutions. By adding NH 4 to the extracting solutions, this reversion of
K was largely blocked and more K release was observed with both Na and Ca
solutions. With Ca solutions, for instance, the amount of release observed
increased from 105 ppm. to 186 ppm. when reversion was blocked with NH 4 .
It is evident from a comparison with the maximum reversion that occurred
when the oven-dry soils were placed in water, however, that only a portion
of the possible reversion actually occurred in the Na and Ca extracting
solutions.
Reversion did not account for all of the difference in release observed
with the different extracting solutions. After 24 hours of rewetting in
Ca(OAc)2 most of the reversion anticipated with this solution should have
occurred yet by adding 5 me. NH 4 per 100 ml. solution just before filtering
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the amount of K extracted was increased from 105 t o 143 p p m . Similar
results were obtained with N a solutions. This maens t h a t , in addition to t h e
reversion effects, more release is observed with N H 4 solutions because N H 4
replaces t h e K in dried soils more effectively t h a n N a or Ca.
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SUMMARY

An increase in exchangeable K is observed when m a n y soils are dried.
Most of this release of K occurs in t h e clay fraction. The amount of release
observed on drying soils, however, varies with degree of drying, soil type,
depth of t h e sample in t h e profile a n d extractant employed. Also, with
KCl additions less release a n d even fixation of K m a y be observed on
drying. The processes involved in this release of K are partially reversible,
thus, less release is observed if t h e dried soil is rewet before t h e K is extracted.
RÉSUMÉ

Pour beaucoup de sols on observe qu'après séchage les teneurs en Potassium échangeable augmentent et que la majeure partie de ce Potassium
nouvellement libéré provient de la fraction argileuse. Pour les sols en voie
de séchage, l'ampleur de cette libération dépend toutefois du degré de séchage, du type de sol, de la profondeur à laquelle l'échantillon fut prélevé dans
le profil et de l'extrayant utilisé. De plus, quand on ajoute du KCl, on observe une libération moins grande et même parfois une fixation du Potassium
lors du séchage. Les processus impliqués dans cette libération du Potassium
sont en partie réversibles. Ainsi on observe une libération moindre quand le
sol séché est réhumecté avant l'extraction.
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ZUSAMMENFASSUNG

Viele Böden zeigen wenn sie getrocknet worden sind, eine Zunahme des
austauschbaren Kalis. Diese Freimachung von K findet hauptsächlich in
der Tonfraktion statt. Das Mass in welchem die Freimachung an trocknenden Böden zu beobachten war, variierte mit dem Trocknungsgrad, dem
Bodentype, der Tiefe der Bodenprobe im Profil, sowie auch mit dem benutzten Extraktionsmittel. Ferner wurde auf KCl-Zufügungen weniger
Freimachung, ja sogar Kalifixierung bei der Trocknung gefunden. Die
Prozesse die bei dieser Kalifeimachung eine Rolle spielen, sind teilweise
reversibel; darum erweist sie sich kleiner, wenn der getrocknete Boden wieder befeuchtet wird ehe das K extrahiert wird.
DISCUSSION

L. R. HIREKERUR: It is observed from the data presented that drying the
soil increases K release. Has this anything to do with the dielectric constant of
the medium since moisture increases the dielectric constant of the medium?
A. D. SCOTT: When solvents with different dielectric values were added to
the soil before it was dried, there was a change in the amount of K released.
No relationship between the amount of release and the dielectric constant
could be established, however.
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TESTING SOIL FOR POTASSIUM *
by
C. M. WOODRUFF AND J. L.

MCINTOSH**

INTRODUCTION

Two advancements in recent years have prepared the way for the development of improved methods of testing soils for potassium. Firstly,
the advent and common usage of simple flame photometer with which small
concentrations of potassium may be measured with acceptable degrees of
precision; and secondly the application of the concept of the standard
free energies of chemical reactions to the exchange reactions of soils as
a means of evaluating the ease of replacement of potassium from soils.
The sensitivity of the flame photometer is essential to the rapid determinations of the energies of replacement which limit the growth of plants.
The testing of soils for potassium may fall into either of two categories,
one, the diagnostic category, and the other, the inventory category. The
diagnostic category concerns the testing of soils on which growing plants
exhibit symptoms of deficiencies. Such tests are made to determine whether
or not potassium might be the element responsible for the lack of vigor
in the growing plant. Results of leaf analyses serve the same purpose.
The inventory category concerns the testing of soils prior to the preparation
of the seed bed for an annual crop. These tests are made to determine whether
or not the supply of available potassium in the soil will be sufficient to
nourish a growing crop to maturity or as guides to the fertilization of
soils with potassium. It is this latter category of testing with which this
article is concerned. For both cases, it is necessary to establish the value
of the standard free energy of removal of potassium which limits the normal
growth of plants. With this value known, a test for potassium may be
devised which will indicate whether or not a soil contains sufficient available
potassium to develop and mature a crop.
The standard free energy for the replacement of exchangeable potassium
element such as calcium at 25° C. is expressed by the relationby a single
ship, ^IF0 = 1364 ( p K - i / 2 pCa), Woodruff (5, 6, 7) and Taylor (3).
As magnesium is substituted for calcium in a soil containing a fixed amount
of exchangeable potassium the value of the relationship, zlF° = 1364
[pK— y2 p(Ca + Mg)] remains sufficiently constant for practical purposes
to serve as a measure of the availability of potassium in the system. This
conclusion was reached after growing soybeans in soils containing different
amounts of exchangeable potassium and with magnesium varying reciprocally with calcium at each level of potassium over the range of 1.25 %
to 80 % of magnesium in the exchange complexes. With 0.1 %, 2 %, and
4 % of K respectively in the exchange complexes the standard free energies
of replacement of potassium and the accompanying standard deviations as
influenced by different proportions of calcium and magnesium were 3990
± 80, 3140 ± 50 and 2720 ± 60 calories respectively. Yields of mature seed
at the 3990 calory level were depressed nearly 25 % by increasing the
percentage of magnesium in the soils from 1.25 % to 80 % suggesting that
the plants growing under potassium stress were influenced somewhat ad* Contribution from the Missouri Agricultural Experiment Station. Journal
Series No. 2181. Approved by Director.
** Professor of and graduate assistant in soils, respectively.
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versely by excessive amounts of magnesium. But the effect in yield was
minor compared with that produced by very small differences in the quantities of potassium that were present in the soil. No depression in yield by
excess magnesium occurred when the supply of potassium was adequate.
Consequently, the energy of replacement of potassium with the various
combinations of calcium and magnesium that may be present in a soil
provides a reliable measure of the availability of potassium to plants.
T H E EXCHANGE POTENTIAL AS A MEASURE OF THE AVAILABILITY OF POTASSIUM
IN SOILS

The establishment of the exchange potential as expressed by the standard free energy of replacement of a cation from a soil as a fundamental property of a soil, Woodruff (7), suggested immediately a close relationship between the exchange potential and the mineral nutrition of plants, growing
in soils. Considering the rapidity of exchange reactions relative to the rate
of growth and absorption of nutrients by plants and also the intimate
contact between the soil and the plant root, it was reasoned that the
relationship between the plant root and the soil was one that approached a
state of equilibrium in which the potassium in the plant root was competing
with calcium and magnesium for position in the cationic suite of the plant.
In contrast with this point of view was the older concept that the nutrition
of a plant with potassium was governed primarily by the absolute activity
of potassium in the nutrient media regardless of the amounts of other
cations that might be present.
Attempts have been made to verify experimentally which of the two
principles might be operating to control the nutrition of plants with potassium. Higdon and Marshall (1) approached the problem through the use of
nutrient solutions. In designing the experiment, they attempted to demonstrate the inadequacy of potassium at low ionic activities but with satisfactory Donman ratios of potassium and calcium. As a consequence the activities of calcium were so low that the plants were deficient in calcium,
and no definite conclusions could be drawn concerning potassium.
Olsen and Peech (2) using excised roots, investigated the rates of absorption of Rb and Ca from colloidal systems and true solutions. They
concluded that the composition of the soil solution completely characterized
the ionic environment of the plant root in soil water systems.
The authors investigated the subject using soil as a growth medium.
A potassium deficient soil (4000 calorie energy of replacement for K) was
used with concentrations of salts in the soil solution ranging from the
lowest attainable by leaching with distilled water up to 0.09 normal with
respect to chloride at the moisture content of field capacity. Intermediate
concentrations included 0.01 N and 0.03 N. The salt solutions were obtained
by adding calcium chloride of the proper concentrations to dry columns of
soil which previously had been leached with water to remove the natural salts
of the soil. The salt solutions were passed through three successive columns
of dry soil to obtain solutions in which the ionic balances would be in equilibrium with the potted soil to which the solutions were to be added. Corn
plants were grown to heights of approximately 15 inches with frequent
watering of the soils to maintain constant moisture contents. Each plant
was grown in 3 Kg. of soil and all treatments were in triplicate.
All plants exhibited equal symptoms of retardation in growth as a
consequence of a deficiency of potassium. Results of analyses of the harvested plants revealed increasing amounts of potassium in the plants with increasing concentrations of salts in the soil solution; but these were parallelled
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by increased amounts of chlorides in the plants and were not effective in
reducing the evident effect of a potassium deficiency. In this investigation,
activities of potassium in the soils containing high concentrations of salts
exceeded considerably those which provided excellent nutrition of the
plants in the absence of excess salts but with favorable energies of replacement for potassium. This evidence supports the point of view that in soils
of at least medium exchange capacity, the exchange potential for potassium is the dominant factor governing the nutrition of plants with
potassium.
Preliminary data reported by Woodruff (7) set the energy of replacement of potassium at which deficiencies appeared in plants at 4000 calories,
and suggested an upper limit of 3500 calories for the normal performance
of plants. This subject has been investigated more completely using both
corn and soybean plants grown in 3 Kg containers of soil. Potassium contents of the soils were varied by additions of potassium to a potassium
deficient soil. The results obtained indicated that no retardation of growth
occurred until the energy of replacement approached 3800 calories and this
only with plants growing in soils at low moisture contents. Severe symptoms
of potassium deficiency which developed at 3900 calories in partially dry
soils were overcome by raising the moisture contents of the soils above
field capacity. Under moist conditions, deficiency symptoms did not
appear until the energy of replacement of potassium had risen to 4200
calories. Thus it would appear that at moisture contents of the soil below
those necessary for the capillary flow of moisture to the root, rate processes
govern to some degree the movement of potassium from the soil to the root.
From the evidence obtained it was concluded that 3500 calories for the
replacement of potassium provided an ample margin of safety for the
nourishment of plants with potassium and that 4000 calories represented
a maximum that should not be exceeded without unfavorable consequences.
These values have been used as bases for the design of soil tests for potassium as described in the following paragraphs.
FACTORS CONSIDERED IN THE DESIGN OF THE SOIL TEST FOR POTASSIUM

The following considerations apply particularly to the testing of soils
for the production of annual crops such as corn and soybeans as they are
grown continuously rather than in rotations where appreciable amounts of
potassium might be turned into the soil as green manure. Under these
conditions it may be assumed that the soil at the beginning of the growing
season should contain enough available potassium to grow the crop to
maturity. Furthermore, it may be assumed that the quantity of potassium
required should be available in the surface plow depth of soil. That available
in the deeper layers of soil may be viewed as a reserve which will ensure an
adequate supply in addition to that provided by the surface soil.
Rather than attempting to evaluate the amount of potassium that might
be released by the weathering of primary minerals or from fixed forms of
potassium in the clay lattice it has been assumed that if the potassium supplying power of a soil were of any consequence, the exchange complex would
be recharged with potassium during the long interval of fall, winter, and
early spring. If the exchange complex does not become recharged during this
interval then the quantity liberated during the short interval that the crop
occupies the soil must be insignificant. Therefore, the samples of soil to
be tested should be precurred in the spring shortly before the fertilizer
is to be applied.
The effect of drying a soil upon the release of potassium is of consider82
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able significance with some soils. Letting a dried soil stand moist over night
has been found to reduce this effect. It has been assumed that dried samples
of soil should be moistened the day preceeding the testing of the soil.
With the large investment that is involved in the production of a crop,
the primary purpose of a soil test for potassium is to make certain that the
supply of potassium will be adequate. From this point of view the soil
test should be designed with a margin of safety that would preclude the
possibility of a shortage. Such a margin of safety would be provided by
choosing the 3500 calory energy of replacement as the maximum to be developed in removing the quantity of potassium required to produce a crop.
But for those who are inclined to question the validity of a soil test, one
designed on the basis of the 4000 calory energy of replacement would
predict more clearly whether or not a response might be obtained to fertilization with potassium. The 3500 calory limit would appear most appropriate.
The quantity of potassium removed by a crop depends upon both the
kind of crop to be grown and the contemplated yield of the crop. In order
to design a soil test that will indicate whether or not the supply of available potassium is adequate, the expected removal must be established. As a
basis for design it has been assumed that 125 pounds of potassium per acre
would be adequate for most crops. This quantity should be sufficient for the
production of 100 bushels of corn per acre. The test may be modified for
other crops and other yields to fit the conditions of a particular region.
CHOICE OF SOIL SOLUTION RATIOS FOR THE POTASSIUM TEST

In order to determine by chemical means whether or not a soil contains a sufficient quantity of available potassium, definite quantities
of soil must be equilibrated with definite quantities of electrolyte of a predetermined concentration. Effective use may be made of the technique
used by Schofield and Taylor (3) in measuring the lime potential of a
soil. They found that a solution, 0.01 molar with respect to calcium chloride was sufficient to fix the sum of the molar concentrations of calcium and
magnesium in the presence of the natural occurring soluble salts of a soil
so that only a single measure of pH was required to obtain the lime potential of the soil. Their determinations were made in systems with narrow
soil-solution ratios. With greater proportions of solution, as is applicable
in the testing of soils for potassium, the effects of the natural salts of a
soil are minimized even more.
With a solution that is 0.01 molar with respect to calcium chloride
the concentration of potassium corresponding to 3500 calories for the replacement of potassium is 8.7 ppm. And that corresponding to 4000 calories
for the replacement of potassium is 3.7 ppm. For practical purposes, 9 ppm
and 4 ppm may be used for the two respective limits. Choosing a 5 gm sample
of soil as a suitable quantity of soil for purposes of testing, the removal
of 125 lbs. of potassium per two million pounds of soil would require 35 ml
of 0.01 M. CaCl2 at a concentration of potassium of 9 ppm. and approximately 80 ml of solution at a concentration of 4 ppm. Greater or lesser amounts
of solution would be required in the event the estimated requirement
of a crop for potassium differed from the 125 lbs per acre which was chosen
as a basis for computation in the example cited above.
PROCEDURE ADOPTED FOR THE ROUTINE TESTING OF SOILS FOR POTASSIUM

5 gms. of dry soil or 6 gms. of moist soil from the field are weighed into
two ounce (100 ml) screw capped bottles. If dry soil is tested, 1£ ml of
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water is added with a surgical syringe: t h e bottles are capped a n d let set
over night. Then either 35 ml or 80 ml of 0.01 M. CaCL. is added, and
the bottles are shaken briefly a t 15 minute intervals for an hour after which
the solution m a y be filtered into vials or let stand until clear so t h a t samples
of suitable size for analyses m a y be obtained with a pipette. The samples
have been filtered only when results of t h e analyses were desired immediately. The concentration of potassium in t h e clear solution is measured on a
flame photometer, calibrated with standard solutions containing 5 p p m and
10 p p m of potassium respectively in 0.01 molar calcium chloride.
In none of t h e field tests conducted thus far with corn have responses
to fertilization with potassium been obtained when t h e concentrations of
potassium in t h e 35 ml. extracts were 9 p p m and greater. Excellent responses
to ferilization have been obtained with 4 to 5 p p m of K in 35 ml a n d with
2.0 t o 2.5 p p m in 80 ml.
The choice of 35 ml or 80 ml of extracting solution for making soil
test for potassium is one t h a t will depend upon t h e point of view adopted
b y t h e operator of t h e soil testing laboratory. T h e smaller quantity of
solution provides results with a margin of safety for t h e production of a
crop. The larger quantity of solution provides results acceptable to those
which place emphasis on t h e cost of fertilizers. Which ever choice is made
can be made with an understanding of t h e limitations associated with
the choice.
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SUMMARY

A method of testing soils for potassium designed so as to determine
whether or not a soil contains sufficient potassium to develop and m a t u r e
an annual crop is described. The standard free energies for t h e replacement
of potassium from t h e exchange complex of the soil a t which nourishment of
plants approaches and becomes critical have been chosen to define t h e
availability of t h e potassium. B y suitable choices of soil-solution ratios
for equilibration, it becomes possible t o determine whether or not t h e
quantity of potassium required to develop and mature a crop m a y be removed without exceeding t h e energy of replacement necessary to nourish t h e
crop with potassium. The results obtained b y t h e method do not indicate
the quantity of potassium t h a t might be required as a fertilizer in the event
t h a t t h e soil is deficient in potassium.
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RÉSUMÉ

Un test pour potassium du sol a été développé qui détermine si oui ou non
un sol contient suffisamment de potassium pour permettre le développement
et la maturation d'une culture annuelle. Pour définir la disponibilité du
potassium, on a choisi les énergies libres standard, requises pour déplacer le
potassium adsorbé au complexe d'échange du sol au moment où la nutrition
des plantes devient critique. En choisissant convenablement les rapports
sol-solution lors de la mise en équilibre, il est possible de déterminer si oui
ou non la quantité de potassium requise pour développer et mûrir une culture
peut être enlevée sans excéder l'énergie de déplacement nécessaire pour
nourrir la culture en potassium. Les résultats obtenus par la méthode n'indiquent pas les quantités de potassium requises sous forme d'engrais au cas
où le potassium ferait défaut dans le sol.
ZUSAMMENFASSUNG

Es wird eine Methode beschrieben, Böden auf Kali zu untersuchen, entworfen zur Bestimmung ob ein Boden wohl oder nicht genügend Kali
enthält um ein einjähriges Gewächs zur Entwicklung und Reife zu bringen.
Um die Ausnützbarkeit des Kalis festzustellen, wurde die normale freie
Energie zum Ersatz von Kali aus dem Bodenaustauschkomplex, bei welchem
die Ernährung der Pflanzen sich einem kritischen Zustand nähert und
kritisch wird, ausgewählt. Durch entsprechende Auswahl von Boden zu
Lösung Verhältnissen um zu Gleichgewichten zu kommen, wird es möglich
zu bestimmen ob die Kalimenge, benötigt zur Entwicklung und Reife eines
Gewächses, dem Boden wohl oder nicht entnommen werden kann ohne
die Auswechselungsenergie, benötigt um die Ernte mit Kali zu versehen,
zu überschreiten. Die mit dieser Methode erreichten Resultate geben nicht
die Menge Kali an, welche im Falle dass der Boden kalibedürftig ist, als
Düngerstoff gegeben werden muss.
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WATER-SOLUBLE K, PER CENT K-SATURATION, AND
p K - i p (Ca + Mg)
AS INDICES OF MANAGEMENT EFFECTS ON K STATUS OF SOILS *
by
A. J.

MACLEAN

INTRODUCTION

Although exchangeable potassium in soils of a particular region usually
varies with clay content, the degree of saturation of the exchange sites
with potassium may bear little or no relation to soil texture. Exchangeable
potassium in 845 surface samples collected from old pastures and reported
by Ontario Soil Survey increased consistently with each increment of 5 per
cent in clay content. The mean exchangeable potassium content per 100
grams of soil varied from 0.11 m.e. in samples with less than 11 per cent
clay to 0.50 m.e. in samples containing over 50 per cent clay. Available
data on degree of K-saturation of 602 of the samples showed but slight
variation in relation to clay content. The mean values were 1.1 per cent
for samples containing up to 25 per cent clay and 1.3 per cent for samples
with higher clay contents.
The potassium-supplying power of soils within a region is usually associated with clay content but the initial supply for plants may vary markedly
with past management. The purpose of this investigation was to explore
the use of intensity measurements such as water-soluble K, per cent Ksaturation and pK—£p(Ca + Mg) ratio (3) as criteria of management
effects on potassium supply of soils varying in texture. The intensity
measurements were compared with uptake of soil potassium by plants in
pot tests. The effect of added potassium on the intensity of soil potassium
was assessed in the laboratory.
EXPERIMENTAL

Analytical: Cations in solution were determined in 1 : 2 soil : water
suspensions following shaking for two hours and standing an additional
16 hours. Potassium was determined by flame photometry and calcium
plus magnesium by titration with versene (1). The ratio function pK—|p
(Ca + Mg) was calculated from the activities of the ions, the latter being
based on equation employed by Taylor (3). Per cent K-saturation was
calculated from exchangeable potassium and exchange capacity values
obtained with ammonium acetate method (2).
Soil K and uptake by oats: Intensity measurements of soil potassium
were compared with uptake of potassium by oats in a greenhouse test. This
test comprised 27 surface samples of Ontario soils varying in past management and texture. Plastic pots were used and each contained 2268
gm. of air-dried soil. Oats were grown to the heading stage without and
with addition of 0.536 gm. KCl per pot. Each pot received 0.559 gm.
NH 4 H 2 P0 4 . The control and potassium treatment were replicated four
times. Uptake of potassium was computed from the yield and content of
crop. The uptake for the control was expressed as percentage of that
* Contribution No. 21, Soil Research Institute, Canada Department of
Agriculture, Ottawa, Ontario.
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for K treatment. Experimental data from this experiment are presented in
Table 1. Correlation coefficients relating the soil K values to each other
and to per cent uptake of potassium are given in Table 2. The coefficients
relating the three intensity measurements to each other were highly significant. The values for per cent uptake of potassium were significantly
correlated with those for intensity of soil K as well as exchangeable K
on the basis of all soils and within the group containing less than 16 per
cent clay. Within the groups containing higher amounts of clay, however,
exchangeable potassium was the only measurement of soil K that was
significantly correlated with per cent uptake values. Estimates of the
contribution of non-exchangeable potassium to uptake by oats (Table 1,
column 7) show considerable variation between soils particularly within
the group with less than 16 per cent clay. The varying contribution of
exchangeable and non-exchangeable forms of potassium to plant uptake
of this nutrient imposes limitations on the reliability of a single criterion
as a measure of the potassium status of soils. The relative contribution of
exchangeable and non-exchangeable potassium to uptake in this experiment would appear to be more closely related to an intensity measurement
than to the amount of exchangeable K. For example, in relationships with
percentage contribution of non-exchangeable potassium to uptake, the
correlation coefficient for pK—£p (Ca -f- Mg) (0.883) exceeded that for
exchangeable K (—0.596) although both were significant. In soils with
low intensity values, most of the potassium supplied to the plants was
derived from non-exchangeable form. In connection with discrepancies
in the relationship between intensity of soil K and per cent uptake as shown
by soils 18 and 26, it may be noted that their contribution of non-exchangeable K to uptake was relatively low.
The intensity values were in agreement with past management of the
soils in those instances where the past history of the fields was known
in sufficient detail to warrant comparison. For example, soils 16 and 20,
which received no manure or fertilizer in the past 35 years, had low concentrations of K in solution, whereas soils such as 2 and 5 from well managed
fields had high concentrations.
Effect of chopping on intensity of K: In greenhouse tests oats and Sudan
grass were grown in surface samples of 11 Canadian soils. Data in Table 3
show differences between soils and marked effects of cropping on pK—£p
(Ca + Mg) ratios. Soil 8 from Saskatchewan was known to be well supplied
with available potassium from native sources and this is reflected in low
ratio before cropping. The remaining soils which were collected from Eastern
Canada would not be expected to exhibit high intensity of soil K unless
additions of the element had been made. The low ratios for soils 1 and 5
and the high ratio for soil 6 before cropping are in accord with known differences in past management of these soils. With cropping, the ratios
increased to about 3 except in soil 1 (3.86) and soil 8 (2.63). Apparently the
effect of a favorable supply of native potassium on ratio in the latter soil
was more permanent than effects induced by good management of some
of the other soils.
Effect of added K on intensity: KCl at different rates was added to
samples of soils 1 —11 (Table 3) before and after cropping. The samples
were subjected to five cycles of wetting and drying at 70° C. Results for
four of the soils after cropping are presented in Table 4. Comparison of
the pK—£p (Ca + Mg) ratios in Tables 3 and 4 without addition of potassium shows that the wetting and drying treatment decreased the ratios
ST
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BLÉ 1.

Soil

Potassium

Measurements

and

Uptake

of Potassium

by

Oats in Pot

Tests

U p t a k e of K b y o a t s
Soil

F1 x.. A'.r h1 I . KIV

m.e. **

Ksaturation

%

Water
soluble K

pK-ip
(Ca + Mg)

m.e. **

No K added P a r t derived from
X 100
non-exch.
K a d d e d form of K. *

%

%

Soils w i t h less t h a n 16 % clay
1
2
3
4
5
6
7
8
9
10
11

0.36
.31
.51
.20
.33
.33
.15
.18
.11
.14
.07

3.43
3.37
4.81
1.94
2.92
3.17
1.61
0.78
1.26
0.63
1.08

0.034
.051
.066
.014
.058
.045
.015
.010
.013
.008
.009

2.07
2.08
1.82
2.45
1.86
1.95
2.40
2.83
2.51
2.94
2.71

89
88
86
77
71
62
61
46
41
28
15

44
23
10
68
36
6
73
100
78
100
100

74
68
60
56
45
42
37
27
23

74
87
85
100
100
86
27
75
100

79
70
70
53
50
42
41

93
71
100
86
87
40
89

Soils w i t h 1 6 - 2 5 % clay
12
13
14
15
16
17
18
19
20

.19
.17
.23
.16
.13
.15
.19
.12
.10

1.17
1.04
1.26
0.97
0.69
0.65
1.67
0.72
0.63

.014
.011
.011
.009
.008
.008
.024
.008
.008

2.44
2.76
2.70
2.83
2.97
2.92
2.48
2.94
3.06

Soils w i t h 26—35 % c l a y
21
22
23
24
25
26
27

.31
.35
.33
.34
.23
.23
.20

1.20
1.38
1.05
1.32
1.02
1.26
1.03

.011
.015
.017
.017
.015
.019
.009

2.70
2.64
2.74
2.65
2.81
2.49
2.92

• E s t i m a t e d non-exchaiîgeable K = U p t a k e of K b y o a t t o p s — (exch. K bei ore c r o p p i n g ch. K after c r o p p i n g ) .
** P e r 10 0 g r a m s .
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TABLE 2.

Correlation Coefficients.
Per cent uptake of K by oats (No K added X 100/K add»
Per cent clay in soils

All
soils

Criterion

Log Exchangeable K
Log K-saturation
Log Water-soluble K
p K - i p ( C a + Mg)

Less than
16

16-25

26-35

r

r

r

r

0.792**
0.707**
0.628**
-0.652**

0.847**
0.675*
0.794**
— 0.791**

0.734*
0.492
0.264
-0.590

0.786*
0.228
-0.108
-0.105

Water-soluble K X % K-saturation; r = 0.938**
Water-soluble K x p K - £ p (Ca -f Mg); r = -0.914**
pK—£p (Ca + Mg) x % K-saturation; r = —0.929**
* Significant at 5 % level.
** Significant at 1 % level.

TABLE 3. pK—ip (Ca + Mg) Ratios for Eleven Canadian Soils Before and After Croppi
4«

frVp/>V)hnij<:t>

Clay

Soil
1
2
3
4
5
6

p K - J p (Ca + Mg)

%

Before

After

6
8
9
10
11
12

1.82
2.81
2.69
2.58
2.01
3.20

3.86
3.08
2.89
3.03
2.98
3.11

Soil
7
8
9
10
11

Clay

p K - i p (Ca + Mg)

%

Before

After

15
16
18
29
36

2.63
1.85
2.58
2.77
2.74

2.92
2.63
,2.92
3.05
3.06

slightly in soils 4, 5 and 10, and increased it shghtly in soil 6. Addition of
KCl increased the concentration of K in solution, reduced the pK—£p
(Ca + Mg) ratios and increased per cent K-saturation of the soils. These
effects were marked in soils 4 and 5 but less pronounced in soils 6 and 10
which had a greater capacity to hold potassium in non-exchangeable form.
Addition of KCl increased the concentration of calcium and magnesium
in solution, the average increase for the 0.8 m.e. rate being 16 per cent.
Soils 4 and 5 were similar except that number 5 was better managed. The
difference in past management of these two soils was reflected in the greater
intensity of K in soil 5 than in 4 upon addition of KCl.
Effect of anion on K in solution: To assess the effect of anion on potassium in solution and on ratio function, KCl and K 2 C0 3 were added to
soils 3 and 7 (Table 3) and the samples were alternatively wetted and
dried at 70° C five times. Data for samples before cropping are given in
Table 5. In agreement with other results (4), concentrations of potassium
in solution were higher with the KCl than with the K 2 C0 3 treatments.
The ratio functions, however, were similar for the two anions.
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.BLE 4. Effect of Added Potassium on Intensity
Greenhouse.

Values of Soils Previously Cropped in

K added — m.e. 100 gm. soil
0

0.4

0.8

0

0.4

Loam 4
loluble K — millimoles/liter
) K - i p ( C a + Mg)
C-saturation — %
<. fixed* - %

Loam 5

0.22
2.42
1.80
68

0.06
2.96
0.51

0.37
2.09
3.32
65

0.06
2.83
0.65

Sandy loam 6
loluble K — millimoles/liter
> K - i p ( C a + Mg)
C-saturation — %
£ fixed* - %

0.03
3.26
0.53

0.8

0.05
3.04
0.91
87

0.33
2.17
2.86
53

0.90
1.75
5.49
48

Clay loam 10
0.08
2.88
1.09
90

0.08
2.96
0.66

0.09
2.89
0.96
84

0.14
2.67
1.11
88

Added K not replaced with IN. ammonium acetate.
.BLÉ 5.

Effect of Anion on K in Solution and pK — £p (Ca + Mg) Ratio.
Loam 7

Silt loam 3
K added m.e.
per 100 gm.
soil
0.2
0.4
0.8

Millimoles
K per liter

pK-èp
(Ca + Mg)

Millimoles
K per liter

pK-ip
(Ca + Mg)

KCl

K,CO,

KCl

K 2 C0 3

KCl

K s CO s

KCl

K.CO,

0.16
0.29
0.60

0.13
0.22
0.49

2.31
2.07
1.83

2.27
2.12
1.73

0.15
0.23
0.49

0.13
0.18
0.35

2.34
2.22
1.96

2.35
2.20
1.93
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SUMMARY

Concentration of potassium in solution, pK—£p (Ca -f- Mg) ratios a n d
per cent K-saturation of 27 Ontario surface soils were compared with uptake
of potassium by plants in pot tests. These criteria reflected differences in
past management of soils, b u t such measurements only were not satisfactory for assessing potassium supply in soils varying in amounts of nonexchangeable forms of potassium which contribute to plant uptake.
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In another experiment comprising 11 Canadian surface soils, cropping
reduced the intensity of soil potassium. Addition of potassium increased
the concentration of potassium in solution and per cent K-saturation, and
reduced the pK—£p (Ca + Mg) ratios, the magnitude of the change depending on past management and capacity of the soil to hold potassium
in non-exchangeable forms. K 2 C0 3 gave lower concentrations of potassium
in solution than obtained with KCl, but there was no anion effect on
pK—Jp (Ca + Mg) ratios.
RÉSUMÉ

Les concentrations de K en solution, les valeurs pK— £p (Ca+Mg) et
la saturation en K exprimée en pourcent de 27 sols de surface de l'Ontario
ont été comparées avec l'adsorption de K par des plantes dans des expériences en vases de culture. Ces différents critères reflétaient des différences
dans les traitements subis antérieurement par ces sols, mais à eux seuls ils
ne permettaient pas d'évaluer la réserve en K de sols dont les quantités
de potassium non échangeable, contribuant à la nutrition des plantes, était
variable.
Dans une autre expérience, effectuée sur 11 sols de surface Canadiens,les
cultures diminuaient ces valeurs d'intensité relatives au potassium du sol.
Une addition de potassium augmentait la concentration du potassium en
solution et le pourcentage de saturation en K, tandis que les valeurs de
pK— i p (Ca+Mg) diminuaient. L'ampleur des variations dépendait des
traitements antérieurs et de la capacité des sols de retenir du K sous forme
non échangeable. Le K 2 C0 3 donnait des concentrations de potassium en solution inférieures à celles induites par KCl, mais il n'y avait pas d'effet anionique sur les valeurs pK—J p (Ca+Mg).
ZUSAMMENFASSUNG

Von 27 Oberböden aus Ontario wurden die K-Konzentration in Lösung,
das pK—èp (Ca+Mg)-Verhältnis und das % K-Sättigung verglichen mit der
K-Aufnahme durch Topfpflanzen. Diese Ergebnisse wiederspiegelten Unterschiede in der vergangenen Bodenbehandlung; aber derartige Bestimmungen
waren ungenügend zur Anweisung des K-Düngungsbedürfnisses auf Böden,
die in der Menge von nicht-austauschbaren Kaliformen welche zur Pflanzennährung beitragen, variieren.
In einer anderen Versuchsreihe mit 11 Oberböden aus Kanada kam zum
Ausdruck, dass fortgesetzte Kultur die Aktivität des Bodenkalis verminderte.
K-Hinzufügung vermehrte die Konzentration des K in Lösung und das %
K-Sättigung; verminderte das pK—Jp (Ca + Mg)- Verhältnis. Die Grösse der
Änderung war von der früheren Behandlung und von dem Vermögen der
Böden, K in nichtaustauschbaren Formen festzuhalten, abhängig. K 2 C0 3
ergab niedrigere Konzentrationen von K in Lösung als KCl, aber es zeigte
sich kein Einfluss auf die pK—4p (Ca+Mg)— Verhältnisse.
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POTASSIUM IN T H E ACID SOD-PODZOL SOIL IN CONNECTION
W I T H P E C U L I A R I T I E S O F T H E CROPS CULTIVATED
by
A. V.

PETERBURGSKY*)

MATERIALS AND METHODS

T O study the changes potassium undergo in a regularly manured soil,
long-term field experiments were necessary. One of such experiments was
started in 1912 according to the scheme offered b y D. N. Prianishnikov on
the light-loamy acid, sod-podzol soil in the K. A. Timiriazev agricultural
Academy (Moscow). Together with F . V. Yanishevsky ** the author of
the present communication investigated the potassium forms following the
application of fertilizers during 43 years. Potassium content was measured
using flame photometer designed b y D. N. Ivanov. Three forms of potassium
in soil were studied: water-soluble, exchangeable and slightly-soluble.
By the time of soil sampling, the plots chosen at the beginning of the
experiment received the following fertilizers (kg/hectare): nitrogen-1445,
P 2 O s —1425 and K 2 0—2085 (1730 K ) .
POTASSIUM IN CONTINUOUS FALLOW

Interrelationship of potassium fertilizers with soil is more convenient
to study in fallow ground, since in this case the participation of high plants
is excluded (tabel 1).
ABLE 1. Increase in the content of various forms of potassium after the 43-year period of
application of fertilizers on continuous bare fallow, kg/hectare (potassium content
in the control plot subtracted)
K extracted
by 1.0 n ammonium acetate

K extracted
by water
Fertilizers

NPK
NK
PK
K

0-20
cm

20-40
cm

Total

90
123
102
123

99
144
84
66

189
267
186
189

0—20 2 0 - 4 0
cm
cm
549
459
549
489

363
378
288
348

Total
912
837
837
837

K extracted
by 10 % HCl
10-20 20-40
cm
cm
1125
700
1155
681

336
300
336
840

Total
1461
1000
1491
1521

The increase of various forms of potassium (table 1 ) in bare fallow clearly
shows t h a t there was a considerable migration of potassium, applied to
cultivated layer of soil (0—20 cm); a significant portion of this potassium
moved to underlying horizons. I t is hardly probable t h a t the applied
potassium was transformed in the soil into compounds insoluble in 10 %HC1.
I t was found t h a t the increase of the acid-soluble form of potassium, even
*) Chair of Agricultural and Biological Chemistry, K. A. Timiriazev Agricultural Academy, Moscow.
**) Junior research worker.
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in the 04—0 cm layer of soil does not exceed 88 % of the applied quantity.
Consequently, not less than 12 % of potassium was leached out of the 40 cm
soil layer. This process was particularly pronounced on the NK plot where
thanks to physiological and biological acidity of ammonium nitrate, increase of mobility of aluminum, drop of pH up to 4.0 and, as a consequence,
decomposition of the absorbing complex of the soil, were noted.
In the available for plants form even in the 40 cm layer only about
50 % of applied K was found (sum of water soluble and exchangeable K,
since both these forms are extracted by 1.0 n-solution of ammonium acetate).
Water-soluble K proper in the same layer constituted only 10.7—15.4 %
of the quantity applied during the lengthy period of time, and only 5.2—
7.1 % in the cultivated layer.
The amount of potassium fixed by the soil in the non-exchangeable
form may be found by subtracting the sum of exchangeable and watersoluble K from the acid-soluble K (table 2).
TABLE 2. Effect of fertilizers on fixation of potassium by soil.
Fertilizers applied
(Experimental plots)
Horizons,
cm

NPK

Average annual fixation
of K, kg/hectare

PK

NK

K

Fixed K from fertilizers,
kg/hectare
0-20
20-40

576
-27

606
48

241
-78

192
3

NPK

NK

PK

K

13,53
-0,62

5,60
-1,58

14,09
1,11

4,06
0,07

The data indicated above allow to draw the conclusion that fixation
of potassium in fact occurs in the plough layer of the soil, non-exchangeable
fixation of K being considerably lower on plots without superphosphate
application. Thus, if on plots without phosphorus 11.1—13.9 % of applied
K was fixed then on these to which superphosphate was applied transition
K into non-exchangeable form reached 33.3—35 %.
POTASSIUM UNDER WINTER RYE

AS may be expected, the concentrations of various forms of potassium
and in particular, water-soluble and exchangeable ones, under rye proved
to be considerable lower in comparison with those in the fallow, in spite
TABLE

3. Increase of content of various forms of potassium in soil with winter rye after
43-year period of application of fertilizers (kg/hectare; potassium content in t
control plot subtracted).
K extracted
b y 1,0 n ammonium acetate

K extracted
by water
Fertilizer

NPK
NK
PK
K
!>:;

K extracted
by 10 % HCl

0-20
cm

20-40
cm

Total

0-20
cm

20-40
cm

Total

0-20
cm

20-40
cm

Total

57
90
138
225

87
204
132
114

144
294
270
339

297
507
606
747

315
615
378
405

612
1122
984
1152

534
474
489
755

1023
840
690
645

1557
1314
1179
1400
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of the fact that amounts of potassium fertilizers applied during the 43-year
period in both cases were the same. Apparently, this results from the
plant's consumption of potassium (table 3).
To judge about the balance of potassium in soil in the result of application of potassium-containing fertilizers and their utilization by plants
we consider the uptake of potassium by winter rye over the whole 43-year
period assuming t h a t this crop assimilated only mobile potassium (watersoluble and exchangeable forms), the latter being obtained at the expense of
fertilizers (table 4).
^BLE 4.

Potassium balance in soil after application of fertilizers during a 43-year period
(potassium content in the control plot subtracted).
Sum of yields
(q/hectare)*

fertilizers

NPK
NK
PK
K

grain

straw

438.6
326.1
387.9
295.0

1935.0
1204.0
1032.0
903.0

Harvested K
(kg)

2463
2053
1324
955

K found
in soil
(in movable
form),'
kg/hectare

K assimilated from soil,
kg/hectare

Annual
mobilization
( + ) or fixation ( - ) of K
in soil
kg/hectare

826
926
59

4-19,20
4-21,53
4- 1,37
- 3,30

612
1122
984
1152

* 1 quintal = 100 kgs.
Analysis of the d a t a of table 4 allows to draw the conclusion that, except
the plot where only potassium fertilizers were applied, there was a considerable assimilation of potassium b y winter rye from non-exchangeable
form in the soil. For the 43-year period the amounts of soil K were as
follows (per cent of the total amount of K assimilated b y the crop for this
period): on N P K plot—33.5 % ; on NK plot—45.1 % ; on P K plot—4.4 % .
On the plot where potassium alone was applied there was a fixation of
K into non-exchangeable form, though not very significantly (3.3 kg, or
8.23 % of the quantity applied on the average for a year).
TABLE 5. Relationship between the losses of potassium in available form due to
fixation by soil and leaching below the 0 — 40 cm layer and mobilization of potassium
by winter rye below this layer.
Plot

K lost
kg/hectare

K mobilized
kg/hectare

K assimilated
below the 0—40
cm layer, kg

NPK
NK
PK
K

173
416
551
330

826
926
59

653
510

Collating the results of determining of potassium contents, i.e. that
dissolved in a 10 % hydrochloric acid (see table 3) and that assimilated b y
rye from soil (see table 4) we m a y conclude t h a t on N P K and N K plots
mobilization of potassium by the crop exceeds its losses on account of its
fixation and leaching below the 40 cm layer. But as far as the P K and K
plots are concerned, the leaching and fixation of potassium exceeded the
mobilization of potassium by the crop from soil (Table 5).
'.»4
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It will be reasonable to assume that on the first two plots the soil potassium was assimilated by the crop below the 0—40 cm layer, there being
little likelihood that potassium not soluble in 10 % HCl solution could be
absorbed by plants.
Thus, unlike the continuous fallow, on the NPK plot with continuous
winter rye K was fully utilized (applied in medium dose) and, besides, a
considerable portion of this cation was assimilated from soil, even from its
deeper horizons (i.e. below the 40 cm layer).
An intensive mobilization (utilization) of soil potassium by rye was
noted also on the NK plot, but due to phosphate deficiency the yield was
considerably lower as compared with that on the NPK plot; the PK plot is
characterized by the lowest utilization of soil potassium, although the
yields from this plot exceeded those obtained from NK plot and only slightly
inferior that from the NPK plot. Application of potassium fertilizers alone
gave the smallest yield and partial fixation of K by soil.
POTASSIUM UNDER

POTATOES

6. Increase of potassium content in soil following a 43-year period of application
fertilizers as compared with the unfertilized soil, kg/hectare (potassium conte
in the control plot subtracted).

TABLE

K extracted
by 1,0 n ammonium acetate

K extracted
by water
Fertilizers

NPK
NK
PK
K

K extracted
by 1 0 % HCl

0-20
cm

20-40
cm

Total

0-20
cm

20-40
cm

Total

0-20
cm

20-40
cm

Tota

12
42
30
78

2
9
12
15

14
51
42
93

75
219
174
243

-24
12
30
- 3

51
231
204
240

-36
294
495
525

-411
264
390
— 170

-447
558
10£
35£

As may be seen, amounts of this cation are very small in comparison
with those found in fallow or in soil with rye. In some cases in the sub-plough
horizon exchangeable and acid-soluble forms of potassium were found even
in lesser amounts than in the control plot. These indications point to the
fact that considerable consumption of potassium by potatoes was at the
expense of soil resources.
The decrease of potassium may be explained by its partial transformation
into more mobile forms utilized by the crop. Presumedly, this is associated
with the life activity of the potato plant, which is confirmed by the following circumstance: this transformation of the acid-soluble potassium is
most pronounced on the NPK plot where the average yield for the experimental period was the highest and assimilation of potassium by plant
the greatest.
To calculate an approximate balance of potassium in soil, as a resultant
of the quantities consumed by the plant and those applied with fertilizer,
we shall consider (as in the case with winter rye) assimilation of K by
potatoes for the 43-year period assuming that only mobile potassium was
assimilated (water-soluble and exchangeable), the latter being obtained
at the expense of fertilizers (table 7).
'.)',
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ABLE 7.
Fertilizer
NPK
NK
PK
K

Balance of potassium in soil in the result of application of fertilizers for potatoes.
Total
yield, q/*
hectare
Tubers

Tops

6059
4691
5474
4150

2021
1565
1823
1385

K content
in the
yield,
kg
2482
1696
2268
1336

Mobile K
found in
soil,
kg/hectare

K assimilated from
soil, kg/
hectare

51
231
204
240

803
197
742

Annual mobilization ( + ) or fixation (—) of K in
soil, kg/hectare
+
+
+
-

18.67
4.55
17.25
3.56

1 quintal = 100 kgs.
Higher requirements of potatoes in potassium nutrition as compared
with winter rye almost on all experimental plots accounted for practically
full utilization of all the potassium applied with fertilizers and considerable
mobilization of soil potassium on N P K and P K plots as well. Fixation of
potassium b y soil was noted only on t h e K plot, t h e magnitude of this
process being t h e same as on the analogous plot with rye. On t h e field occupied with potatoes no leaching of potassium applied with fertilizers outside
the 0—40 cm layer occurred. B u t without P background (NK plot) mobilization of soil potassium b y potatoes would be hampered, and in cases when
K alone was applied a partial disappearance of applied potassium from
mobile form was noted.
POTASSIUM CONTENT ON CONTROL (UNFERTILIZED) PLOTS

I n conclusion, mention should be made of potassium content on t h e
control plots (table 8) of fallow with rye and with potatoes, since t h e d a t a
of preceding tables showed variations in potassium content in comparison
with corresponding control plot.
'ABLE 8.

Forms of potassium on control (unfertilized) plots, kg/hectare.
K extracted by
1.0 n ammonium
acetate

K extracted
by water
Plot

Fallow
Rye
Potatoes

K extracted by
1 0 % HCl

0-20
cm

20-40
cm

Total

0-20
cm

20-40
cm

Total

0-20
cm

20-40
cm

Total

60,0
27,0
30,0

24,0
6,0
6,0

84,0
33,0
36,0

201,0
153,0
141,0

162,0
135,0
90,0

363,0
288,0
231,0

1875,0
1890,0
1680,0

2250,0
1425,0
1890,0

4125
3315
3570

If we take into account t h e fact t h a t potassium content in the total yield
of winter rye amounted to 519 kg, a n d in potato yield t o 1417 kg. then
low utilization of soil potassium by rye which h a d not received a n y fertilizer
becomes evident. T h e difference i n the acid-soluble potassium content on
the control plot of fallow a n d t h a t with rye constitutes 810 kg /hectare a n d
assimilation of K by this crop reached only 519 kg. Consequently, 291 kg
of K proved to be below the 0—40 cm soil layer or was transformed into
compounds not soluble in 10 % HCl.
The things were quite different on the potato plot. The loss of the acid-
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soluble K, in comparison with t h e fallow plot, was 555 kg/hectare, a n d
assimilations of K in t h e total yield — 1417 kg. Hence it m a y be concluded
t h a t potatoes assimilated 862 kg of K either from deeper horizons of subsoil or from compounds insoluble in 10 % HCl.
As far as indicated above phenomenon of potassium removal from applied
fertilizer below t h e 0—40 cm layer is concerned, already in 1955 we made
a suggestion, on t h e basis of preliminary data, t h a t this phenomenon results
from peptization of colloids (replaceably adsorbing potassium) a n d migration of t h e latter t o t h e deeper layers of t h e soil profile (2). Now we
possess experimental d a t a supporting this suggestion. I t was found t h a t
migration of soil colloids t o deeper layers was more pronounced on t h e
N K plot of fallow, t h a t is, where potassium leaching was t h e greatest (3).
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SUMMARY

I n bare continuous fallow a considerable migration of potassium (from
t h a t applied with fertilizers) to sub-plough horizon reaching approximately
20 % was established. About 15 % of potassium applied, apparently, moves
even below t h e 40 cm layer. The loss of potassium is particularly large on
the plot devoid of phosphorus fertilizers (NK plot) amounting to 42.3 % .
Fixation of potassium (transformation into unreplaceable form) occurs
in t h e plough layer a n d constitutes 11—14 % of applied potassium, on
P K and N P K plots fixation of potassium rises u p to 33—35 % .
Winter rye utilizes intensively potassium applied, and, with exception
of K plot, an additional absorption of potassium from soil takes place its
magnitude depending on accompanying fertilizers; on N P K and N K
plots 19—21 kg/hectare a year a n d on P K plot only 1.4 kg; application
of potassium alone results in its partial fixation b y soil in a non-exchangeable form (on t h e average 8.2 % annually).
Potatoes also fully utilize potassium applied with fertilizers and, above all,
absorb potassium from soil resources in t h e amounts (kg/hectare, on t h e
average, pro year): N P K plot — 18.7; P K plot — 17.3; N K plot — 4.6.
A marked impoverishment in potassium content of sub-plough horizon of
soil was observed. Fixation of potassium in t h e unreplaceable form takes
place on K plot and on t h e average reaches 8.9 % of applied potassium for a
year.
RÉSUMÉ

Il a été montré que dans un sol maintenu sous jachère nue, il existe une
migration considérable (pouvant atteindre les 20 % ) du potassium apporté
par les engrais, vers les horizons situés en dessous de la couche arable. 15 %
environ du potassium apporté semble même migrer plus bas que 40 cm. La
perte en potassium était particulièrement grande sur la parcelle qui n'avait
pas reçu de phosphore (la parcelle N K ) , et y équivalait à 42,3 % .
Une fixation du potassium (ou une liaison sous forme non échangeable)
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a lieu dans la couche arable et représente quelques 11—14 % du potassium
apporté; sur les parcelles PK et NPK cette fixation s'élevait à 33—35 %.
Le seigle d'hiver utilise de manière intensive le potassium appliqué, et
exception faite pour la parcelle K, il adsorbe en plus un supplément de potassium fourni par le sol dont la quantité dépend des autres engrais appliqués: sur les parcelles NPK et NK, ce supplément de potassium fourni par
le sol était de 19—21 Kg/Ha/année, sur la parcelle PK elle était de 1.4
Kg/Ha/année. Une application de potassium seul donne lieu à sa fixation
partielle sous forme non échangeable (8.2 % année en moyenne.).
Les pommes de terre font également un usage maximal du potassium,
aussi bien de celui apporté par les engrais que de celui fourni par le sol. Les
quantités moyennes fournies par le sol sont (exprimées en Kg/Ha/année):
18.7 pour la parcelle NPK, 17.3 pour PK et 4.6 pour NK. Un appauvrissement marqué de l'horizon situé immédiatement en dessous de la couche
arable est constaté. La fixation du potassium sous forme non échangeable,
observée sur la parcelle K, atteignait une valeur moyenne annuelle de 8.9 %
du potassium appliqué.
ZUSAMMENFASSUNG

Auf kahlem, in fortgesetzter Brache liegendem Land wurde von Kali,
zuvor mit Düngerstoffen zugefügt, eine erhebliche Wanderung nach dem
unter der Pflugsohle liegenden Horizont, annäherend 20 %, festgestellt.
Etwa 15 % des angewendeten Kalis scheint sich sogar bis unter die in 40 cm
liegende Bodenschicht zu bewegen. Der Kaliverlust ist besonders gross auf
den NK-Felden wo kein P zugegeben wurde, nämlich bis zu 42,3 %. Kalifixierung bis zu 11—14 % des angewendeten Kalis, findet in der gepflügten
Schicht statt; auf PK-und NPK-Parzellen steigt die Fixierung bis zu 33—
35 %.
Winterroggen nützt das gegebene Kali intensiv aus und, mit Ausnahme
der K-Parzelle, findet eine extra Absorption von K aus dem Boden statt,
deren Grösse von den nebenhergehenden Düngerstoffen abhängig ist;
nämlich 19—21 kg/ha pro Jahr auf NPK- und NK Parzellen und bloss 1.4
kg auf der PK-Parzelle. Anwendung von allein K läuft auf dessen teilweise
Fixierung (im Mittel 8.2 % jährlich) hinaus.
Kartoffeln nützen das in Düngemitteln gegebene Kali vollständig aus,
und überdies noch Boden-K; z.B. auf NPK-Parzellen 18.7 kg/ha auf PKParzellen 17.3 kg/ha; auf NK-Parzellen 4.6 kg/ha. Eine deutliche Verarmung
im Kaligehalt des Horizontes unter der Pflugsohle wurde beobachtet.
Fixierung von K in unauswechselbarer Form findet statt auf K-Parzellen bis
zu im Mittel 8.9 % pro Jahr des angewendeten Kalis.
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ESSAIS AGRONOMIQUES D'UN ENGRAIS NOUVEAU:
LE BICARBONATE DE POTASSE *
par
P. QUIDET, T. MASMEJEAN, J. GARAUDEAUX et H. CHEVALIER.

Des essais portant sur l'action du bicarbonate de potasse (46 % de K 2 0)
ont été organisés dans l'ensemble de la France, à partir de 1956.
Les premières études réalisées à la Station Agronomique d'Aspach (HautRhin), avaient amené à prévoir que, parmi les engrais potassiques, le
bicarbonate, grâce à la réaction alcaline de ses solutions et à l'instabilité
de son anion pourrait avoir un certain avantage en terre acide ou décalcifiée,
en relation avec la faible élimination de Ca qu'il y provoque.
Les essais les plus complets ont été implantés dans l'Ouest de la France
sur des sols sablo-humifères très acides, mais les différents sels de potasse
on été comparés, par ailleurs, dans des conditions et sur des cultures très
diverses.
Les tableaux suivants résument les résultats obtenus:
Moyenne générale des résultats des essais de Bicarbonate de potasse effectués en
France de 1956 à 1959.
Culture
A — Fumure avant
semis ou plantation
1°) En sols acides

Nombre
de
récoltes

Blé
Maïs
Pommes de terre
Carottes
Asperges
Lin
Tabac
Ray-grass + trèfle
Prairie naturelle

3
6
6
1
2
1
1
2
2

89

2°) En sols neutres
ou alcalins
Blé
Orge
Maïs
Riz
Pommes de terre
Haricots
Lentilles
Asperges
Tabac

2
1
3
2
8
3
1
1
1

90
96

B — Fumure en
couverture
Blé

5

N P

87
83
84
63

Rendements %
NPK
BicarChlorure Sulfate
bonate
96
101
97
96
100
105

111
99
102
97

88
88

95

105
105
95
99
106
102

88
92
90

99

97

98
106
97
99
104
116
104
100
99

100
100
100
100
100
100
100
100
100

100
100
100
100
100
100
100
100
100

100

*) Société Commerciale des Potasses d'Alsace, Mulhouse.
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L'étude d'ensemble des résultats de ces essais, réalisés en France depuis
4 ans, sur toutes sortes de cultures et dans des conditions rigoureuses, montre
qu'en moyenne les différents sels de potasse donnent des résultats très
voisins.
Cependant, en terre acide, le bicarbonate présente une légère supériorité
sur le chlorure. E n terre alcaline, on constate une tendance inverse.
Dans quelques cas particuliers, le bicarbonate a manifesté une assez
nette supériorité sur le chlorure, notamment en sol humifère très acide et
en l'absence d'amendement calcaire.
Dans un essai portant sur l'étude de l'interaction: forme de l'engrais
phosphaté forme de l'engrais potassique, il semble bien que l'alimentation
en P ait été favorisée par l'emploi du bicarbonate.
Dans les apports en couverture sur blé, le bicarbonate a également manifesté une certaine supériorité sur le chlorure. Les différences n'ont été en
moyenne, que de 1,2 ql, mais elles suffisent à rembourser largement la
différence de prix entre les deux sels.

II
Il y a lieu de noter que la plupart des essais précédents n'ont peut-être
pas encore duré assez longtemps pour que les différences soient assez
accentuées pour être mises nettement en évidence.
E n effet, un essai commencé en 1951 à la Station d'Aspach semble montrer
que, même en sol moyennement acide, l'emploi régulier de sels carbonates
peut conduire à la longue à des augmentations de rendements supérieures à
celles obtenues avec les autres sels.
Comparaison de longue durée de l'action de divers sels de potasse
Aspach-le-Bas : loess lehm : pH = 6,2
Rendements relatifs
Moyennes:

NP

sel carbonate

chlorure

sulfate

1951 à 1959
sans amendement
avec amendement

100
100

119
122

116
118

121
117

1955 à 1959
sans amendement
avec amendement

100
100

126
128

118
124

125
121

sel carbonate: carbonate jusqu'en 1954, bicarbonate depuis —
Rotation:
pomme de terre, blé, maïs, orge, betterave sucrière, blé
ray-grass d'Italie, blé —
Sur une période de 9 années, les formes carbonatées l'emportent sur le
chlorure et le sulfate mais faiblement. Cette supériorité semble s'affirmer
dans les dernières 5 années où le bicarbonate fut uniquement employé.
CONCLUSIONS

1. Les essais culturaux poursuivis avec le bicarbonate de potasse semblent
donc bien confirmer que cet engrais a sa place sur de nombreux sols acides,
notamment sur ceux pour lesquels l'éloignement des sources de matières
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premières fait préférer les engrais concentrés et où il y a un intérêt évident
à diminuer les pertes d'alcalino-terreux.
2. En outre, les résultats obtenus dans un essai de longue durée tendent à
montrer qu'il peut être plus avantageux de ralentir la désaturation du sol
par l'emploi du bicarbonate de potassium, plutôt que de recourir à des
recalcifications périodiques même modérées.
3. Des études de laboratoire faisant l'objet d'une communication à la
Ilème Commission, laisse prévoir que, dans certains cas, l'emploi du bicarbonate peut exercer des actions indirectes non négligeables. Des essais
portant sur leur étude, sont malheureusement encore trop récents pour
qu'il puisse déjà conduire à des conclusions valables.
RÉSUMÉ

Des essais de culture, effectués avec du bicarbonate de potassium, semblent indiquer que cet engrais a une valeur réelle pour beaucoup de sols
acides, surtout pour ceux qui sont fort éloignés des sources d'éléments nutritifs majeurs et pour lesquels on préfère donc les engrais concentrés, ou
bien encore pour les sols dont on veut limiter les pertes en éléments alcalinoterreux.
Les résultats obtenus au cours d'expériences de plus longue durée semblent montrer en outre qu'il serait peut-être plus avantageux de freiner la
lixiviation des sols par application de KHC0 3 plutôt que d'y pallier par des
chaulages périodiques, même modérés.
SUMMARY

1. Cultural experiments with potassium bicarbonate suggest that this
fertilizer has its place on numerous acid soils, notably on those for which
distance from sources of primary materials makes it preferable to use
concentrated fertilizers, or where there is evident interest in reducing
losses of alkaline earths.
2. Results of a long-term experiment tend to show that it may be better
to slow down the desaturation of the soil by using potassium bicarbonate
rather than to have recourse to even moderate, periodic reliming.
3. Laboratory studies which are the object of a communication to
Commission II suggest that in certain cases the use of potassium bicarbonate
may have not negligible indirect effects. Experiments bearing on their study
are unfortunately still too recent to allow useful conclusions to be drawn
from them.
ZUSAMMENFASSUNG

Kultur versuche mit Kaliumbikarbonat ausgeführt, scheinen zu bestätigen, dass diesem Düngemittel eine nennenswerte Würdigung zukommt auf
vielerlei sauren Böden, besonders auf solchen wo die Entfernung von Quellen
der Hauptnährstoffe den konzentrierten Düngemitteln Vorrang verleiht
oder wo zur Beschränkung von Verlusten alkalischer Erden Veranlassung
besteht.
Übrigens neigen die in einer Versuchsreihe längerer Dauer erhaltenen Resultate dazu, zu zeigen dass es vielleicht vorteilhafter ist, durch den Gebrauch
von KHC0 3 die Auslaugung des Bodens zu verzögern, als auf periodische,
selbst massige Kalkungen zurück zu greifen.
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DISCUSSION

R. BRADFIELD: What are the relative prices of KHCO, and KCl?
J. GARAUDEAUX: En France, le prix du bicarbonate est à peu près le même
que celui du sulfate, c'est-à-dire supérieur au chlorure. Il sera partout supérieur
à celui du chlorure puisqu'il est fabriqué à partir de ce sel. Actuellement, il
est impossible de fixer un prix pour chaque pays, mais il est nécessaire que
des essais soient poursuivis pour fixer les conditions d'emploi et évaluer les
besoins probables de l'agriculture dans les quelques années à venir.
A. W. PETERBURGSKEY: What is the price of the new fertilizer (KHCO,
in comparison with KCl?
J. GARAUDEAUX: Le bicarbonate de potasse est fabriqué à partir du chlorure.
Son prix est donc nécessairement supérieur. En France, il est égal à celui du
sulfate de potasse. En dehors de la France, il dépendra de la situation géographique et des besoins exprimés. Ceux-ci ne pourront être connus que lorsque
les agronomes auront poursuivi des essais tendant à préciser les régions et les
cultures où son emploi aura des avantages techniques sur celui des autres sels.
S. M. KING: Aux Etats-Unis, depuis beaucoup d'années la pomme de terre
a été fertilisée avec des engrais contenant du chlorure de potasse. Maintenant
on utilise plus souvent le sulfate de potasse parce qu'il augmente le poids
spécifique. Le bicarbonate de potasse peut-il augmenter le rendement et le
poids spécifique de la pomme de terre?
J. GARAUDEAUX: Des essais sont actuellement en cours. Le bicarbonate doit
être équivalent au sulfate si l'avantage de celui-ci est de ne pas contenir d'ions
Cl. Il peut lui être inférieur si le soufre du sulfate a une action secondaire positive.
M. STELLY: IS the reduction of Ca leaching by K s CO, a result of the alteration
of the physical structure of the soil or is it due to a chemical mechanism of some
sort?
J. GARAUDEAUX: Dans les essais en pots relatés, les quantités d'eau ayant
percolé à travers le sol étaient les mêmes pour tous les traitements. Les différences observées étaient donc bien à rapporter à un mechanisme chimique.
Il semble que dans les sols très humifères, le bicarbonate mène à la formation
d'humates de K, qui peuvent migrer et qu'il puisse ainsi avoir un effet indirect
sur la structure du sol.
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BEZIEHUNGEN ZWISCHEN LABILEM UND
PFLANZENAUFNEHMBAREM PHOSPHOR BEI EINIGEN
PHOSPHATEN, TONEN UND BÖDEN
von
O. MACHOLD*

Die Anwendung von 32P zur Untersuchung der Wechselwirkung zwischen
Bodenlösung und fester Phase hat zum Begriff des 'labilen Phosphats'
geführt, worunter man die Gesamtheit der Phosphationen der Bodenlösung und festen Bodenphase versteht, die sich in einem dynamischen
Gleichgewicht befinden. Austauschvorgänge dieser Art sind schon häufig
Gegenstand von Untersuchungen gewesen (1, 2, 3, 4, 5, 6), haben jedoch
infolge unterschiedlicher Versuchsmethodik nicht immer zu einheitlichen
Ergebnissen geführt. In den Arbeiten von Larsen (2) und Fried u. Dean
(3) wurde das labile Phosphat in Vegetations versuchen ermittelt und von
letzteren als A-Wert bezeichnet. Russell (7) schlägt vor, die auf diese
Weise gefundene Menge an labilem Phosphat mit L-Wert (nach Larsen)
zu benennen. Er selbst bestimmte das labile Phosphat durch Schütteln
einer bestimmten Bodenmenge in einer markierten Phosphatlösung und
nannte sein Ergebnis E-Wert (exchangeable phosphate). Das unter ähnlichen Bedingungen von Barbier (5) gefundene labile Phospat wird von
diesem als Mi-Wert bezeichnet. Bei allen Untersuchungen handelt es sich
jedoch im Prinzip um die Anwendung der gleichen Verdünnungsanalyse
in mehr oder weniger abgeänderter Form.
Der Gehalt eines Bodens an labilen Phosphationen dient sehr oft als
Maßstab zur Charakterisierung der pflanzenverfügbaren P208-Menge, wobei
man voraussetzt, daß alle austauschbaren Ionen auch pflanzenaufnehmbar
sind. Trifft dies zu, dann muß zwischen diesen beiden Größen eine gesicherte
Korrelation bestehen. Beziehungen zwischen labilem und pflanzenaufnehmbarem Phosphat wurden bereits von Dean (9) und Russell (8) bei Böden
untersucht. Russell konnte nur bei Böden gleicher Herkunft eine befriedigende Korrelation ermitteln. Um festzustellen, inwieweit die als labil
ermittelte Phosphatmenge pflanzenaufnehmbar ist und welche Korrelation
zwischen diesen beiden Größen besteht, wurde eine Reihe von Versuchen
durchgeführt.
MATERIAL UND METHODEN

Als Versuchsobjekt dienten neben verschiedenen Tonen und Böden
die nachstehend angeführten Phosphat Verbindungen, mit deren Vorkommen im Boden mehr oder weniger zu rechnen ist.
1. Eisen (III )phosphat
(FeP0 4 . 4 H 2 0)
2. Eisen(IIIjphosphat-Eisen(III)hydroxyd-Gemisch
(P 2 0 6 : Fe 2 0 3 = 1 : 2,44)
3. Eisen(III)hydroxydphosphat
(P 2 0 5 : Fe 2 0 3 = 1 : 2,04)
4. Strengit
F e P 0 4 . 2 H 2 0)
5. Aluminiumphosphat
(A1P04 . 3,5 H 2 0)
6. Aluminiumphosphat-Aluminiumhydroxyd-Gemisch
(P 2 0 5 : Fe 2 0 3 = 1 : 2,31)
7. Aluminiumhydroxydphosphat
(Pfis'- Fe 2 0 3 = 1 : 1,9)
8. Dicalciumphosphat
(CaHP0 4 . 2 H 2 0 purum)
* Aus dem Institut für Kulturpflanzenforschung, Gatersleben.

103

IV.15
9.
10.
11.
12.
13.
14.

Dicalciumphosphat
Tricalciumphosphat
Hydroxylapatit
Hydroxylfluorapatit
Hyperphosphat
Kolaphosphat

(CaHP0 4 . 2 H 2 0 p.a.)
(Ca3(P04)2 purum)
(3 Ca 3 (P0 4 ) 2 . Ca(OH)2)
(3 C a ^ P O ^ . CaF2)
(Renophosphat)

Von den reinen Chemikalien sind Nr. 1, 5, 8, 9 und 10 Handelsprodukte.
Die Darstellung der Phosphate Nr. 2 und 6 erfolgte nach Angaben von
Rathje (10) durch äußerst langsames Ausfällen von FeCl3 . 6 H 2 0 bzw.
A1(N03)3 . 10 H 2 0 mit KH 2 P0 4 bei 100° C und ständiger Neutralisierung
mit NaOH. Hydroxylapatit und Hydroxylfluorapatit wurden ebenfalls
nach Rathje bei 100° C durch Fällen von Ca(N0 3 ) 2 . 4 H 2 0 mit KH 2 P0 4
bzw. zusätzlich mit NaF hergestellt. Gegenüber Nr. 2 und 6 erfolgte bei
Nr. 3 und 7 die Ausfällung der gleichen Ausgangssubstanz bei 20° C.
Die auf diese Weise entstandenen Verbindungen unterschieden sich sowohl
hinsichtlich des NaOH-Verbrauches als auch ihrer Farbe von den tertiären
Phosphaten. Strengit wurde durch Hydrothermalsynthese bei 175° C aus
FeCl3 . 6 H 2 0 und H 3 P0 4 nach Scheffer und Mitarbeiter (11) dargestellt.
Zur Untersuchung der Frage, inwieweit sich die an der Oberfläche von
Tonen sorbierten Phosphate an den Austauschvorgängen beteiligen, wurde
Bentonit und Kaolinit mit verschiedener Kationenbelegung in die Untersuchungen einbezogen. Die Herstellung von Ca-Bentonit und Ca-Kaolinit
n
erfolgte durch wiederholtes Schütteln mit y^ CaCl2, bis in der Lösung kein
Mg mehr nachgewiesen werden konnte. Die NH4-Tone wurden durch Behandlung mit T^T HCl bzw. y^ CH3COONH4 gewonnen. Die Wiederholung
der Behandlung erfolgte so lange, bis keine Ca-Ionen mehr nachweisbar
waren. Der in Tab. 1 unter Nr. 7 angeführte NH4-Bentonit wurde zusätzlich
n
mit y^j Ammoniumeitrat behandelt, um nichtsilikatisch gebundenes
Eisen zu entfernen. Nach Auswaschung der nicht sorbierten Ionen mit
CCyfreiem Wasser und Trocknung im Vakuum über CaCl2 wurden je 25 g
der auf diese Weise vorbehandelten Tone 60 Std. mit 100 mg P 2 0 5 (als
KH 2 P0 4 ) geschüttelt, anschließend zentrifugiert und mit Wasser ausgewaschen. Ein Teil der Tone wurde feucht, der andere Teil nach Trocknung
bei 35° C weiterverarbeitet.
Die Bestimmung des labilen Phosphats erfolgte in Anlehnung an die
von Barbier (5) vorgeschlagene Variation der Verdünnungsanalyse *.
Es wird deshalb auch nachfolgend die von Barbier benutzte Nomenklatur
verwendet und die Gesamtheit des labilen Phosphats mit Mi bezeichnet.
Unter dem isotopisch austauschbaren Phosphat soll bei den vorhegenden
Untersuchungen die labile P 2 0 5 - Menge der festen Phase und unter dem
isotopisch verdünnbaren Phosphat die in Lösung gegangene P206-Menge
verstanden werden. Zur Bestimmung von Mi wurden bei den Phosphatverbindungen Substanzmengen mit 100 mg P 2 0 6 eingewogen und mit 250
ml H 2 0 versetzt. Nach 4 Std. erfolgte die Zugabe von 50 ml einer 32 PLösung höher spezifischer Aktivität (mit 0,1—0,2 mg P 2 0 5 ). Die bei
neutraler Reaktion durchgeführten Versuche erhielten abgekochtes H 2 0,
n
das mit wenigen Tropfen j^x NaOH auf pH 7 gebracht worden war. Der
* Mi = (-.m) — Mr Siehe Barbier (5, S. 938).
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pH-Wert der radioaktiven Lösung betrug ebenfalls 7. Ein Teil der Versuche
wurde mit C02-gesättigtem H 2 0 bei pH 4,1 durchgeführt. Um zu ermitteln,
inwieweit die Teilchengröße die Menge des labilen Phosphats beeinflußt,
wurden je 5 g der Substanz eine Std. intensiv gemörsert und in gleicher
Weise untersucht.
Die Bestimmung des P205-Gehaltes erfolgte mit Ammonium-VanadatMolybdat. Da bei einigen Phosphaten nur sehr wenig P 2 0 5 in Lösung ging,
wurde die von Kurmies (12) vorgeschlagene Methode zur Ermittlung
kleinster P205-Mengen mit Vanadat-Molybdat verwendet.
Die Phosphataufnahme durch Pflanzen sollte in den vorliegenden Versuchen möglichst intensiv sein, um Maximalwerte zu erhalten. Es wurde
deshalb das pflanzenaufnehmbare P 2 0 B nach der Neubauer-Methode bestimmt. Um zu verhindern, daß an Pflanzenwurzeln anhaftende Phosphationen die Ergebnisse verfälschen, wurde das Arbeitsverfahren von
Lederle (13) gewählt. Die Einwaage betrug bei den Phosphaten und Böden
100 mg P205/Gefäß und bei den Tonen 25 g Substanz/Gefäß.
VERSUCHSERGEBNISSE UND DISKUSSION

Der Anteil des labilen Phosphats in Lösung — im vorliegenden Bericht
als isotopisch verdünnbares Phosphat bezeichnet — ist theoretisch zu 100 %
pflanzenverfügbar. Betrachtet man dagegen die austauschbaren Phosphationen der festen Phase, so ist es sehr unwahrscheinlich, daß diese
Fraktion insgesamt aufgenommen werden kann, da die Bedingungen für
einen Isotopenaustausch zwischen Ionen der gleichen Art günstiger sein
müssen als Austauschvorgänge zwischen verschiedenartigen Ionen, die
neben reinen Lösungsvorgängen bei der Nährstoffaufnahme durch die
Wurzeln sicher eine wichtige Rolle spielen. Wie aus Tab. 1 ersichtlich ist,
sind die unter Versuchsbedingungen, d.h. 100 mg P 2 0 5 in 300 ml H 2 0,
nach 250 bzw. 500 Std. ermittelten Werte für Mi bei 21 von 24 Proben z.T.
um das Mehrfache größer als die Menge an pflanzenaufnehmbarem P 2 0 5 .
a
Die in Spalte c angegebenen Quotienten T lassen erkennen, daß bei Hypersphosphat and Tricalciumphosphat Mi sogar etwa 10 mal so groß ist.
Nur bei Kolaphosphat, Strengit und Hydroxlapatit ist v < 1. Hierbei
ist jedoch zu berücksichtigen, daß die Werte für das pflanzenaufnehmbare
Phosphat bei Kolaphosphat und Strengit nur wenig oberhalb des Blindwertes liegen und deshalb mit einem großen Fehler behaftet sind. Es ist
deshalb bei diesen beiden Phosphaten sehr fraglich, ob der pflanzenaufnehmbare Anteil tatsächlich grösser ist als Mi. Hydroxylapatit hat demnach als einzige der untersuchten Verbindungen einen Quotienten, der im
vorliegenden Versuch sehr wahrscheinlich etwas kleiner als 1 ist, da auch
bei der gemörserten Probe etwa der gleiche Wert gefunden wurde.
Wird das labile Phosphat im Vegetationsversuch bestimmt, dann sind
die Bedingungen für den Isotopenaustausch meist ungünstiger und die
Werte liegen etwas tiefer als im Schüttelversuch. Andererseits ist die
Phosphataufnahme in einem Gefäß mit mehreren kg Boden nicht so intensiv wie im Neubauerversuch, so daß im Vegetationsversuch die Werte
für das labile Phosphat ebenfalls höher sein dürften (8). Es ist also wenig
sinnvoll, die Menge des isotopisch verdünnbaren und isotopisch austauschbaren P 2 0 5 als pflanzenaufnehmbaren Bodenvorrat zu bezeichnen. Die
Pflanzen decken sehr wahrscheinlich ihren gesamten Bedarf aus diesem
Reservoir, können aber innerhalb einer Vegetationsperiode immer nur
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TAB 1. Vergleich zwischen den Mengen an austauschbarem und pflanzenaufnehmbarem
bei Phosphaten, Tonen und Böden.
a.
Substanz

Mijoo

mg P a 0 6
A. Phosphate
1. Fe"l-Phosphat
2. FeHl-Phosphat-HydroxydGemisch
3. FelH-Hydroxydphosphat
4. Strengit
5. AI-Phosphat
6. Al-PhosphatAl-Hydroxyd-Gemisch
7. Al-Hydroxydphosphat
8. Dicalciumphosphat
9. Decalciumphosphat
10. Tricalciumphosphat
11. Hydroxylapatit
12. Hydroxylfluorapatit
13. Hyperphosphat
14. Kolaphosphat
B.
1.
2.
3.
4.
5.
6.
7.

Tone
Ca-Kaolinit
Ca-Kaolinit (getrocknet)
NH 4 -Kaolmit
NH 4 -Kaolinit (getrocknet)
Ca-Bentonit
NH 4 -Bentonit
NHj-Bentonit *

C. Böden
1. Schwarzerde
2. Buntsandsteinverwitterungsboden
3. Muschelkalkverwitterungsboden

b.
Pflanzenaufnehmbar nach
Neubauer
mg P . O ,

c.

d.

a

TT

a «
b

27,93±0,38

9,45±0,39

2,90

2,31

29,95±0,3ö
32,38 ±0,88
0,10±0,01
33,15±0,74

9,57±0,28
12,65±0,29
0,13±0,11
10,62±0,30

3,13
2,55
0,79
3,12

2,30
2,45
0,51
2,51

22,22±0,48
39.85±1,53
20,67±0,14
16,88±0,19
78,55±1,47
2,39 ±0,02
2,15±0,01
13,73±0,59
0,22±0,01

8,03±0,10
12,18±0,22
11,16±0,36
9,31 ±0,07
7,70±0,13
2,45±0,10
1,90±0,20
1,41±0,20
0,44 ±0,22

2,77
3,27
1,85
1,81
10,20
0,98
1,13
9,74
0,49

2,64
2,65
1,80
1,25
6,69
0,94
1,36
6,45
3,02

48,20 ±0,34
43,70±0,37
22,12±0,03
22,60±0,26
94,11 ±4,25
39,16±0,30
36,86±2,05

25,32±0,05
23,20±0,24
17,68±0,18
14,31±0,16
18,54±0,88
24,22±0,51
21,18±0,15

1,90
1,88
1,25
1,58
5,08
1,62
1,74

16,94±0,30

3,92±0,34

4,32

22,76±0,37

4,16±0,15

5,47

20,79±0,34

6,36±0,50

3,27

Mi 2 S 0

* Ein Teil des nichtsilikatisch gebundenen Fe mit ^7; Ammonzitrat entfernt.
** Verhältnis A:b bei gemörserten Phosphaten.
einen Teil davon aufnehmen. Mit der Bezeichnung 'labiles Phosphat'
scheinen die mit Hilfe der Verdünnungsanalyse ermittelten Werte tatsächlich am besten charakterisiert zu sein.
Bei der Bestimmung des labilen Phosphats wird im allgemeinen angestrebt, ein Gleichgewicht zwischen den Ionen der Außenlösung und denen
der festen Phase zu erreichen, d.h., daß die spezifische Aktivität des isotopisch verdünnbaren Phosphats genau so groß ist wie die des isotopisch
austauschbaren. Dieser Gleichgewichtszustand läßt sich in den meisten
Fällen erst nach sehr langer Reaktionszeit erreichen. In der Tab. 2 sind
auszugsweise die Werte für Mi von einigen Phosphaten in Abhängigkeit
von der Reaktionszeit und der Behandlungsart angegeben.
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3. 2. Die Menge an labilem P 2 0 6 in Abhängigkeit von Behandlungsart und Reaktionszeit
(mg P.O,)-

jin-Phosphat
(1)
»ni-Hydroxydphosphat
(3)
[-Phosphat
(5)
icalciumphosphat (8)
-icalciumphosphat ( 10 )
yperphosphat
(13)

Standversuch

Schüttelversuch

Substanz
(100 mg P a O s )

MiS5„

MiM0

Mi860

Mi600

21,48±0,02

27,93±0,38

18,14±0,03

23,35±1,41

25,60 ±0,49
20,76±0,26
18,84±0,03
63,16±3,06
ll,51±0,7ö

32,38±0,88
33,15±0,74
20,67±0,14
78,55±1,47
13,73±0,59

21,29±0,36
15,45±0,22
18,70±0,19
12,48±2,39
4,32±0,28

26,45±0,40
23,81±0,38
19,48±0,25
13,96±2,74
7,23±0,34

Wie zu ersehen ist, sind die Werte für Mi in allen Fällen nach 500 Std.
größer als nach 250 Std. Selbst nach 500 Std. h a t t e der Isotopenaustausch
noch kein Gleichgewicht erreicht. Neben der Reaktionszeit hat auch die
Behandlungsart der Proben einen erheblichen Einfluß auf die Größe von Mi.
Durch Schütteln der Proben in einer Schüttelmaschine lagen die Werte
für Mi in allen Fällen höher als die im Standversuch ermittelten, in dem
die Proben bei gleicher Reaktionszeit täglich einmal mit der H a n d umgeschüttelt wurden (Tab. 2).
Die H-Ionenkonzentration der Ausgangslösung wirkte sich erwartungsgemäß besonders auf die labile Fraktion der Ca-Phosphate aus, wo die
Werte für Mi bei C0 2 -gesättigtem H 2 0 deutlich höher lagen (Tab. 3).
B. 3. Die Menge an labilem P 2 0 5 in Abhängigkeit von pH-Wert und Teilchengröße (mg P 2 0 6 ).
Ausgangslösung
Substanz
(100 mg P 2 0 6 )

eUl-Phosphat
(1)
'eiii-Hydroxydphosphat (3)
1-Phosphat
(5)
»icalciumphosphat
(8)
'ricalciumphosphat
(10)
[yperphosphat
(13)

CO a -gesättigtes
H 2 0 (pH 4)
Mi.5„
17,50±0,04
24,86 ±0,23
14,50±0,23
45,99±0,25
25,80±0,57
7,46±0,27

Gekochtes H 2 0 (pH 7)
ML
18,14±0,03
21,29±0,36
15,45±0,22
18,70±0,19
12,48±2,39
4,32±0,28

Mi2
17,23±0,43
18,31±0,20
17,06±0,35
22,03±0,25
51,10±0,81
S,01±0,12

gemörserte Phosphate
Eine Abhängigkeit des labilen Phosphats von pH-Wert und Teilchengröße konnte besonders bei Tricalciumphosphat festgestellt werden, wobei
anzunehmen ist, daß diese in dieser chemischen Form sowieso sehr fragliche
Verbindung in wässriger Lösung Umsetzungen erfährt.
Aus den angeführten Versuchen ist ersichtlich, daß die labile Fraktion
einer Phosphatverbindung je nach Versuchsanstellung von vielen Faktoren
beeinflußt wird. Vergleichbar sind deshalb immer n u r Werte, die unter
gleichen Bedingungen ermittelt wurden.
Inwieweit das labile Phosphat als Kriterium für die Phosphatversorgung
der Pflanzen herangezogen werden kann, hängt davon ab, welche Beziehungen zwischen dieser Größe u n d dem durch die Pflanzen aufnehmbaren
Phosphat bestehen. U m diese Frage zu untersuchen, wurden die nach
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verschiedener Reaktionszeit ermittelten Werte den durch Roggenpflanzen
im Neubauerversuch aufgenommenen Phosphatmengen gegenübergestellt
und die Korrelationskoeffizienten errechnet. In Abb. 1 sind die nach 500
Std. bei neutraler Reaktion gefundenen Mi-Werte und die dazugehörigen
pflanzenaufnehmbaren P206-Mengen in ein Koordinatensystem eingetragen.
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Abb. 1: Beziehungen zwischen pflanzenaufnehmbarem und labilem P 2 0 6 nach
500 Std. Reaktionszeit bei Phosphaten (pH 7).
Es ergibt sich ein Korrelationskoeffizient von r = -\- 0,623. Der Zufallhöchstwert von r beträgt bei 10 Freiheitsgraden und einer Grenzwahrscheinlichkeit von 0,01 % = 0,82, bei einer Grenzwahrscheinlichkeit von
0,27 % = 0,78 (14). Diese relativ schlechte Korrelation wird durch den
hohen Mi-Wert von Tricalciumphosphat verursacht. Läßt man diesen Wert
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Abb. 2: Beziehungen zwischen pflanzenaufnehmbarem und labilem P 2 0 6 nach
500 Std. Reaktionszeit bei Tonen (pH 7).
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unberücksichtigt, so ergibt sich ein Korrelationskoeffizient von r = + 0,919.
Ahnlich liegen die Verhältnisse bei den Tonen mit verschiedener Kationenbelegung (Abb. 2). Auch hier wird nach 500 Std. ein sehr hoher Mi-Wert
für Ca-Bentonit gefunden, der in keinem Verhältnis zum pflanzenaufnehmbaren Phosphat steht, so daß sich infolge der geringen Anzahl der Versuchsglieder ein Korrelationskoeffizient von r — -f- 0,160 ergibt. Ohne
diese Werte für Ca-Bentonit beträgt r = + 0,935.
Wird die Reaktionszeit bei der Bestimmung des labilen Phosphats bei
gleichem pH-Wert auf 250 Std. gekürzt und werden die Proben täglich
nur einmal mit der Hand umgeschüttelt, so liegen die Mi-Werte ganz
allgemein niedriger (Tab. 2). Die Korrelation ist jedoch wesentlich besser,
wie aus Abb. 3 ersichtlich ist. Der Korrelationskoeffizient beträgt r =
•f 0,962 und ist selbst bei einer Grenzwahrscheinlichkeit von 0,01 % hoch
gesichert.
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Abb. 3; Beziehungen zwischen pflanzenaufnehmbarem und labilem P,0 5 nach
250 Std. Reaktionszeit bei Phosphaten (pH 7).
Die Reaktionszeit von 250 Std. (ohne Schüttelmaschine) ergab unter
den vorliegenden Versuchsbedingungen die beste Korrelation. Dies bedeutet allerdings nicht, daß diese Zeit bereits optimal ist. Die Reproduzierbarkeit der einzelnen Werte war ebenfalls bei der Versuchsdurchführung
ohne Schüttelmaschine am besten, da die Drehzahl der Schüttelmaschine
ziemlichen Schwankungen unterworfen war. Die Bestimmung des labilen
Phosphats als Kriterium für die pflanzenverfügbare Phosphatmenge ergibt
also auch bei der beschriebenen Versuchsanstellung brauchbare Werte, so
daß — wie bereits von Russell (8) angeführt wurde — auf den wesentlich
umständlicheren Vegetationsversuch für diese Zwecke verzichtet werden
kann.
Aus den angeführten Ergebnissen ist ersichtlich, daß die Ermittlung des
labilen Phosphats zum Zeitpunkt des Isotopen-gleichgewichts für die
Beurteilung der Pflanzenverfügbarkeit wenig Sinn hat, da die bei einigen
Phosphaten sehr langsam austauschenden Fraktionen von den Pflanzen
nur zu einem geringen Teil aufgenommen werden können. Zur Charaktierisierung des pflanzenaufnehmbaren Phosphats scheint weniger die gesamte
Menge des labilen Phosphats entscheidend zu sein, als vielmehr die schnell
austauschende Fraktion.
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ZUSAMMENFASSUNG

Die Mengen a n labilem u n d pflanzenaufnehmbarem Phosphat wurden
bei verschiedenen reinen Phosphaten, Tonen u n d Böden untersucht u n d
miteinander verglichen. Bei 21 von 24 Proben war das labile Phosphat z. T .
wesentlich größer als das pflanzenaufnehmbare, so daß diese beiden Fraktionen nicht gleichzusetzen sind. Auf die Menge des labilen Phosphats h a t t e
außer der Reaktionszeit auch die Teilchengröße, der pH-Wert der Ausgangslösung u n d die Behandlungsart einen Einfluß. Die Korrelation zwischen
labilem u n d pflanzenaufnehmbarem Phosphat war dann a m besten, wenn
das labile Phosphat nach 250 Std. bestimmt wurde. Der Korrelationskoeffizient betrug hier r = + 0,962 u n d war selbst bei einer Grenzwahrscheinlichkeit von 0,01 % hoch gesichert. Eine längere Reaktionszeit
(500 Std.) ergab einen schlechteren Korrelationskoeffizienten u n d dürfte
deshalb zur Charakterisierung der Pflanzenaufnehmbarkeit der Phosphate
weniger geeignet zu sein.
SUMMARY

The amounts of labile a n d plant-available phosphate in different pure
phosphates, clays a n d soils were investigated and compared with each other.
In 21 out of 24 samples t h e labile phosphate was considerably greater t h a n
the plant-available, so these two fractions cannot be regarded as identical.
Besides t h e reaction time, t h e particle size, t h e p H value of t h e starting
solution and t h e method of treatment h a d an effect on the amount of labile
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phosphate. The correlation between labile and plant-available phosphate
was best when labile phosphate was determined after 250 hours. The
correlation coefficient r was here + 0,962 and was highly significant even
with a probability of 0,01 %. A longer reaction time gave a poorer correlation
coefficient, and was therefore less suitable for characterizing the availability
of the phosphate.
RÉSUMÉ

Les quantités de phosphate labile et de phosphate assimilable ont été déterminées et comparées pour plusieurs phosphates purs, argiles et sols.
Pour 21 échantillons sur 24, la teneur en phosphate labile dépassait de façon
significative la teneur en phosphate assimilable, de sorte que ces deux fractions ne peuvent pas être considérées comme équivalentes. La quantité de
phosphate labile mesurée est influencée par le temps de réaction mais aussi
par la grosseur des particules, le pH initial de la solution et la technique
opératoire. La corrélation entre phosphate labile et phosphate assimilable
était la meilleure quand le phosphate labile était déterminé après 250 heures.
Dans ce cas le coefficient de corrélation était de r = 0.962, même pour une
probabilité limite de 0.01 %. Un temps de réaction plus long (500 heures)
donne lieu à des coefficients de corrélation moins favorables et semble donc
moins indiqué pour caractériser l'assimilabilité des phosphates par les végétaux.
DISCUSSION

L. D. BAVER: What did you do to improve correlation in slide 3?
O. MACHOLD: Reduced the reaction time only.
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REALISTIC DETERMINATION OF NUTRIENT REQUIREMENTS
OF SOILS THROUGH EXTENSIVE RANDOM SIMPLE
EXPERIMENTS ON FARMERS' FIELDS
by
H . N . MUKERJEE

Land and Water Development Division, Food and Agriculture Organization
of the United Nations, Far East Regional Office, Bangkok, Thailand
INTRODUCTION

Most countries of the Far East produce less food-grains than they consume
and this deficit is continuously increasing due to a rapid increase in population e.g., in India alone, five million new mouths have to be fed every
year. Generally, the crop yields per acre in the region are very low and if
not improved at an early date, even the present food-surplus countries
would become deficit in the near future. This deficit would not only be
confined to food crops but would equally apply to fibre and fodder crops
and would pose a grave threat to the economy of the region.
Experiments have shown that the yields per acre in all these countries
may be considerably increased by replacing the present traditional methods
of agriculture by modern technological advances. Of the different techniques
in general use for improving crop production, fertilizers even if used alone
have been found to be extremely effective in increasing yields. In countries
like Japan, Korea and Taiwan where adequate fertilizer use has been
adopted by farmers in general farming practice, the yields are much higher
than the other countries (vide Table 1). When fertilizer supplies were
cut off during World War II in these countries, the yields declined to almost half of the normal.
TABLE 1. Fertilizer Consumption in different countries of the Far East, 1956 — 57.
Country
Borneo
Burma
Cambodia
Ceylon
China (Taiwan)
Hongkong
India
Indonesia
Japan
Korea (South)
Laos
Malaya
Pakistan
Philippines
Thailand
Vietnam

N, P a 0 6 and K a O
consumed in kilograms per hectare

yield of paddy in
100 kilograms
per hectare

0.6
0.1
0.4
23.6
155.7
71.4
1.1
2.0
274.8
116.5

11.4
16.0
11.9
13.2
28.4
29.7
13.6
17.0
42.2
22.9
10.0
21.9
15.1
12.1
14.3
13.4

—.

9.3
1.3
8.3
0.8
3.1
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Efforts are being made by the Governments of the low fertilizer-consuming
countries viz. Burma, Cambodia, Ceylon, India, Indonesia, Laos, Malaya,
Pakistan, Philippines, Thailand and Vietnam, in varying degrees, to increase fertilizer use, but there are a number of factors which stand in the
way of achieving the objective quickly. Cost of fertilizers is high in these
countries because supplies are limited due to lack of sufficient internal
production and paucity of foreign exchange for adequate importation.
Hence the lack of guaranteed minimum prices for the produce considerably
reduces the margin of profit in fluctuating markets. Even under these
conditions fertilizer use pays under many soil conditions, but the lack of
ready cash with farmers and suitable credit facilities, diffficulty of transporting fertilizers to remote villages due to lack of allweather communications, lack of exact knowledge about the nutrient needs of different
crops in the rotation under different soil conditions, and the absence of
extensive extension services for educating and demonstrating to all the
farmers on their own fields, the economic benefits to be derived from the
correct use of fertilizers, have acted as brakes in the way of extensive
fertilizer use.
Judged in the light of the above perspective, it would appear that the
Soil Scientist in the Far East should determine the nutrient requirements
of different crops under different soil conditions, with the greatest possible
degree of accuracy, so that the Governments may make the best use of
the limited amounts of fertilizers for producing the maximum amount of
crops and the farmers may use their slender cash resources to the best
economic advantage by not wasting any money on fertilizers which are
not absolutely essential for giving profitable yield-increases on a longterm basis.
In short, because of the favourable cost/price ratio of fertilizers and
agricultural produce in the Western countries and Japan, the farmers can
afford to over-fertilize, for safeguarding maximum profitable yields, but
in the Far Eastern countries this is not economically feasible and Soil
Scientists should be prepared to advise the farmers more accurately.
Accurate determination of nutrient needs of different crops in the rotation under different soil conditions and for different types of seasons
is a very difficult problem. The author has therefore tried to develop a
technique through which it may be possible to get as near the truth as
possible.
HISTORICAL

In 1943, the author working in Bihar State, India, came to the conclusion that the available knowledge at the time, was not realistic enough
for basing sound advice to the farmers about the economic use of manures
and fertilizers. This was because the available data consisted of the results
of field fertilizer experiments conducted on only eighteen Government
Experimental Farms which could not possibly represent over eighteen
million acres of cultivated land, with any degree of realism. The soils of
Bihar are very heterogeneous, being derived from a variety of parent materials and the differences are further accentuated by violent fluctuations
in topography, resulting in ever-changing water-regimes within short
distances. It was therefore apparent that the existing Government Farms
represented only an insignificant fraction of the soil conditions found
in the different parts of the State. Again, the soils of the Government
Farms did not even represent the farmers' soils across the fence, because the
former had been subjected to better management, liberal application of
manures and fertilizers over the years, pump irrigation etc., whilst the latter
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were being cultivated according to centuries' old traditional methods and
the levels of management differed from farmer to farmer and field to field.
The farmers' lands had generally received no manures or fertilizers, except
for some lands near the villages, which were being more intensively
cultivated for cash crops.
In addition to the field fertilizer trials on the Government Experiment
Farms, the chemical analysis of soils from individual farmers' plots was
also being used as a guide for fertilizer recommendations. The interpretation
of the soil analysis data was however based on completely arbitrary standards, because no extensive correlations had been worked out between the
nutrient content of soils under different environments and the actual crop
response obtained to added nutrients.
Having shown that the existing methods were not suitable for giving
sound advice to the farmers for different crops under different soil conditions, the author suggested that the only rational way to obtain reliable
data for advising farmers about the economic use of manures and fertilizers,
was to carry out a number of simple fertilizer trials on random sites on the
farmer's own plots, in the different soil-water regimes of the State. As these
trials would be located on the fields of farmers, their design should be very
simple viz., the number of treatments should be small and there should be
no replications on the same site. For advisory purposes, the objective is
to obtain a reliable estimate of the average response of crops to applied
nutrients and hence to collect such information, the above simple experiments should be located at random in sufficient numbers under each set of
fairly homogeneous soil-water management conditions. In addition to
getting a correct idea about crop responses under diverse conditions, the
chemical analysis of the soils from each experimental site would afford
extensive data for working out correlations between such analyses and the
actual crop response which was not possible from the limited number of
experiments on experiment stations. Along with these, the examination of
the soil profile and the physical characteristics of the different horizons
at each site, would afford enough information for the correct interpretation
of the field data and drawing up of reliable average fertilizer recommendations for different soil-type-management conditions with confidence. Apart
from the average recommendations for homogeneous soil conditions, more
specific recommendations can also be given for individual farmers' plots
by the soil-testing laboratories, on the basis of the above correlations worked
out between the chemical soil analysis and crop response.
Although some fertilizer experiments have been carried out on the fields
of farmers in the past in many countries, they have been mainly of the
conventional type, viz., a limited number of replicated experiments on
arbitrarily selected sites as are conducted on experimental farms. Such
experiments are useful for indicating the degree of variation under different
soil conditions of the results of experiments conducted on the experimental
farms, but are not suitable for assessing the average nutrient requirements
of homogeneous soil units. For the latter purpose, the technique mentioned
above appears to be more suitable viz., the random samlping of homogeneous
soil units through a large number of simple unreplicated fertilizer trials
on the fields of farmers.
A project on the above lines was published in 1945 (1), but field work
could only be started in 1948, due to delay in financial sanction. Over
50,000 simple fertilizer experiments on farmers' fields have been conducted
up-to-date in Bihar, since 1948, on 18 crops viz., paddy, maize, mania, urid,
barley, wheat, gram, rahar, potato, tobacco, chillies, weetpotato, peas,
masoor, khesari, jute, turmeric and ginger. The tempo of experimentation
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has gone up from 992 in 1948 to over 19,000 during the current year.
EXPERIMENTAL

The details of the technique and the results obtained in the Bihar work
have been published from time to time (2, 3, 4, 5, 6, 7, 8, 9, 10). In addition
to the above English publications, a large number of pamphlets giving local
fertilizer recommendations in Hindi, have also been published. A brief
account of the technique used in Bihar is presented below.
Organization of the Experiments
The experiments in Bihar were carried out by personnel, specially
appointed for the purpose. The total number of such personnel including
field and office staff, was 66 in 1948, 132 in 1949, 193 in 1950, 196 in 1951
to 1955, 259 in 1956, 341 in 1957, 431 in 1958, and 536 in 1959.
Field Assistants formed the back-bone of the project, for they were
responsible for actually carrying out the experiments in the farmers' fields.
Their work was supervised by the controlling and supervising staff, and
from the second year the local extension officers were also made responsible
for the supervision of the accuracy of the work of the Field Assistants.
Technical programme of work
(i) To carry out simple fertilizer experiments on farmers' fields located
on random sites extensively distributed under different soil conditions,
with the object of advising the farmers on the economic use of manures and
fertilizers on different crops.
(ii) To examine the soil profiles at each experimental site in order to
classify the results on the basis of homogeneous soil characteristics.
(iii) To carry out the chemical analysis of soils from each experimental
site in order to work out correlations between the soil composition and
crop responses, with a view to giving a more specific advice to individual
farmers, through the chemical analysis of the soils of their fields, in soiltesting laboratories. Such advice should prove to be more economical than
the average recommendations worked out from the data collected under
item (i).
Number of trials
Each field assistant carried out six experiments on a particular crop
and a total of thirty experiments on 5 crops during a year. If less number
of crops were being grown in the field assistant's area of operations, then
more than six experiments were carried out on each crop.
Soils of Bihar
Bihar State has an area of 73,000 square miles and consists of 18 million
acres of arable land. The main soils are derived from alluvial material in
the north and gneissic material in the south. A number of different parent
rocks are also encountered in the south occupying limited areas. Soil
survey for the preparation of soil maps is proceeding and some districts
have been already mapped. Maps showing the N, P, K contents of soils
from the different parts of the State have also been prepared and used
for the interpretation of the field trial data for drawing up final recommendations.
Distribution of trials
For each crop, three villages were selected at random, within an area
of 200—300 square miles representing an area of 5—7 miles, around the
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headquarters of the field assistant. Two plots were selected at random in
each village in order to give six replicates of the experiment. The random
selections of villages and fields were made in the statistical laboratory and
communicated to the assistants in the field. A few more villages and fields
than necessary were selected, so that if in any village or field the crop was
not being grown or the farmers were unwilling to cooperate, the experiment
could be shifted to the next village or plot on the list.
Experimental layout
The selected cultivators' plots were divided into a number of sub-plots
of l/10th acre each, depending on the design of the experiment. In undulating hilly areas, sub-plots of l/20th acre were used. In the first year only
4 sub-plots were attempted, in the second year 6 and in the third year 7.
It was however found that the laying out of 6 sub-plots per experimental
site was most convenient to handle by the field assistants in the initial
stages of the work. After the assistants were experienced, they were able
to handle quite satisfactorily even 10 or 12 sub-plots per site.
Treatments and designs
In the earlier years, only one type of trial was replicated on all sites,
later, six types were included in one set of trials as follows:
Type
Type
Type
Type
Type
Type

1
2
3
4
5
6

0
0
0
0
0
0

N,
N,
Nx
N,
N,
N,

N2
N8
N,
N2
NtP,
N,P,

N,P,
N1P1
N,P,
N,P,
N,P,
N»P,

N,P 2
N,P*
N8P8
N 2 P,
N1P1K1
N Ä

N.P.K,
N,Kt
N.PÄ
N,K 2
N^.K,
N.K,

Where P1 = 20 lb. P„06, P, = 40 lb. P s 0 6 , P, = 20 lb. P,0 5 as bonemeal,
Pa = 40 lb. P a 0 6 as bonemeal, N = 20 lb. N, K = 40 lbs. K„0, per acre.
From 1956, 3 3 design trials have been conducted with 27 treatments
scattered in 3 blocks of 9 each in a village, and replicated in 3 villages in
a homogeneous soil unit.
Plot technique
After laying out the plots, the treatments meant for a particular site
were allocated to different sub-plots, strictly at random, by independent
randomisation at each site. Records of height and tiller counts of random
plants in each treatment and descriptions of the soil profile at each experimental site were kept, wherever practicable. Samples of surface soils were
also sent to the laboratory for correlation studies between chemical analysis
and crop response. The whole of the crop in each sub-plot of l/10th or l/20th
acre was harvested, dried, threshed and weighed.
Experimental records
Each field assistant maintained full records of the experiments in registers with suitable headings, which contained the name of the village,
name of the farmer, history of the experimental plot, dimensions of subplots, dates of cultural operations, times of fertilizer application, heights
and tiller counts of random plants, harvest data, incidence of diseases and
pests, soil profile descriptions, remarks of inspecting officers, etc.
Controlling the accuracy
The accuracy of the experiments was controlled by a series of checks.
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The field assistant's work was directly supervised by local extension
inspectors at the time of laying out of plots, application of the fertihzers
and the harvesting and weighing of grain, and a number of random plots
were checked by the higher extension officers. These checks were in addition
to the control exercised by the supervisory staff of the project, who also
arranged to study the soil profiles and collect soil samples for chemical
analysis.
Costs involved
The full cooperation of the farmers were received for these experiments,
without any cash payment, apart from the free supply of fertihzers. After
seeing the results, many cultivators were even willing to pay for the fertilizers
themselves, in order to get an experiment conducted on their own fields.
Results
The data from these experiments are statistically analysed in order
to obtain as many kinds of information as possible, which include the
preparation of response-curves with state, district, subdivision and thana
(smallest administrative unit) averages, and averages according to soil
series and types, numbers of irrigations given, past cropping and manuring
etc. Two tables are appended as samples. (Tables 2 and 3).
TABLE

2. Crop — Paddy, 1954—55.
Mean Responses for different treatments
(Average over all Districts in mds*/acre)
Treatments

N,
Ns
NiP,
NJ5,
N,P,

N,P.

N.P'x

N,K,
N,K,

NaK2
N.PÄ
N^K,
N.P^K,
NjP'.K,
Control Yield

4.58
6.89
7.92
8.96
8.86
10.74
5.89
5.91
6.55
7.51
8.91
11.68
7.42
8.19
13.15

± 0.19
± 0.23
± 0.23
± 0.33
± 0.32
± 0.32
± 0.33
± 0.33
± 0.47
± 0.46
± 0.46
± 0.46
± 0.46
± 0.46
(710)

(710)
(476)
(468)
(234)
(242)
(242)
(234)
(232)
(115)
(121)
(117)
(121)
(119)
(119)

* 1 md = 82.2 lbs.
N.B.: Figures in parentheses indicate the number of experiments averaged.
N, & N, = 25 & 50 lbs. N, P, & P , = 20 & 40 lbs. P,0 5 ,
K, & K, = 20 & 40 lbs. K.O and V\ & P', = 20 & 40 lbs. P,0 6 as bonemeal.
The response curves are used to compute the nutrient doses required
to give the
(i) maximum yield per acre, within the limits of the nutrient
doses tried.
(ii) maximum profit per acre
and (iii) maximum return per unit of money invested.
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Recommendations
The processed results are used (i) for general recommendations for
specific soil conditions in large areas of homogeneous soil units and (ii) for
individual advice to farmers by also taking into consideration, the soil-test
data, physical condition of the field, water facilities, previous cropping and
manuring, level of management, economic status of the farmer etc.,.
Consideration is also given to the point, whether nutrients which do not
immediately show a field response, should also be recommended in order
to safeguard their deficiencies later on. As this means more expenditure
from the farmers' slender cash resources, experiments are being devised to
determine the number of years after which deficiencies of non-responding
nutrients may become apparent and should be corrected in time for maintaining soil fertility on a sustained basis. Follow-through experimental
work to test the validity of the recommendations both of the general type
from field experiments and the individual type from soil-testing is also
contemplated through simple trials on farmers' fields.
Special merits of the trials
The fertilizer trials on the experiments stations conducted in India
since 1908, had led to the conclusion that for cereal crops, N is the only
deficient nutrient in Indian soils, P is only required in a few areas and K
is not required at all. The simple trials on farmers' fields conducted all
over India showed that P is universally required and K is also required in
many areas.
The simple trials also had a very great demonstration value and farmers
became fertilizer-conscious and started to use fertilizers, wherever these
trials were conducted.
EXTENSION AND SPREAD OF THE TECHNIQUE

The technique of simple fertilizer trials on farmers' fields, after successful working in Bihar State, gradually spread to other States of India.
The soundness of the technique was appreciated by the Food and Agriculture
Organization of the United Nations, who are advocating since 1951, that this
technique be adopted in other Far Eastern countries and Latin American
countries. In 1956, the author was requested to help the Organization in
introducing the technique in the other countries of the region and since
then such simple fertilizer experiments have been started in Burma, Ceylon,
Iran, Indonesia, Korea, Malaya, Pakistan, Philippines, Sarawak, Thailand
and Vietnam.
In the December 1959 Meeting of the Working Party on Rice Soils,
Water and Fertilizer Practices of the International Rice Commission,
organized by the FAO, the delegates from 27 countries agreed that for
advising farmers on the most economical and efficient use of fertiUzers,
further researches should be conducted on the following lines:
(i) extensive simple fertilizer trials on farmers' fields to determine the
best doses of nutrients,
(ii) limited number of conventional trials on farmers' fields to determine
the best times and methods of fertilizer application, and interactions between
fertilizers and crop varieties, soil physical condition, irrigation water, crop
rotation, weather, management practices, etc.,.
(iii) correlation between soil-testing, tissue-testing and plant analysis
with crop responses.
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SUMMARY

The present methods of conducting experiments on experiment stations
and testing soils from individual farmers' fields are not adequate for giving
realistic advice on the economic use of fertilizers.
A technique has been developed for obtaining more realistic information.
This consists of conducting numerous simple experiments on farmers'
fields, adopting the usual factorial designs, b u t the blocks are scattered a t
random on different sites, within each homogeneous soil-climatic unit.
Complete information about the soil horizons, soil-test values, past cropping
and manuring, rotation practiced, irrigation, cultural and other management
practices, etc., are recorded and pooled analyses of the results are made in
order t o obtain t h e nutrient combinations necessary t o give t h e required
yields under situations which have t h e greatest number of observable
crop growth factors in common. Fertilizer requirements for maximum
possible yield, maximum return for dollar invested, as also t h e soil-test
crop-response correlations are calculated.
RÉSUMÉ

Ni les méthodes actuellement en usage dans les stations expérimentales
ni les analyses de sols provenant de champs individuels ne permettent
de conseiller, d'une manière réaliste, en matière d'utilisation économique des
engrais.
Afin d'obtenir des informations plus réalistes une nouvelle technique a
été mise au point. Elle consiste en de nombreuses expériences simples
installées dans les champs des cultivateurs. Le plan factoriel est maintenu
mais les blocs sont répartis au hasard sur des sites différents, à l'intérieur de
chaque unité pédoclimatologique homogène. On note d'une manière aussi
complète que possible les informations concernant les horizons pédologiques,
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les analyses de sols, les récoltes et fumures antérieures, les rotations, l'irrigation, l'amménagement cultural et autre. Les résultats expérimentaux sont
ensuite analysés afin de trouver les combinaisons d'éléments nutritifs,
nécessaires pour assurer les rendements escomptés dans des situations qui
ont en commun un nombre maximum de facteurs favorables à la croissance.
On calcule donc les besoins en engrais, nécessaires pour obtenir des rendements maxima, le rendement maximum par dollar investi ainsi que les corrélations entre les données d'analyse des sols et les réactions aux engrais des
plantes cultivées.
ZUSAMMENFASSUNG

Die heutigen Methoden, durch Versuchsstationen angewendet um Zuchtversuche durchzuführen und Böden von individuellen Farmfeldern zu
prüfen, sind nicht geeignet brauchbare Ratschläge über oekonomische Düngemittelanwendung zu geben.
Es wurde eine technische Arbeitsweise entwickelt um mehr reelle Auskunft
zu erhalten. Diese besteht darin, dass zahlreiche Versuche auf Farmfeldern
ausgeführt werden unter Annahme der gebräuchlichen Farmgewohnheiten;
die Parzellen liegen aber willkürlich auf verschiedenen Felder verteilt, jedoch innerhalb je einer homogenen bodenklimatischen Einheit.
Vollständige Information über die Bodenhorizonte, Bodenprüfungswerte,
frühere Kultur und Düngung, das Kulturwechselsystem, die Bewässerung,
spezielle Massnahmen in der Praxis, u.s.w wird sorgfältig gesammelt und
eine Gesamtanalyse der Resultate aufgestellt um daraus die Nährstoffkombinationen abzuleiten, welche zu den Erträgen führen, unter Umständen
welche die grösste Anzahl offenbarer Wachstumsfaktoren gemeinsam haben.
Düngemittelgaben für maximale Ertäge, maximaler Gewinn pro investiertem Dollar, sowie auch die Korrelation zwischen den Bodenprüfungen und
den entsprechenden Erträgen werden schliesslich berechnet.
DISCUSSION

B. T. KANG: YOU suggest to use experimental plots; I would like to ask
your experience, what is the smallest unit area you would suggest to be represented by a certain experimental plot and what are the factors that might
determine the area of the smallest unit area?
H. N. MUKERJEE: The number of experimental plots correctly representing
a certain area is determined by crop-cutting surveys in the area and their
statistical interpretation. Such surveys in India have shown that at least seventy
random sites should be located in a district (approximately 6.000 square
miles area), to get reliable estimates of responses and satisfactory sampling of
all conditions in the area.
To develop the above structure, six random sites have been located at random
in homogeneous areas of 200—300 square miles, in an attempt to maintain a
number higher than the minimum, of course depending on the personnel and
facilities available.
HARRY PAUL: You mentioned that through adequate use of fertilizers on
rice in Japan, yields are much higher than say in India. Is it not that the higher
response in Japan is primarily due to the Japonica varieties which have high
power of assimiliation of fertilizers whereas Indica varieties do not respond to
high applications of fertilizers. There is a limit to fertilizers with Indica varieties.
H. N. MUKERJEE: Japonica varieties of rice can assimilate higher amounts
of nitrogen than Indica varieties because the latter tend to lodge with high
doses of nitrogen. However, the present high average rice yields in Japan are due
to much higher fertilizer use per hectare. Rice yields in Japan were considerably
reduced during the last war when fertilizer supplies were very limited. Similarly
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the present low average rice yields in India are due to the very low fertilizer
use per hectare. When higher amounts of fertilizers are used on rice in India,
very high yields comparable to the Japanese rice yields are obtained with the
Indica varieties which is demonstrated every year in experimental plots and the
farmers' prize competition plots. The production of such high yields with
Indica varieties however requires careful management practices to ensure that
no lodging of the crop takes place due to the use of too much nitrogen, unbalanced by P and K.
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THE DIAGNOSTIC APPROACH USED BY
COUNTY AGENTS IN MISSOURI
by
JOHN FALLOON

Extension Professor of Soils, University of Missouri
At the outset.it must be unmistakably understood that'on the spot'field
tests — both plant tissue and soil tests — are used in Missouri only as a
supplement and not a substitute for laboratory soil tests. Thus tissue tests and
allied field soil tests discussed here are only a part of the diagnostic approach
used by county agents in Missouri. As useful as these tests are, soil treatment
recommendations in terms of kinds and amounts are never made directly
from these tests.
WHAT FIELD TESTS SHOW

The concentration of nitrates, phosphorous and potassium in the sap of
the growing plant is shown by tissue tests. The theory is that if the soil is
well stocked with available plant food nutrients the plant sap should be
high — but if the soil is low in nutrients that condition would also be
shown by low tissue tests. The theory sounds good but often doesn't work
out so simply.
Field soil tests to show the lime and phosphate situation in the soil can
be done easily at the same time tissue tests are run. The two go together so
well that both really should be done at the same time. The tests are made
right out in the field requiring only a few minutes.
Really, tissue tests identify nutrient deficiency symptoms. Many persons
learn to recognize nutrient deficiency symptoms by appearance of the
plant — by eye sight. But these tests are more sensative than the eye.
Even more important — they pick up nutrient shortage many days or even
weeks before the plant shows definite deficiency symptoms that can be
detected by the eye.
INTERPRETATION IS DIFFICULT

Tissue tests are difficult to interpret even when only nutrient deficiencies
are involved. Let's say a test shows high nitrogen, low phosphorous and
medium potassium. What does it mean? It means only one thing for sure —
that phosphorus is the most limiting nutrient. After the application of
phosphorus to that soil, the potassium may be low instead of medium,
depending upon the capacity of the soil to supply enough potassium to
keep up with the increased growth. A deficient nutrient limiting the growth
of a plant changes the requirements for each of the other nutrients. In
other words, less total potassium is required to grow a plant stunted by a
lack of nitrogen or phosphorus than if the growth were not limited. There
tends to be an increase in the concentration of the non-limiting nutrient —
potassium in the case just described.
The presence of insects or diseases further complicates interpretation of
tissue tests. Let's say a phosphate fertilizer were applied to a soil — yet a
tissue test showed low phosphate. A seemingly logical conclusion would be
that the phosphate was not applied heavily enough. But maybe there was
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severe root pruning or disease which prevented normal uptake of phosphorus. A soil test would help clarify this situation. If the soil is low in
phosphorus the same as the plant tissue, the need for phosphate fertilizer
is pretty well established. But if the soil is high in phosphorus, the opposite
of the plant tissue, it is obvious that greater use of phosphate fertilizer is
not the answer. This points out the desirability of doing both plant tissue
and field soil testing at the same time.
RECORDING RESULTS

It is important to delve into as much information as possible about a
situation in order to best interpret the results. The record form used in
Missouri is reproduced. (Exhibit A.)
USE OF TESTS

Information gained from these tests can be used in two ways. One is to
help the individual farmer and the other is to give the basis for a group
program.
Consider the individual farmer first. Tests and observations during one
season may convince him that soil treatments are needed. The next year's
treatment may be made by guess or better still, soil samples may be taken
and tested in a laboratory to find out what kind of treatments to make and
how much to use. After soil treatment, whether based upon soil test or by
guess, another crop is grown. Tissue tests made on that crop then are
valuable in evaluating the adequacy of the soil treatment used. Thus,
these tests fit well into two different situations — (a) before soil treatments
are made to see if treatments are needed, and (b) after treatments are
made to find out if the treatments used are doing the job.
So, these field tests — both plant tissue and soil tests — are useful in
adjusting or modifying a long-range fertility program. A form B.F.-5503,
PROPOSED SOIL TREATMENTS AND RECORD OF ACTUAL USE
is used by Missouri county agents in assisting farmers to carry out a long
range fertib'ty program on an individual field. This form is also attached.
Two group efforts in Missouri are worthy of specific mention here. One was
a carefully organized plant tissue and field soil testing program in Montgomery county in August of 1955. Tests were made of 125 corn fields. The
soil in these fields had been tested previously in the laboratory. The suggested (recommended) treatments based upon these laboratory tests were
known. When the fields were visited and field tests were run, the soil
treatments which the farmer applied were recorded.
The tests were made in 3£ days by 3 teams of 2 persons per team. Some
of the persons who made up the teams worked one day and others the full
time. Composing the teams were two state extension workers, two county
extension workers, one commercial agronomist, one local vocational
agricultural instructor, one local G. I. teacher and one local farmer.
This Montgomery county work has been very valuable. At least three
things stand out. They are:
1. Encourages laboratory soil testing and the use of the soil treatments
suggested upon interpretation of that test.
2. Indicates laboratory soil tests are pretty good (measured against
tissue tests).
3. Indicates field tests — both tissue and soil — are pretty good (measured
against laboratory soil tests).
A summary of the work in Montgomery county follows:
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MONTGOMERY COUNTY — 125 CORN FIELDS

Treatment
Concerned

Amt. Used Compared to Need
Based On Lab. Test
Full Treatment

Nitrogen
Phos.
Potash
Lime

No. Fields
Nutrient
Shortages
Found

No. Fields

41

62
52
5
17
47
64

11
6)
3)
2)
53
48
5
16
9
52

79
27

15
16

67
38

5
24

87
9

5
9

(Nitrogen
(Phos.
(Lime

Partial Treatment
Starter Only
None
Unknow Treatment
Needs
Less
(P or K limiting — 6 of 12)
Needs
Less
(N or K limiting - 7 of 11)
Needs
Less
(N or P limiting — 10 of 14)
Needs
Less

Here again is seen the supporting or supplemental role of field tests. The
use of more than one kind of testing is better than only one kind.
Another group effort which has had a far-reaching affect was a lime survey
conducted in the fall of 1956. Twenty counties scattered over the state were
involved. Some ten to fifteen voluntary leaders made the lime test on
every field (both cropland and pasture) on 50 farms selected at random in
each of the twenty counties. The field soil test for pH was used with the
field rated into one of four categories depending upon the lime situation.
The four categories were (1) good, (2) fair, (3) poor and (4) bad.
The findings are given in the following table:
Cropland
Average
Situation

Bad

What had
been done
Limed
Unlimed
Unknown
Previously
limed land
still needing
lime

County Range
Low

High

Average

County Range
High

4

/o

53

°//o

12

Low
0/
/o
0

26
20
28

10
7
10

37
41
69

20
30
38

10
15
20

36
52
72

62
27
11

22
8
1

91
78
30

43
42
15

10
5
0

69
90
38

36

5

81

42

5

78

0/

Good
Fair
Poor

Pasture

/o

°//o

26

0/

0/

/o

38
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E X H I B I T A*

AES -

May 1959

TISSUE TEST RECORD
Crop: this year.
Name
Field Identification
Year Limed
T/A
N

Soil Test

last year
Address

- yield/A. County-

Year Rock Ph< 3S. Applied
Phos.

% O.M.

K

Lime
Mg Ca H pH

LBS/A.
Ex.C. Notes
M.E.

(Date)
#Ca

Suggested
Treatments
(Based on
Soil Test)

Treatments
Made

Annual

Stage of
Growth:

#Mg

Rock +
Starter

#Ca
Equiv.

Crop
Appearance:

Last
Year
This
Year

Tissue
Tests

Soil
Moisture:

1
Vi

g 2

Recent
Rains:

(Date) "S

5

3

(Time) MH

ó
Record Tissue Tests:
H (High), M (Medium), L (Low), or
VL (Very Low)
Field
Soil
Tests

g 1
.2
'S «

(Date)

o
|

Soil Type:

I

3
4

Depth in inches

Yield per Acre.
Determined by126

Temperature:

Other:
1 3 5 7 9
1 3 5 7 9
Record Field Soil Tests:
Phos. — H, M, L, or VL. Lime —pH from
color chart.
Tissue Tests made by
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Field Letter

5503

PROPOSED SOIL TREATMENTS AND RECORD OF AUTUAL List

Aeres

ADDRESS
D IDENTIFICATION
O.K.

P2O5

K

Mg.

Ca.

H

pH

TOTAL EXCHANGE CAPACITY

SURFACE

TEST: DATE

SUBSOIL
DRA]NAGE (GOOD, FAIR, POOR)

.ND OR BOTTOM
T TREATM ENTS MADE
£T FIVE Y£ ARS:

EROSION (NONE, SLIGHT OR SEVERE)

(2) ROCK PHOS PHATE
Date
lbs./A

•(!) LIME
Date
T/A Applied

PING PLAN

Lime Manure
T/A
T/A

|
ear

Lbs. Plant Food/A in Fert.
Phosphate
Nitrogen
Other
Potash
(N)
Rock* (P2O5)
(K20)

WW WW. 'WW WW'.W///M

ear

(4) MANURE
Date
T/A

COMPANION FIELDS D I SAME CROPPING PLAN

CROPPING PLAN AND PROPOSED SOIL TREATMENTS

.'se

(3) OTHER FERT LIZER
Date
Amt &
Kind

WE'///////Amm
mmWÂ mm

/f

/'''•'/.

,

y////.

'////<•

WE
wm

Method of
Application

CROPS GROWN AND SOIL TREATMENTS MADE
Crop
and
Yield

Rock
Lime Manure Phos.
T/A
T/A
lbs./A

Other Fertilizer
Amount and Kind

Lbs. Plant Food
N P?Os K9O

Starter
Top Dress
Deep
Starter
Top Dress

ear

-

Deep

v///,
v///,

y////.

Starter

y////

V////

v////

Starter
Top Dress
Deep
Starter
Top Dress

Top Dress
Deep

| M | Phosph ate in Tc tal Lbs.

Not lbs P205.

A QUALITY LIMESTONE PROGRAM IS THE RESULT.

This work paved the way to a quality limestone program of major significance in the State of Missouri. It is built upon a recognition that quality
is based upon both?
1. The chemical composition, and
2. Fineness of grind.
Ground limestone is rated by an index expressed as pounds Effective
Calcium per ton 1 based upon the two factors above. The interpretation
of soil tests relative to the amount of ground limestone to apply is made
in terms of pounds of Effective Calcium needed without reference to tons
needed. Obviously, the number of tons to supply a given need may vary
greatly, depending upon the quality of the particular ground limestone.
Missouri's limestone program for three years has been based upon this
quality concept. ASC in their ACP and Soil Bank programs require limestone
producers and distributors to file their guaranteed analyses of chemical
composition and grind in the ASC county office before their customers
can get payment for participation in the government programs. Payment
is based upon Effective Calcium used and not tons.
EQUIPMENT AND PROCEDURE SIMPLE

The equipment and procedure for the field tests — both plant tissue and
soil — are given in mimeographed material prepared and distributed by
x
) Folder 61 — Know Your Lime (8 pages) by John Falloon. University of
Missouri, Agricultural Extension Service, June 1958.
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the Soils Department, University of Missouri i and 3. The County Extension
offices in 78 of the 114 counties are equipped to run these tests. These are
used primarily to assist individual farmers. In addition, some 40 sets of the
field soil testing equipment is rotated among the counties for group work.
This group work is of value to the farmers involved and also gives the basis
for setting up county or community programs.
SUMMARY

Plant tissue and field soil tests aid materially in diagnosing certain
nutrient deficiencies in plants. Tissue tests are made for nitrate nitrogen,
phosphorus and potassium. Field soil tests are made for pH and phosphorus.
These tests are supplements nor substitutes for laboratory soil tests.
They should not be used as a guide as to how much fertilizer to apply.
Plant tissue and field soil tests are easy to run. They are made right
out in the field and it takes only a few minutes to run them. The equipment
and supplies required are simple and easy to carry in the field.
Information gained from these tests can be used in two ways. One is to
help the individual farmer and the other is to give the basis for a group
program.
County Extension offices in 78 of the 114 counties are equipped to run
these tests.
RÉSUMÉ

Les analyses de tissus végétaux et de sols aident à reconnaître certaines
carences nutritionelles de plantes. Sur les tissus végétaux on détermine
l'azote nitrique, le phosphore et le potassium. Sur le sol on vérifie le pH et
le phosphore.
Ces tests ne sont que des vérifications supplémentaires et ne peuvent
donc pas se substituer aux analyses de laboratoire normalement effectuées
sur le sol. Ils ne doivent pas être utilisés pour estimer les quantités d'engrais
à appliquer.
Ces tests sur tissus végétaux et sols sont très faciles: on les effectue sur
place en quelques minutes. L'équipement et les réactifs nécessaires sont
simples et faciles à transporter.
Les renseignements obtenus peuvent être utilisés de deux manières:
soit pour aider les fermiers individuels, soit pour fournir une base aux travaux en groupe.
Les services de vulgarisation de 78 'counties' sur 114 disposent de l'équipement nécessaire pour effectuer ces tests.
ZUSAMMENFASSUNG

Feldteste von Pflanzengewebe und zugehörigem Boden tragen wesentlich
bei zur Diagnostizierung gewisser Nährstoffdefizienzen in Pflanzen. Gewebe teste macht man auf Nitrat-N, P und K; Bodenteste auf pH und
auf P.
Diese Teste sind Ergänzungen zu den Laboratoriumanalysen, können
letztere aber nicht ersetzen. Sie dürfen daher nicht benutzt werden als An*) Plant Tissue Testing (4 pages), and 3) Field Soil Tests (2 pages) by George
Wickstrom, Agronomist, American Potash Institute and John Falloon, Extension Specialist in Soils, University of Missouri, College of Agriculture.
Mimeographed Mo. AES, April 1959.
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Weisungen wie viel Düngemittel anzuwenden sei. Solche Feldteste sind
leicht auszuführen. Man macht sie sofort und zur Stelle im Felde innerhalb
weniger Minuten. Die benötigten Geräte sind einfach und leicht im Felde zu
transportieren. Die durch diese Teste gewonnene Auskunft kann in zweierlei
Richtung benutzt werden; einerseits wird dem individuellen Bauer oder
Pflanzer damit geholfen; andererseits bekommt man dadurch eine Basis für
ein Gruppen-Versuchsprogramm.
In 78 der 114 'Counties' sind 'County Extension Offices' zur Ausführung
solcher Teste.
DISCUSSION

M. STELLY: (1) You stated that the forms on which data were recorded
permitted one to study the changes in soil test results. Do you advocate testing
the same field every year? (2) Do you find that time of sampling and method
of sampling and crop yields result in considerable fluctuation in soil test values
from year to year?
J. FALLOON: (1) No, not laboratory soil tests, — fields tests yes, every year.
Tissue tests preferably should be made more than once per year; if only once,
make the tissue test when there is greatest stress for nutrients. (2) Laboratory soil tests within a year fluctuate mostly for K. From year to year, yes
— biggest of all problems is sampling. Fluctuation of field tests is not important.
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P L A N T AND SOIL ANALYSIS F O R POTATOES IN CALIFORNIA
by
K. B. T Y L E R * ) , F. S. FULLMER**), O. A.

LORENZ***)

The major objective in these studies in potato fertility has been to develop improved criteria and techniques by which to evaluate the nutritional
s t a t u s of the potato crop and thus provide better guidance for fertilizer
practice.
Prior to 1954 most nutritional work with potatoes in California was
conducted in which yields were generally used as a measure of fertilizer
requirements. Recent changes in planting practices, changes in irrigation
methods, and new developments in methods of fertilizer application brought
about the need for refined methods such as petiole analyses to diagnose
nutrient status and requirements of the growing crop. Also numerous
symptoms of plant disorders have made the use of plant analyses highly
desirable as a diagnostic tool. The relation of soil analyses to yield response
and to petiole analyses has been extensively investigated only in the last
three or four years.
The results from m a n y potato fertility studies conducted in the major
potato producing areas of California prior to 1954 were reported by Lorenz
et al. (3). These results indicated t h a t in mineral soils of California growth
response to nitrogen was universal; phosphorus response was fairly common;
and potassium response had been observed in only a few soils. Since t h a t
time the areas of phosphate response have been further defined and responses to potassium fertilization have been discovered in m a n y areas of
the state (4, 6, 7).
Leaf analyses surveys were conducted by Fullmer (2) in 1954 in important
potato producing areas in Kern and Madera Counties. He reported t h a t
nitrogen was deficient in 30 % of the samples from Kern and in 55 % of
those from Madera County. Phosphorus was deficient in 18 % of the Kern
samples and in 30 % of the Madera County samples. Potassium was low-todeficient in 15 % of the Kern County samples and in 78 % of the Madera
County samples according to his classification. Fullmer found high positive
correlation between the potassium content of the soil and the amount
in the petiole tissue.
Surveys and studies of the type mentioned above laid the groundwork and
inevitably brought about a concerted effort b y university research and
extension workers, private industry personnel, and growers to develop
and refine the techniques which were needed. The important results of
these investigations are summarized in this paper.
EXPERIMENTAL

PROCEDURE

The potato fields chosen for experimentation in a given producing area
were selected in order to provide a representative cross section of potato
soils of t h a t locale. Many sites were selected on the basis of previous nutrient
surveys. In each case after a possible site had been selected, soil samples
were collected from the surface foot of soil and analyzed to aid in deter* ) Assistant Olericulturist, University of California, Riverside, California
**) Agronomist, American Potash Institute, Newport Beach, California.
***) Professor of Vegetable Crops, University of California, Riverside, California.
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mining the suitability of that particular field insofar as soil uniformity
was concerned. After deciding on a fairly uniform site, each treatment
was replicated four times in a randomized block design. Each plot consisted
of four beds sixty feet long. The growers performed all cultural operations
normally associated with the crop except fertilization, and in some instances, planting the seed. Thirty-two field tests were conducted — 25
with the White Rose variety and 7 with the Netted Gem variety.
Nitrogen and phosphorus as N and P2Os were applied in 60-pound increments. Potassium as K 2 0 was always applied in multiples of 100 pounds.
Method of application at planting consisted of banding the materials 2
inches to each side and 2 inches below the seed row or if applied soon after
planting the material was sidedressed at the same relative depth and 4 or
5 inches to each side of the seed. The growers' own seed was planted in
single row beds with 32 inches between bed centers and with 8 to 10 inch
spacing between plants in the row.
As soon as plants were 10 to 12 inches high the first petiole samples of
recently matured leaves were collected. Subsequent samplings were made
in the same manner at approximate two-week intervals until harvest.
Each sample consisted of forty to fifty petioles of the fourth leaf from the
growing tip of the plant. For convenience in classification the samplings
were divided into three categories with respect to time as follows:
Early season — Samplings from time when plants were first large
enough to be sampled until blossoming or beginning
of tuber set. Generally from 4 to 8 weeks after plant
emergence.
Midseason
— Samplings from blossoming or early tuber set until
tubers half grown. From 6 to 10 weeks after emergence.
Late season — From time tubers were half grown until maturity.
Because of the wide variation in length of growing season, even within
the same producing area, it became advisable to classify potato plants and
samples as to their physiological age rather than to their age from planting.
Under optimum conditions potatoes may be harvested within 90 days
after planting while under other conditions the crop may be grown for as
long as 150 days before harvest. Also, depending on dormancy of the seed
and soil temperatures, potatoes in one field may emerge in two weeks while
under other conditions it may take from two to six weeks or even longer
for emergence. Thus, the ideal point- from which to date potato samples
would be from emergence, however, growers do not normally keep record
of the emergence date, so for practical purposes, such as the use of these
techniques by commercial laboratories, the planting date must still be used.
After the samples had been collected, washed, and dried, they were
analyzed in the laboratory for potassium, calcium, and magnesium in the
ash and for nitrate-nitrogen and phosphate-phosphorus extractable in
2 % acetic solution from the dried, ground samples. Yield measurements
and grade determinations were obtained at harvest time.
Soil samples taken from each experimental site prior to fertilization were
analyzed for exchangeable sodium, calcium, potassium and magnesium.
Analyses of the first three elements were made with a flame photometer
on a neutral normal ammonium acetate extract of the air-dry soil. Magnesium in the same extract was determined by the Thiazole Yellow method.
Sodium bicarbonate soluble phosphorus in the soil was determined by the
method outlined by Olsen (5).
In addition to the replicated field experiments, nutrient surveys involving some 110 growers' fields were conducted. These consisted of sam131
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pling randomly selected fields for petioles throughout the season and taking
soil samples. The survey in 1958 included sampling replicated strips in each
field which had received phosphorus or potash in addition to what the
grower might have applied. No yield data were obtained from fields included in the surveys. Most of the field experimental sites in both 1958
and 1959 were selected on the basis of the previous years' leaf analysis
surveys.
RESULTS AND DISCUSSION

The following results are based primarily on the 32 potato field experiments a n d t h e 110 field nutrient surveys conducted in California during
the past five years. Since it would be impossible to present the vast volume
of d a t a which has resulted, examples which are typical of the whole are
presented to emphasize the more important points of the discussion.
A. Plant
Analyses
Concentrations of soluble nitrogen and phosphorus and of total potassium
have been observed to vary considerably in the potato plant during growth
according to age and to nutrient availability. Since there is so much variation with age of plant, the time of sampling assumes major importance
in determining the nutrient status of a given crop. Furthermore, experience
has shown t h a t sampling at a minimum of two different dates should be
used to reliably ascertain the nutrient status of a given crop.
Nitrogen
The rapid decrease of nitrate in the potato plant is indicated in figure^l
from a 1959 field experiment in Riverside County. This trend is fairly typical

Fig. 1
Fig. 2
Figure 1. Nitrate-nitrogen levels in leaf petioles and tuber yields of White
Rose potatoes fertilized with five rates of nitrogen from a 1959 experiment.
Figure 2. Graphs showing concentration ranges of nitrate-nitrogen, phosphatephosphorus, potassium and magnesium analyzed in Califorma potatoes. Based
on a summary of all experiments and field surveys through 1959.
132

IV.18
of what has been observed in other like experiments. Soluble nitrate was
relatively high in the plant petioles early in the season but decreased very
rapidly with growth and maturity. Although nitrate levels — and phosphate
as well — may fall below what usually are considered deficiency levels
as the plant finally matures, (See figure 1) yields generally remain unaffected provided that nitrogen was in sufficient supply through midseason.
For this reason and because of the broader differences in nitrate levels
early in the season among plants of varying nitrogen supply, it becomes
evident that early and midseason samples are more reliable than late
season samples to indicate the nitrogen status of the potato crop. Not only
are earlier samples more accurate in predicting whether or not yield responses to nitrogen fertilization may be obtained, but in some cases their
earliness may allow time for additional fertilizer to be applied and to be
of benefit to the current crop.
The upper left graph in figure 2 shows the wide range of nitrate-nitrogen
concentrations observed in potato plants. In this graph the upper and lower
curves indicate the highest and lowest levels of nitrate at the various stages
of growth which have been observed through plant analysis surveys in
commercial fields. Analyses falling below the shaded portion are definitely
in the deficiency range and result in reduced yields. Likewise, those analyses
above the shaded portion are in the range of adequate nitrogen supply
and would, as far as nitrogen is concerned, produce maximum yields.
Analyses which fall in the shaded portion may or may not be in the deficiency zone, dependent on the growth conditions of the plants.
On the basis of these numerous field studies, the following ranges are
suggested as a guide for determining the nitrogen status of a particular
potato crop:
Sampling Time
Early season
Midseason
Late season

Parts per million nitrate-nitrogen
Deficient

Possibly Deficient

< 8,000
< 6,000
< 3,000

8,000-12,000
6,000- 9,000
3,000— 5,000

(N0 3 -N)
Sufficient
> 12,000
> 9,000
> 5,000

Nitrogen responses are found in almost any mineral soil or area in California and optimum rates of application vary from 120 to 180 pounds of
nitrogen per acre. Yields and quality of tubers are fully as acceptable from
fields where nitrogen depletion occurred right at season's end as from fields
where plant nitrogen levels were maintained high and foliage retained its
dark green color through harvest.
Phosphorus
Phosphorus in the potato plant usually decreases rapidly in concentration
with age and maturity. Figure 3 shows the changes in phosphorus concentration of potatoes grown on a soil of low phosphate availability without
phosphorus addition and with two rates of applied phosphorus. At first
sampling the phosphorus levels in plants from the three treatments varied
markedly, however, at the final sampling in late season, plants from all
three treatments had similar levels. This fact emphasizes the necessity of
early sampling — at or prior to midseason — in order to reliably evaluate
the phosphorus status of the crop.
As shown in figure 3 also, potato yields were drastically reduced when the
supply of available phosphorus throughout the season was inadequate.
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Potato crops growing with insufficient phosphorus often are not detected
since their visual deficiency symptom consists merely of stunted or retarded
growth. Phosphorus responses are fairly common in California potatoes
— second only in occurrence to nitrogen response — and most potato growers
now include phosphorus application in their fertilizer program. Optimum
rates of application vary from 100 to 200 pounds P 2 0 6 per acre.
Extremely high and very low levels of phosphorus have been found in
California potatoes as shown in the upper right graph figure 2. The upper
and lower curves of the graph delineate the wide range of phosphatephosphorus leaf levels found in nutrient surveys in the San Joaquin Valley.
Phosphorus values falling below the shaded area indicate deficiency levels
resulting in reduction in tuber yields. Analyses falling above the shaded
portion indicate levels of sufficiency. Values which would fall in the shaded
area may or may not indicate deficiency.
By relating petiole phosphorus concentrations to yield results the following classification was prepared to indicate the important phosphorus
concentration ranges in the plant.
Parts per million phosphate-phosphorus (P0 4 -P)

Sampling Time
Early season
Midseason
Late season

Deficient

Intermediate

Sufficient

< 1,200
< 800
< 500

1,200-2,000
800-1,600
500-1,000

> 2,000
> 1,600
> 1,000
YIELD

YIELD
14

2,500

12
X.

, . 10

I

8

(A
10

O
O-

O

5 6

Laie

Early

50
Early

Days

6 5

70

80

Midseason

after

Planting

90

**t'60

70

80

90

100

120

Late

Days

after

Planting

Fig. 3
Fig. 4
Figure 3. Phosphate-phosphorus levels in leaf petioles and tuber yields of White
Rose potatoes fertilized with three rates of phosphorus from a 1959 experiment.
Figure 4. Petiole potassium levels and tuber yields of White Rose potatoes
fertilized with four rates of potash from a 1958 experiment.
Potassium
In very young potato plants potassium levels were observed to be fairly
high regardless of the available soil supply or the fertilizers applied. This
picture changed rapidly, however, as the season progressed and concen134
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tration differences related to potassium availability became larger. This is
exemplified by the information presented from a 1958 potato experiment
on a soil of low potassium availability (46 ppm. K) in figure 4. At early
season, plants from all treatments were within two or three per cent of
having the same potassium concentration. In the midseason samples the
difference between the unfertilized plants and those receiving 400 pounds of
KJJO was about 8 % and this difference remained large throughout the
rest of the season. In fields where soil K was high it was possible to increase
leaf levels by 2 to 3 % through potassium application.
From the data presented in figure 4 the necessity for late season sampling
to characterize the potassium status of potato plants can be visualized.
Before midseason, potassium levels are not as well defined as nitrogen and
phosphorus levels and early prediction of response to potassium fertilization is not reliable.
As shown in figure 4, potassium levels can be maintained fairly high
throughout the season even in potash deficient soils provided that sufficient
potash is applied. Although yields have been increased by potassium fertilization in numerous areas in California, with very few exceptions the
size of these increases has not been nearly as great as with nitrogen and
phosphorus fertilization. The fact that plant potassium levels may often
fall to low levels late in the season without greatly affecting potato yields
is, perhaps, fortuitous. Through using a systematic program of plant
petiole analyses and by careful observation for visual symptoms these
potassium deficiencies can be predicted a year or more before they occur
and serious losses can be avoided.
Potassium levels in California potato petioles were analyzed as high as
16 % at midseason and as low as 0.2 % at late season as shown in the lower
left graph of figure 2. The deficiency levels for potassium throughout the
season are indicated by the portion of the graph below the shaded area.
Analyses falling above the shaded area indicate sufficiency and those falling
within the shaded portion may or may not indicate deficiency.
The following classification has been compiled on the basis of these
experiments to aid in assessing the potassium status of potatoes:
Per cent potassium (K)

Sampling Time
Early season
Midseason
Late season

Deficient

Medium

Sufficient

<9
<7
<4

9-11
7- 9
4- 6

>11

> 9
> 6

Magnesium
Magnesium levels in potato petioles analyzed from .25 % to over 2.5 %
as indicated by the top and bottom curves of the lower right graph in figure
2. Concentration of magnesium generally increased as the plant matured
and at the final sampling often was double or triple the concentration analyzed at the earliest sampling.
Potassium fertilization invariably resulted in decreasing the magnesium
concentration in the plant, especially having a marked effect early in the
season. In many instances where this has occurred, magnesium appeared
to be approaching levels of deficiency set by other investigators (1). However, symptoms which might be attributed to magnesium deficiency have
not yet been detected or verified in California potatoes. Work is continuing
to define the critical plant levels for magnesium in this area.
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B.

Soil

Analyses

Soil tests, to be of greatest use and reliability in fertility investigations
must be calibrated to nutrient levels in the plant and to yield response.
E a c h crop plant varies widely in its ability a n d need to remove nutrients
from the soil. Therefore, soil nutrient levels which m a y be adequate for
one type of plant m a y be deficient for another.
Phosphorus
Bicarbonate soluble soil phosphate levels ranging from a high of 160 ppm.
to as low as 14 p p m . have been observed in potato soils of central and
southern California. I n figure 5, soil phosphorus values are plotted against
plant phosphorus levels analyzed atmidseason. Fields inwhichsoil phosphate
was less t h a n 40 ppm. gave a yield response to phosphorus application
a n d plant phosphorus values in these fields a t midseason were for the most
part in the deficiency range — less than 800 ppm. Between 40 and 80 p p m .
soil phosphorus, some fields showed a yield response but many did not and
likewise, plant phosphorus levels were divided between the deficiency range
and the intermediate range. Above 80 ppm. soil phosphate there were no
yield responses and plant levels were high.
From these a n d other d a t a the following critical soil phosphorus levels
are derived:
Parts per million phosphate (P0 4 )
Deficient

Intermediate

Sufficient

Responds to P
< 40

Response uncertain
40-80

Response unlikely
> 80

400
- Response to P
-No response

350

é
d.
Q-300
•5 2 5 0
;200
=

60

?» •«

• t'

UJ 100
50
0
0

500 1000 1500 2000 2500
Plant P0 4 -P, p.p,m.

Fig. 5

Deficient

0

I

2

3 4 5 6
Plant

7
K,

8 9 10 II 12 13
%

Fig. 6

Figure 5. Phosphate-phosphorus in potato leaf petioles at midseason and
bicarbonate soluble phosphorus in the soil. Based on 1958 and 1959 experiments.
Figure 6. Potassium in potato leaf petioles at late season and the exchangeable potassium in the soil. Based on experiments and field survey 1956 through
1959.
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Potassium
Exchangeable soil potassium values also vary widely in California potato
soils and were analyzed as low as 30 p p m . a n d as high as 400 p p m . Many
soils which have been cropped frequently t o potatoes, a heavy feeder on
potassium, show indications of becoming depleted of exchangeable p o tassium. Neighboring areas or strips of uncropped soil analyzed u p to 400 %
higher in exchangeable potassium t h a n their potato growing cropped
counterparts.
By plotting exchangeable soil potassium versus petiole potassium a t late
season (figure 6) it becomes possible t o assign soil levels which m a y be
considered a s deficient a n d sufficient for potato production. I n soils where
the exchangeable potassium was less t h a n 100 ppm., plant potassium was
generally in t h e deficient range — less than 4 % p p m . a t late season.
Between 100 a n d 150 p p m . t h e points are scattered indicating yield r e sponse t o potassium application t o be uncertain. Above 150 p p m . soil
potassium t h e response is unlikely a n d above 200 p p m . we have never
encountered a yield response in potatoes. This m a y be summarized in t h e
following manner:
Parts per million potassium (K)
Deficient

Low

Medium

Sufficient

Responds to K
< 100

May respond
100-150

Response unlikely
150-200

No response
> 200
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SUMMARY

Petiole analyses with soil analyses for potatoes have proven to be very
effective tools which are being used with excellent results in California
agriculture. Many commercial and grower laboratories as well as agricultural
extension laboratories are routinely using these analyses successfully. These
laboratories have been provided with t h e plant a n d soil deficiency ranges
presented in this paper and find good agreement with t h e suggested levels.
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Petiole analyses indicate the adequacy or inadequacy of the present and
past fertilizer practices for a particular field. Although its use as a guide for
fertilization of the current season's crop may be limited, especially in
rapidly growing plants such as potatoes, the results can be effectively used
as a guide to fertilization of subsequent crops on the same field.
Where no previous leaf analyses information for a given field is available,
soil tests for phosphorus and potassium can be used to determine their
requirements for the next crop. However', since soil tests for nitrate-nitrogen
in our western soils are unreliable, the nitrogen program must be based
on general nitrogen requirements of the crop in that area.
RÉSUMÉ

Pour la pomme de terre, les analyses de sol et les analyses des pétioles se
sont avérées des outils fort efficaces, utilisés avec d'excellents résultats par
l'agriculture de Californie. Plusieurs laboratoires commerciaux ou appartenant aux cultivateurs, ainsi que les laboratoires de services de la vulgarisation agricole les utilisent avec succès comme analyses de routine. Ces
laboratoires ont été informés des valeurs-limite, présentées dans cette communication, à partir desquelles les plantes et les sols manifestent des carences, et
ils ont trouvé une bonne concordance avec les niveaux suggérés.
Les analyses de pétioles indiquent si, pour un champ donné, les fumures
présentes et antérieures furent adéquates ou inadéquates. Quoique la valeur
de pareilles analyses puisse être limitée en tant que guide pour la fumure de
la récolte qui couvre le champ au moment du prélèvement, surtout pour
les plantes à croissance rapide telles que les pommes de terre, les résultats
peuvent très bien venir à point pour établir la fumure des cultures qui suivront sur le même champ.
Quand pour un champ donné on ne dispose pas d'analyses foliaires des
récoltes antérieures, les déterminations de phosphore et de potassium
du sol permettent de déterminer ses besoins en engrais pour la récolte prochaine. Toutefois, étant donné que pour les sols de l'Ouest on ne peut pas
trop se fier sur les déterminations d'azote nitrique, le programme de fumure
azotée doit être basé sur les besoins généraux en azote de la culture dans la
région.
ZUSAMMENFASSUNG

Analysen von Kartoffelsprösslingen (Petiolen) neben Bodenanalysen
haben bewiesen, sehr effektvolle Hilfsmittel zur Beurteilung der Kultur
in der kalifornischen Landwirtschaft zu sein. Viele Laboratorien, kommerzielle sowohl wie solche von Landwirten und von auf neue Gründungen gerichteten Personen und Gesellschaften, benutzen diese Analysen am laufenden Band und mit Erfolg. Diesen Laboratorien wurden die in dieser Arbeit
zusammengestellten Grenzen der Defizienzen in der Pflanze und im Boden
festgestellt, verabreicht und stehen in guter Übereinstimmung mit den
praktisch erfahrenen Zahlenhöhen. Die Petiolen analyse gibt an, inwieweit
die heutige und frühere Düngungspraxis für ein bestimmtes Feld geeignet
oder ungeeignet ist. Obwohl diese Analyse als ein Hinweis zur Düngung des
Gewächses in der laufenden Saison beschränkt sein möge, speziell wo es
schnell wachsenden Pflanzen wie Kartoffeln gilt, so können doch die Resultate als Wegweiser für die Düngung nachfolgender Pflanzungen auf dem
selben Feld mit Erfolg benutzt werden.
Wo keine vorhergehende Blattanalysen zur Verfügung stehen, können
Bodenanalysen für P und K benutzt werden um das Düngerbedürfnis für
die nächste Ernte festzustellen. Jedoch, seit Bodenanalysen für Nitrat-N
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in unseren westländischen Böden sich als unzuverlässig herausgestellt
haben, muss das N-Programm auf das allgemeine N-Bedürfnis des Gewächses in dem betreffenden Gebiet basiert werden.
DISCUSSION

L. D. BAVER: Why do you recommend K analysis late in the potato crop
when wide differences found then do not correlate with yields? (according to
curves presented.)
F. S. FULLMER: The first increment of potash application, which gave a
response, raised the petiole K level to sufficiency at harvest time (over 4 % K).
The mid-season level of 6 % K in the petioles (100 pounds rate) would normally
be considered too low a t this stage of growth. However adverse soil conditions
resulting from heavy rains, minimized the response usually obtained under our
conditions.
H. PAUL: In the analyses of your potato soils for nitrogen, (1) have you examined soils taken after the crop has been planted rather than taking soil samples
of bare soil? I have found with rice that samples of fresh soil taken about 30
days after planting gave a better indication as far as N, nitrogen, is concerned in
relation to response from added nitrogen. (2) Have you tried split application
of nitrogen and if so, with what result?
F. S. FULLMER: Our mineral potato soils were formed under arid and semiarid conditions which means they are very low in organic matter. Thus, all
nitrogen necessary to grow a crop of potatoes must be applied in one form or
another. Most of the nitrogen is applied at planting which means that it would
be necessary to analyze for soil nitrogen prior to planting. Generally, we have
found tests of this nature of little value. However, we have not run soil nitrogen
tests after planting, but do, in many commercial fields, run periodic leaf samples
for NO,, P 0 4 and Ca, Mg and K.
A. A. NIKITIN: What is the effect of magnesium on the rate of assimilation of
P, i.e. if there is a proportional relation between Mg and P (by increasing the
amount of Mg, the uptake of P increases but to what extent this proportionality
is effective).
F. S. FULLMER: Unfortunately, we have done no work on Mg to date, so I
have no data on the effect of Mg on P assimilation. However, we are now supporting work by Dr. Albert Ulrich, University of California a t Berkeley, who
is growing potatoes under controlled conditions, and Mg will be one of the elements studied.
K. MENGEL: The N 0 3 content of the petioles will not be in every case a good
indication of the N nutrition of the plant, because the reduction of NO, is
dependent from different factors. Under given conditions the N 0 3 is reduced to
NÔ 2 to a large extent in the roots. Therefore it seems to me that this method
cannot be extended to other plants and perhaps it is only useful under comparable climate conditions, for sunshine and temperature have a pronounced
effect on the nitrate reduction in the plant. It is not only the N 0 3 that nourishes
the leaves but all the organic N compounds found in the roots and transported
to the leaves.
F. S. FULLMER: Dr. Albert Ulrich, University of California, has found NO s -N
plant tests to be of value for a number of crops. These methods are now used
commercially on sugar beets, tomatoes, potatoes, etc. It is true that many plants
such as grasses, and most trees do not contain NO s -N in the petioles. On these,
total N is run. However, for many crops N0 3 -N tests are much more sensitive
to the N status of the plant than total N tests.
B. KARIM: (1) What tests do you generally perform for finding out micronutrient deficiency if there is any? (2) Why do you prefer plant analysis (Foliar
analysis) to chemical analysis of soils? Don't you think that the discovery of
deficiency as revealed by plant analysis which is generally done at advanced
stage of growth, may go beyond the stage of recovery by late application of
fertilizers, especially K and P?
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F. S. FULLMER: (1) We have done no work on minor elements to date. Thus,
have no data on which to base an opinion. On many other crops, mostly tree
fruits, we have sprayed various minor element materials on plants showing
abnormal growth symptoms. This was the way zinc deficiency on citrus was
discovered. (2) We feel that, on potatoes, plant analysis gives us a most accurate
picture of the nutrient status in the plants. In our soils, soil P and K tests are of
value, but N soils tests have proven to be of little use. It is very true that application of P and K after they are discovered to be low by leaf analysis methods
is of no benefit to the current crop. However, the fertilizer program on the
following potato crop in the same field is altered to take care of the P or K
deficiencies found.
DISCUSSION RE PAPERS 17 AND

18

P. C. DEKOCK: Could both Dr. Falloon and Dr. Fullmer indicate as how far
they could rely on visual symptoms for the diagnosis of any deficiency?
J. N. FALLOON: Visual symptoms are good for N and K, not so 'hot' for P.
These tests verify visual symptoms but much more sensitive in that they pick
up deficiencies long before symptoms appear. Visual symptoms are advanced
cases.
F. S. FULLMER: Leaf analysis has been used for many years in our area
to check abnormal plant growth symptoms. Similar symptoms on any given
plant can be caused by a number of conditions, such as insect damage, salinity
and/or alkalinity, as nutritional disorders. We have found leaf analysis of much
value as a 'clinic' tool. However, as Mr. Falloon says, deficiency symptoms are
an advanced stage, and both tissue testing and leaf analysis methods are tools
to anticipate these troubles.
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SOIL ANALYSIS AND PHYSIOLOGICAL DIAGNOSIS
by
A. MULLER AND F. A. VAN BAREN

Royal Tropical Institute, Amsterdam, Netherlands
Since the publication of 'Diagnostique de l'alimentation d'un végétal
par l'évolution chimique d'une feuille convenable choisie ' (Lagatu et Maume,
1926), the interest for 'foliar diagnosis' (or 'physiological diagnosis' if the
method is extended to other parts of the plants than leaves) has rapidly
increased and is even propagated as a new and more direct method for
assessing the nutrient status of the plants, to be used as a basis for fertilizer
recommendations. Especially for tropical regions and tropical crops this
method seems very promising as the interpretation of the results of the
analyses of tropical soils in some cases fails to give a satisfactory answer
to fertilizer problems.
We want to warn, however, against a too optimistic view of the possibilities
of the 'new' method. In fact there is no fundamental difference between
both methods and the physiological diagnosis ought to be seen as a logical
consequence of the research on the nutrient status of soils. Before being
able to give an advice, based on analytical results, for both methods the
following steps are to be taken:
1. Sampling, 2. Extraction, 3. Analysis, 4. Interpretation.
Comparing both methods for the points mentioned, the following conclusions can be drawn:
la. Though certain precautions have to be taken, soil sampling is rather
simple and general prescriptions can be given.
lb. Sampling vegetal material for diagnostic purposes is not so easy.
In fact much research still has to be carried out on choice of material, time
of sampling etc. A general procedure which is valid for all crops can not be
given.
2a. For the extraction of soils a great number of solutions are in use
(as far as we know for Western Europe and the U.S.A. alone, already about
80 different extraction methods). In fact almost in each country and even in
different laboratories in the same country a particular extraction method
is in use.
Already for this reason soil analysis is condemned by some people,
whereas others are urging for unification of extraction procedures or the
use of an 'universal solution'.
In our opinion both groups are in the wrong; one has to accept the soil
as being a complex and intricate system, the fertility of which is influenced
by physical, chemical and micro-biological processes, related closely to
each other and moreover influenced by external factors.
Especially because of differences in climate and topography there exists
a large diversity of soils of different properties. The great number of
extraction methods ought to be seen as a direct consequence of these
differences in nature of soils whereas, moreover, differences in crop requirements also play a role.
For this reason unification of extractants will be an Utopia and in terms
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of assessing soil fertility a 'Universal solution' is useless. Muller (1956)
has shown that the well known Morgan's solution (sodium acetate/acetic
acid buffered at pH 4.8) is not so 'universal' as it was meant by Morgan,
though in our laboratory it was found very valuable for survey purposes.
Unification is a good thing in many instances, but in agricultural chemistry
it may put a check upon research work. Chemistry is a living science and the
soil chemist has to make use of the new possibilities created in analytical
methods.
2b. The 'total extraction' of vegetal material for diagnostic purposes is
now mostly used and in this connection the extraction may be called
'Universal' for plants. It must, however, be borne in mind that soil analysis
has also started with 'total extractions' and that on progress detailed
methods of extraction became necessary. It is likewise possible that the
same trend will develop in physiological diagnosis. There are for instance
already cases that no relation was found between Fe-deficiency and 'total
iron content' in the leaves and it may be necessary to distinguish 'active'
and 'inactive' iron components with specific extractants.
3. For the actual analysis, no fundamental differences exist. Once the
extracts are obtained, in principle the same methods and reagents can be
used for soil and plant analysis. For diagnostic purposes as many nutrients
should be determined as possible in the extracts for as already mentioned,
not only single values, but also the mutual ratios between the ions are
important. This means that rapid analyses are necessary and it is therefore
very convenient that the flamephotometric and colorimetric methods are
now available. With these methods, however, it is only possible to get
reliable results if care is taken that in the solutions no interfering ions are
present or only in negligible amounts. In our laboratory it was found that
for instance in the Morgan soil extracts most of the interferences can be
avoided by simple dilution. In this respect there is not much difference
for a large diversity of soils. The composition of plant material shows,
however, a great variation, not only between different species, but even
within the same variety of different parts of the same plants. In analysing
plant material with rapid methods, the procedures developed for a specific
material should be tested first before using it for other vegetal material.
4. The interpretation of the results, both of soil analyses and leaf analyses
is a difficult task. Though already much is known, many questions on soil/
plant relationships still remain unanswered. Even in countries with a high
standard of agricultural research the interpretation of analytical figures
is still more or less a question of 'inspired guessing' and in advisory work
intuition sharpened by experience is still playing a big role.
In countries where both soil investigations and physiological diagnosis
have to start 'from scratch', the analyses of plant material may seem a more
direct method for assessing the nutrient status of the plants and should
therefore be preferred. However, before the results of plant analyses can
be interpreted in terms of fertilizer use, painstaking investigations have
to be made on weather and soil conditions, seasonal variations in nutrient
composition of the sampled plant parts etc. An excellent description of
the work involved for the use of foliar diagnosis in connection with coffee
cultivation is given by A. Loué (1957).
The conclusion has to be made that there is no question of a choice
between the two methods but they have to supplement each other.
The physiological diagnosis in its true sense is not a work of a single
person, but can only be carried out by experimental stations with a com142
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petent staff and is to be considered as 'a long term project'. However, the
private planter need not wait for the results of this long term project,
for the physiological diagnosis can also be considered as a 'short term project', though only in a very restricted sense. When samples of leaves or
other plant parts are taken together with soil samples of the respective
sites and the investigation is carried out on the basis of 'good' and 'bad'
plots, valuable practical information can be obtained in a relatively short
time and at low costs. Though our laboratory has used the method rather
recently, interesting examples are already available. Some 'case histories'
will be given in the following.
Case I.
Three neighbour planters of Arabica Coffee (from the Lower Kivu region
of Kongo) sent in samples of soil with the following information:
Plantation I: No fertilizer ever used, average yield of the sampled trees
800 gr/tree of marketable coffee.
Plantation II: Treated with an NPK-fertilizer equivalent to 13 g N,
6 g P 2 0 6 and 25 g K 2 0 per tree. Average yield 600 g/tree.
Plantation III: Treated with 23 g N, 13 g P 2 0 6 and 24 g K 2 0 per tree.
Average yield 300 g/tree.
The respective soils as represented by the samples proved to be very rich
in all macro-nutrients and the P-Truog values were even to be called excessive for coffee.
TABLE

la. P-Truog values and composition of Morgans extracts of topsoils from
coffee plantations.

Plantation

I
II
III

mg P A /

mg/liter extract

kg
450
1240
300

Ca

Mg

K

1500
1940
1620

272
292
260

150
280
80

NH 4

NO,

14
22
14

12
12
4

Though of course other factors are involved, for instance differences in
local rainfall which was rather low for the whole region, the unnecessary
application of fertilizers has, assumedly, had a detrimental effect. It was
therefore advised to send samples of leaves from trees growing around or
in the near vicinity of the profile pits.
TABLE

lb. Results of leaf analyses
(samples of coffee plantations from table la).
% dry matter

Plantation
I
II
III

1957
1958
1957
1958
1957
1958

Ca

Mg

K

P

N

1.21
0.98
1.35
1.25
1.46
1.36

0.40
0.38
0.22
0.37
0.13
0.50

1.88
2.30
4.20
2.55
3.16
2.72

0.20
0.24
0.26
0.26
0.26
0.21

3.00
2.99
2.99
2.99
3.09
2.87

Treatment
no fertilizers
no fertilizers
fertilized
no more fertilized
fertilized
no more fertilized
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TABLE

Ie. Important ratios of macro nutrients, (coffee leaf samples of table Ib.)
Ca : Mg : K

Plantation
I
II
III

1957
1958
1957
1958
1957
1958

35
27
23
30
31
30

11
10
4
9
3
11

K/Mg Ca/Mg K/Ca

54
63
73
61
66
59

4.7
6.0
19.1
6.9
24.3
5.4

3.0
2.6
6.1
3.3
11.2
2.7

1.6
2.3
3.1
2.0
2.2
2.0

N : P : K

N/P

N/K K/F

59
57
40
52
47
50

15.0
12.8
11.5
13.6
11.9
13.7

1.5
1.0
1.4
1.2
1.0
1.1

4
4
4
4
4
4

37
39
56
44
48
47

9.4
9.5
16.1
11.6
12.1
12.9

The results of the leaf analyses showed that on plantation I, the trees
were able to take up sufficient quantities of plant nutrients. Not only the
concentrations of Ca, Mg and K and N were very favourable, but also the
mutual ratios of Ca, Mg, K. Owing to the rather high uptake of P, however,
the K/P ratio was too low. In plantation II and III the unnecessary application of NPK has led to an excessive uptake of K and P resulting in the
first place in a deficiency of Mg both in an absolute sense, especially for
plantation II, as relative to K. In these two plantations the Ca/K ratio
was too low, while notwithstanding the excellent concentrations of N,
the N/K and N/P ratios were also too low. The results of the leaf analyses
of samples from the same trees, taken a year later with no fertilizer application on plantation II and III are also included. For Plantation I it
is shown that from natural sources the uptake of K, N and P may be very
high, leading to an excess of K relative to Ca and Mg and an excess of N
relative to K. In Plantation II and III the K and Mg contents have greatly
improved and also the Ca : Mg : K ratio. The P-values are, however, still too
high.
Case II.
From Moçambique soil samples from a coconut plantation were received
together with samples of coconut milk from the respective sites. In table
II a, b, c the results of the investigation are presented with in table II b and
c also the data for coconut milk analyses from samples from the same
plantation taken from palms growing around the stables and around the
copra ovens.
TABLE

IIa. V-Truog values and composition of Morgans extracts of topsoils from
coconut plantations.

Plantation

mg

mg/liter extract

stand

PA/
kg

Ca

Mg

K

NH,

NO„

Villa Tristao

74

300

125

150

5

1

Macorine

14

200

14

22

2

1

rather good
production
K-deficiency symptoms in young palms

The following comments can be given:
a. The 'Macorine soils' are much poorer than those of Villa Tristao
especially in K, Mg and P. If only soil samples would have been available
the conclusion might have been drawn that an absolute K-deficiency was
present in the young palms of Macorine.
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TABLE IIb. Results of analyses of coconut milk.
mg/liter

Plantation
or site
Villa Tristao
Macorine

Ca

Mg

K

P

N

95

34
90

2150
2300

147
140

76
246

57

2500

95

170

57

2450

140

77

200

Around stables
Around ovens

190
180

stand
rather good production
K-deficiency symptoms
in young palms
healthy and good producing palms
healtyh and good producing palms

LE lic. Important ratios of macro nutrients, (coconut milk samples of table IIb).
Plantation
or site

Ca : Mg : K

illa Tristao
!acorine
round stables
round ovens

4
8
7
7

2
3
2
2

94
89
91
91

K/Mg Ca/Mg K/Ca
63
26
44
43

3
2
3
3

23
12
13
14

N :P : K
3 6
8 5
6 4
3 5

91
87
90
92

N / P N/K K/P
0.5
1.8
1.8
0.6

28
9
15
30

However, m a n y cases are known t h a t soils with even lower K-Morgan
values as for Macorine m a y carry palms with excellent production without
any sign of K-deficiency. In fact the high K-content of the Villa Tristao
soil is more an exception for the sandy soils in Moçambique.
b. The results of the analyses of coconut milk show t h a t even with
low concentrations of easily available nutrients in the soil, the plant is
able to take u p the nutrients in a more or less sufficient concentration.
The values for Ca, Mg, K and N are for the Macorine sample even higher
t h a n those for Villa Tristao. However, the N / K and the K/Mg ratios are
much too low for Macorine, so t h a t it m a y be concluded t h a t the K-deficiency symptoms were not induced by an absolute K-deficiency, but b y a
too high uptake of N and Mg.
c. For the 'stable' and 'oven' samples especially the difference in Ncontent is interesting. The high uptake of N b y the palms around the
stables is most probably caused by nitrogen derived from urine and dung
from the cattle, while around the ovens the enrichtment of the soil will be
mainly from mineral components. Though the husks and other refuse from
the palms, used for heating the ovens, are rich in potassium, the K-content
of the 'oven' sample is not higher than t h a t of the stable sample as was to
be expected, but the N / K and K / P ratios are higher and the N / P ratio lower.
d. Notwithstanding the high Morgan values for Ca and Mg and the very
high content of K in the Villa Tristao soil the concentration of these elements in the coconut milk from the area is much lower than in the other
samples. Though the production of this plantation is still rather good, an
excess of K relative to Ca and Mg has to be considered.
Case III.
Quite recently peat soil samples from the Kivu region were received
from three sites of a plantation of Geranium rosat (used for the extraction
of 'rose-oil"). Two sites had a very poor production of only 4.5 ton/ha while
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on the third site the yield was 45 ton/ha. In table I l i a the results of the soil
analyses are given and it could be concluded that K was most probably the
limiting factor.

Ilia. Some results of the investigation of soil samples from a plantation of Géraniu

TABLE

% organic
P-Truog,
matter dry pH-KCl
mgP.0,/
combustion
kg
method

Site nr.

88.0
81.0
61.0

I
II
III

3.4
2.9
3.7

20
70
94

composition of Morgans
extracts, mg/liter

Product

Ca

Mg

K

NH 4

NO,

747
295
475

122
81
100

10
37
155

32
60
70

90
175
200

4.5 ton/
4.5 ton/
45 tor

To check this conclusion leaf samples were asked for. The results of the
leaf analyses are presented in the table Illb and c.
TABLE

Illb. Composition of leaf samples from Géranium rosat.
(same plantation and sites as of Table Ilia)
% dry matter

Site nr.
I
II
III

Ca

Mg

K

P

N

1.07
0.99
1.32

0.23
0.30
0.30

0.85
0.26
1.10

0.23
0.21
0.26

2.34
2.41
1.91

Production
4.5 ton/ha
4.5 ton/ha
45 ton/ha

TABLE IIIc. Important ratios of macro nutrients, (same samples as of table Illb).
Site nr.
I
II
III

Ca : Mg : K
50 11
64 19
49 11

39
17
40

KM/g Ca/Mg K/Ca
3.7
0.9
3.7

4.7
3.3
4.4

0.8
0.3
0.8

N:P:K

N / P N/K K / P

Productior

68 8 24
84 7 9
58 8 34

10.2 2.9 3.7
11.5 9.3 1.2
7.3 1.7 4.3

4.5 ton/ha
4.5 ton/ha
45 ton/ha

Though the K-content of the sample from site III is indeed much higher
than that of the two other sites, both the differences in nutrient content
and the mutual ratio between elements of sites I and III are not so great
as could be expected from the great differences in yield. It is most likely
that also for site III the conditions are not optimal but still above the critical
conditions. In any case for leaf samples K-values lower than Ca-values are
considered to be abnormal. In site I and II most likely a severe deficiency
of K is involved not only in an absolute sense, but also relative to N, P
and perhaps also to Ca.
The three cases discussed, which only are a very small selection of many
others, may serve as a support for our conclusion that both methods of
investigation soil analysis and physiological diagnosis can be combined with
advantage. The 'trinity' of soil analysis, physiological diagnosis and the
experienced interpreter may be considered as the best approach to the
difficult but interesting and highly important problem of the efficient use
of fertilizers.
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LAGATU,

SUMMARY

Two methods, soil analysis and physiological diagnosis (analysis of
leaves or other parts of the plant), which are used to solve problems on the
efficient use of fertilizers, are compared. The conclusion is drawn that there
is no question of choice between both methods, but that because of the
interrelationship between soil and plant they ought to complement each
other.
Physiological diagnosis has to be seen as a 'long term project' which only
can be carried out by research stations with a competent staff. However,
a combined investigation of soil and of plant parts, carried out by specialists
may give private planters valuable information on the condition of their
plantations, in a relatively short time. This is illustrated by three examples.
RÉSUMÉ

Cette communication compare deux méthodes utilisées pour résoudre
des problèmes ayant trait à l'utilisation efficace des engrais: les analyses
de sols et le diagnostic physiologique (analyse de feuilles et autres parties
de la plante). On arrive à la conclusion que la question de choix entre ces
deux méthodes ne se pose pas, mais que, vu les relations qui lient le sol à
la plante, elles devraient plutôt se compléter.
Le diagnostic physiologique doit être considéré comme un 'projet à long
terme', qui ne peut être réalisé que par des stations de recherches ayant un
personnel compétent. Toutefois, une étude combinée du sol et des parties
vegetables, faite par des spécialistes, peut fournir des renseignements de
valeur aux planteurs sur la condition de leur plantation. Ceci est illustré par
trois exemples.
ZUSAMMENFASSUNG

Es werden zwei Methoden-Bodenanalysen und physiologische Diagnosen
(beruhend auf Blattanalysen oder solchen von anderen Pflanzenteilen)
welche man anwendet um Probleme über den effizienten Gebrauch von
Kunstdüngern zu lösen, mit einander verglichen. Die Schlussfolgerung
ist, dass von einer Wahl zwischen den beiden Methoden keine Rede sein
kann, sondern dass sie auf Grund des gegenseitigen Verhältnisses von
Boden und Pflanzen einander zu kompletieren gehören.
Die physiologische Diagnose muss man als ein 'Projekt auf längerer
Dauer' sehen, welches nur von Versuchsstationen mit kompetentem Stab
ausgearbeitet werden kann. Jedoch, eine kombinierte Untersuchung von
Boden und Pflanzenteilen, von Spezialisten ausgeführt, dürfte doch in
relativ kurzer Zeit Pflanzern wertvolle Auskunft über den Zustand ihrer
Anpflanzungen geben können. Dies wird an drei Beispielen gezeigt.
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I
LA COMPOSITION M I N É R A L E D U COTONNIER
E N FONCTION D E LA COMPOSITION A N I O N I Q U E
E T CATIONIQUE D E L'ALIMENTATION
par
GERMAINE H. J. VAN SCHOOR

Université Libre de Bruxelles

Les teneurs en éléments majeurs de Gossypium hirsutum L. (var. Stoneville. S) sont étudiées en fonction des proportions relatives du milieu nutritif.
Les plantes sont cultivées en serre climatisée (102 jours de climat humide,
87 de climat sec), en vase de culture contenant du sable du Rhin lavé
auquel a été ajouté une solution faite suivant les données du tableau 1.
TABLEAU 1. Caractéristiques des solutions nutritives réalisées à partir d'acides
et de bases. Dose unique de 1 équivalent chimique par pot de 10 litres
et par plante. Rapport de la somme des anions à la somme des
cations 1,1.
P r o p o r t i o n s é q u i v a l e n t a i r e s centésimales
/-In

fnfol

Traitements

anionique

cationique

NO,

so4

PO,

K

Ca

Mg

Variations
anioniques

A
B
C
D
E
F
W

80
10
10
10
45
45
45,4

10
80
10
45
10
45
27,3

10
10
80
45
45
10
27,3

27,5
27,5
27,5
27,5
27,5
27,5
27,5

45
45
45
45
45
45
45

27,5
27,5
27,5
27,5
27,5
27,5
27,5

Variations
cationiques

G
H
I

45,4
45,4
45,4
45,4
45,4
45,4
45,4
45,4
45,4
45,4
45,4
45,4
45,4
45,4
45,4
45,4
45,4

27,3
27,3
27,3
27,3
27,3
27,3
27,3
27,3
27,3
27,3
27,3
27,3
27,3
27,3
27,3
27,3
27,3

27,3
27,3
27,3
27,3
27,3
27,3
27,3
27,3
27,3
27,3
27,3
27,3
27,3
27,3
27,3
27,3
27,3

5
47,5
47,5
10
45
45
80
10
10
10
25
35
45
60
10
25
27,5

47,5
5
47,5
45
10
45
10
80
10
30
30
30
30
30
65
65
45

47,5
47,5
5
45
45
10
10
10
80
60
45
35
25
10
25
10
27,5

J

K
L
M
N
0
P
Q
R
S
T
U
V
W

Les arrosages se font à l'eau désionisée. Chacun des 23 traitements a
été répété 12 fois. La moyenne de coton-graine récolté par plante va de
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2 à 70 grammes suivant les traitements. Le 98e jour de culture, la 3e feuille à
partir du bourgeon terminal sur la tige principale et la 10e feuille apparue
après les cotylédons sont analysées; les autres analyses ont porté sur les
organes prélevés à la récolte. Au total, environ 5.000 dosages ont été réalisés car chaque organe est soumis à 4 dosages sur 2 échantillons de poudre.
Les teneurs, ainsi que les concentrations dans le milieu nutritif, sont
toujours entendues en milliéquivalents chimiques (meg) (N0 3 , S0 4/2 , P0 4 / 3
K, Ca/2, Mg/2) quelle que soit la forme sous laquelle l'élément est présent
dans la plante.
Il a été montré précédemment qu'au sein des variations anioniques ou
cationiques, les teneurs dans la plante ou dans ses organes séparés varient
approximativement en fonction des proportions centésimales des trois
variables du milieu nutritif, suivant un polynôme du premier degré à
deux variables indépendantes.
Ici, les teneurs ont été exprimées en fonction des proportions relatives
des concentrations des six éléments nutritifs par un polynôme du premier
degré à quatre variables. En effet, la somme des cations, la somme des
anions et, par conséquent, le rapport de la somme des anions à la somme
des cations sont maintenus constants, ce qui réduit les six variables alimentaires à quatre variables indépendantes.
Voici un exemple: la teneur en azote dans le total général aérien varie
suivant le milieu appliqué de 77 à 177 meg avec une moyenne de 141,0.
Le polynôme provenant de la régression de toutes ces teneurs donne la
teneur en azote (y) exprimée en fonction des proportions centésimales des
éléments au sein du total général des six éléments:
y = 3.38N + 1.57S + 0.93K + l,03Ca + 10,0
les erreurs standards sont de 0,49 pour les coefficients et de 30,2 pour le
terme constant. Les valeurs statistiquement différentes de zéro sont soulignées et l'on peut ajuster l'équation en
y = 3,38N + 1,57S + l,03Ca
TABLEAU 2. Coefficient primaire général.
(* non significativement différent de zéro pour p = 0.05.
Organes
Total général aérien
Coton-graine
Total végétatif aérien
Fleurs tombées
Tiges
l Total
Feuilles i Limbes
l Pétioles
l Total
3e. feuille 1 Limbes
{ Pétioles
t Total
10e. feuille | Limbes
l Pétioles
moyenne
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Symboles
TG
Cg
Tv
FI
T

F
L
P
3e. F
L
P
10e. F
L
P

NO,

so4

PO 4

K

Ca

3.38
3,38
3,04
0,88
1,45
3,92
4,45
2,98
5,98
6,65
4,78
6,97
2,79

*0,11
*0,02
0,32
*0,32
*0,06
*0,53
*0,67
*0,25
0,65
0,86
0,21
*0,52
•0,67
0,13

0,65
0,86
0,57
0,86
0,50
0,67
0,69
0,15
0,36
0,36
0,36
0,48
0,44
0,36

2,98
0,02
3,57
1,43
1,81
5,06
5,12
4,87
3,89
3,38
5,02
4,35
4,41
5,40

2,31
0,08
3,53
0,86
0,76
6,36
7,35
3,21
3,63
3,63
2,60
4,43
5,31
1,95

4,
4,
3,
1,
1,
2,
2,
2,
2,'

3,87

0,38

0,52

3,67

3,29

2,

M
1,
0,
2;
l,
0,
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Ces équations ont été calculées pour toutes les parties de la plante.
Nous distinguerons 1) les coefficients primaires qui affectent les proportions relatives de l'aliment dont on envisage la teneur dans la plante (tableau
2); 2) les coefficients d'interaction positive qui affectent positivement les
proportions relatives des aliments dont la teneur n'est pas envisagée dans
la plante. Ils ont été exprimés au tableau 3 en pourcentage du coefficient
primaire de l'équation dans laquelle ils interviennent.
L'ensemble des données sur lesquelles les équations sont basées sera
publié ultérieurement dans les Annales de Physiologie Végétale de l'Université Libre de Bruxelles.

DISCUSSION

1. Le coefficient primaire général (tableau 2).
Toujours positif, il indique que plus un élément est abondant dans le
milieu nutritif plus sa teneur est élevée dans la plante. Neuf ne sont pas
statistiquement valables (dont un négatif), ils sont relatifs au Soufre, dont
le dosage dans la plante semble encore offrir des difficultés. Il semble que
le traitement B soit aberrant pour le Soufre; si l'on n'en tient pas compte,
tous les coefficients primaires deviennent significatifs et augmentent de
valeur pour le Soufre (0,61 contre 0,11 pour le total général).
Dans une même colonne, les valeurs les plus élevées s'observent le plus
souvent pour les limbes des feuilles adultes. En dépit de quelques exceptions,
il semble que ce sont les organes les plus indiqués pour l'étude des actions
primaires.
Les coefficients varient fortement d'un organe à l'autre, et pour un
même organe varient avec l'âge. Dans le total général, il semble qu'il y
ait pour les cations, tout au moins, une tendance à l'égalisation des coefficients, ce qui expliquerait que les proportions des teneurs dans la plante,
considérée comme un tout, reflètent au mieux les proportions du milieu
alimentaire.
Il faut noter ici le coefficient particulièrement élevé de l'Azote. Dans
une série précédente où le pourcentage de l'Azote au sein du total anionique
s'élevait au plus à 75, ce coefficient s'élevait pour le total général à 0,90
alors qu'il vaut 3,38 dans cette série où le pourcentage le plus élevé de
l'Azote alimentaire est de 80. Ceci est peut-être dû à ce que la variation
polynômiale du premier degré n'est valable qu'entre des limites définies
des proportions de l'aliment envisagé et qu'au voisinage de 0 ou de 100 %
les teneurs dans la plante ne sont pas simplement proportionnelles aux
proportions alimentaires.
Il n'est pas possible ici de vérifier cela, vue le petit nombre de traitements
des variations anioniques.
Cependant, il n'en est pas de même pour les autres éléments qui dans
l'expérience actuelle présentent des coefficients légèrement inférieurs à
ceux de l'expérience précédente. Ceci semblerait donc indiquer que la forme
de la relation est valable mais que ce sont les conditions de culture (lumière,
humidité, substrat, . . .) qui produiraient les variations des coefficients.
Peut-être, si l'on envisage les variations anioniques ou cationiques séparément, pourrait-on encore envisager une modification de valeur des
coefficients sous l'action des proportions dans le régime alimentaire des
éléments de signe opposé. Mais ceci semble moins probable encore en raison
des faits observés lors d'expériences multiplicatives sur Palmier et Cacaoyer
précédemment publiées. Il en est de même pour les coefficients d'interaction.
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2. Le coefficient général d'interaction positive.
(compte tenu du rapport A/C) (tableau 3).
Dans tous les organes étudiés, le Soufre, le Potassium, le Calcium (sauf
dans les fleurs tombées) du milieu favorisent l'augmentation de la teneur
en Azote; le Phosphore et le Magnésium agissent en sens opposé; les teneurs
en Soufre sont fonctions directes des proportions relatives d'Azote (sauf
pour les fleurs tombées et les tiges), de Calcium, de Magnésium (sauf pour
le total général aérien, les graines et les pétioles); les teneurs en Phosphore
augmentent avec les proportions relatives de Magnésium. Les autres
interactions sont plus variables suivant les organes: pour le Potassium
aucune interaction ne semble générale, celle du Calcium est la plus fréquente;
pour les teneurs en Calcium il y a une interaction positive de l'Azote (sauf
pour les fleurs tombées), du Soufre, du Magnésium (sauf pour le cotongraine et les tiges) et négative du Phosphore et du Potassium; pour les
teneurs en Magnésium l'interaction est positive pour l'Azote (sauf pour
le coton-graine et les tiges) et pour le Calcium (sauf pour les fleurs tombées
et les tiges) et négative pour le Potassium.
Sur les 70 interactions positives possibles pour un élément, on en compte,
pour
l'Azote, 50 dont 23 valables (anions 4, cations 19);
le Soufre, 58 dont 9 valables (anions 3, cations 6);
le Phosphore, 16 dont 4 valables (anions 0, cations 4);
le Potassium, 28 dont 13 valables (anions 12, cations 1);
le Calcium, 54 dont 32 valables (anions 17, cations 15);
le Magnésium, 40 dont 21 valables (anions 12, cations 9).
Les interactions dues aux anions sont plus nombreuses sur les teneurs
cationiques que sur les anioniques, inversement pour les cations.
Les interactions positives les moins nombreuses sont le fait du Phosphore
(ce corp sagit donc négativement sur les teneurs de la plante surtout sur le
Calcium) et du Potassium (elles se marquent pour les teneurs en Calcium
et Magnésium). Ces deux faits sont à mettre en rapport vraisemblablement
avec l'accessibilité plus grande du Calcium quand le Phosphore est peu
abondant dans le mileu et la pénétration préférentieUe du Potassium
plus accessible à la plante que le Calcium et le Magnésium.
Si l'on compare ces résultats avec ceux obtenus précédemment on constate des interactions positives moins nettes du Magnésium et plus nettes
du Calcium.
Peut-être pourrait-on considérer, dans les équations, ces deux éléments
conjointement et non séparément, ceci probablement en raison de leur
parenté chimique.
Il faut noter — à l'inverse de ce qui a déjà été observé dans nos expériences précédentes sur cotonnier — les fortes interactions positives
réciproques de l'Azote et du Potassium et les interactions positives peu
nombreuses pour le Magnésium observées surtout dans les tiges ou dans les
plantes jeunes (travaux antérieurs sur palmiers et cacaoyers d'un an en
région tropicale). Ceci indique que le signe et l'intensité d'une interaction
est fonction de l'espèce, de l'âge et des conditions de culture, ce qui peut avoir
des conséquences importantes sur l'interprétation d'un diagnostic foliaire.
La comparaison avec les séries précitées permet de faire ressortir les faits
suivants:
1. En fin de culture, le nombre des interactions semble diminuer dans les
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TABLEAU 3. Coefficient général positif d'interaction relative.
(— indique une interaction négative statistiquement, différente de zéro, les nombres soulignés en italiques sont valables statistiquement différente de zéro pour p = 0,05, * indique un coefficient primaire négatif).
Teneurs en

PO,

K

Ca

TG

47

—

28

30

173

Cg

49

14

27

*

Tv

31

63

51

FI

36

43

T

20

83

67

F

31

54

37

1

31

50

38

^P

30

63

43

43

L

î
o

3e.

f

F

Phosphore

Soufre

so4

interaction en

w

Azote

Mg

—

NO,

PO4

*

K
55

191

*

*

72

9

119
167

-

Ca

-

47

Mg

119

53

25

197

317

so4

—

K

SO,

PO4

Ca

Mg

NO,

so4

42

5

18

18

—

51

17

17

27

500

850

300

25

4

19

—

42

Ca

Mg

42

22

44
18
37

5

27

283

20

8

16

94

87

12

3

34

85

9

9

39

66

-

91

29

84

76

92

6

19

129

—

103

45

7

21

129

-

91

27

-

NO,

—

67

73

6

Calcium

Potassium

NO,

8

5
19

13

50

10

1

29

4

14

1

4

16

140

2

10

P04

Magnésium

K

Mg

NO,

—

18

17
67

25
24

-

60

51

—

so4

30

15

64

K

Ca

4

—

33

—

34

31

—

-

31

-

25

—

57

227

3
43

42

28

11

-

30

29

19

-

40

9

31

19

-

43

5

56

45

26

9

31

10

76

36

—

30

28

19

82

39

-

-

28

22

17

78

30

-

19

44

22

-

PO4

70
22

1
1

17

42

30

11

22

17

22

28

7

20

81

31

15

6

33

9

4

53

26

-

55

28

8

-

33

19

9

16

50

26

—

61

22

8

-

22

29

3

91

26

61

15

-

70

-

22

-

20

L

l

10e. i

P
F

81
44

21

15

38

14

10

31

36

24

-

10

38

69

29

48

128

25

48

11

36
8

27

18

30

6

11

5

18

L
1

P

-

208

-

46

62

21

6
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feuilles et les limbes par rapport aux feuilles prélevées en cours de culture,
l'inverse se manifeste dans les pétioles.
2. Les interactions positives les plus fréquentes se rencontrent pour
l'Azote en Ca et Mg, pour le Soufre en Ca et P0 4 , pour le Phosphore en
K et Mg, pour le Potassium en N 0 3 et P0 4 , pour le Calcium en N0 3 , P0 4 ,
K et Mg, pour le Magnésium en S0 4 et Ca.
3. Les coefficients d'interactions positives les plus élevés se rencontrent
pour l'Azote dans les colonnes S0 4 et K, pour le Soufre en N 0 3 et Ca,
pour le Phosphore en Mg, pour le Potassium en P0 4 , pour le Calcium en
N 0 3 et S0 4 parfois en Mg, pour le Magnésium en N 0 3 et Ca.
Ici encore, on constate, par rapport aux expériences précitées, des différences, principalement pour l'Azote et le Magnésium.
4. Si l'on considère la dixième feuille comme plus âgée que la troisième
à l'époque du prélèvement et les feuilles à la récolte plus âgées que ces
premières, on constate que,
s'intensifient avec l'âge: l'interaction du Magnésium sur les teneurs en
Phosphore dans les pétioles et limbes, celle du Phosphore sur les teneurs
en Potassium, celle du Magnésium sur les teneurs en Calcium,
diminuent avec l'âge: l'interaction du Magnésium sur les teneurs en
Potassium dans les limbes et les feuilles, celles de l'Azote et du Soufre sur
les teneurs en Calcium dans les feuilles.
Ces faits sont conformes à ce qui a été observé dans d'autres séries.
RÉSUMÉ

1. Les teneurs équivalentaires sur matière sèche du cotonnier sont
exprimées, pour les divers organes, par un polynôme du premier degré en
fonction des proportions relatives alimentaires. On distingue:
a) une action primaire positive importante de l'élément nutritif dont on
étudie la teneur,
b) des interactions positives ou négatives des autres éléments le plus
souvent inférieures à l'action primaire.
2. L'action primaire et les interactions varient avec l'organe, l'âge, les
conditions de culture.
3. Les anions agissent plus sur les teneurs cationiques que sur les anioniques et réciproquement.
4. Le Phosphore agit par son action sur l'accessibilité de certains aliments.
5. Le Potassium interfère par sa pénétration préférentielle.
6. Ces effets sont de nature à avoir des conséquences sur l'interprétation
du diagnostic foliaire.
SUMMARY

1. The equivalent contents, on dry matter, of cotton are expressed, for
different organs, by a polynomial of the first degree as a function of the
relative proportions of nutrients. There is distinguished:
a) an important primary positive action of the nutrient element of
which the content is being studied,
b) positive or negative interactions of other elements, often inferior
to the primary action.
2. The primary action and the interactions vary with the organ, the age
and cultural conditions.
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3. Anions act more on the cationic than on the anionic contents, and
reciprocally.
4. Phosphorus acts by its action on the accessibility of certain nutrients.
5. Potassium interferes by its preferential penetration.
6. These effects are of a kind to have consequences on the interpretation
of foliar diagnosis.
ZUSAMMENFASSUNG

1. Die Gehalte, umgerechnet auf Äquivalenzen auf Trockensubstanz
der Baumwollpflanze, werden für die verschiedenen Organe, ausgedrückt
in Polynome ersten Grades als Funktion der relativen Nährverhältnisse.
Man unterscheidet dabei:
a) eine bedeutende positive primäre Wirkung des Nährelementes dessen
Gehalt man studiert;
b) positive oder negative Zwischen Wirkungen der anderen Elemente,
welche meistens geringer sind als die primäre Wirkung.
2. Die primäre Wirkung und die Interaktionen variieren mit dem Organe,
mit dessen Alter und den Kulturverhältnissen.
3. Die Anionen haben stärkeren Einfluss auf die Kationengehalte als
auf die Anionengehalte und umgekehrt.
4. Phosphor wirkt durch seine Beeinflussung der Zugänglichkeit gewisser
Elemente.
5. Kali interferiert durch seine Vorrangspenetration.
6. Diese Wirkungen sind derartig, dass sie bestimmte Konsequenzen
haben in der Deutung der Blatt-Diagnostik.
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PHOSPHORUS AND NITROGEN UPTAKE AS EXPRESSED BY A
MITSCHERLICH-TYPE EQUATION
by
A. MONEM BALBA

Department of Soil Science, University of Alexandria, Egypt, U.A.R.
The effect of N application on the plant uptake of P — and vice versa —
has been a controversial point in the literature. This controversy can be
noticed in the work of Robertson et al (8), Breon (4), and Williams (10).
In the Mitscherlich-Baule concept (9), the joint effect of more than one
growth factor was expressed by multiplying the efficiency percentages of
all factors involved. The joint effect of N, P and K is mathematically
expressed as follows:
yN.P.K = ^N,P,K ( l - l O T 0 » * » ) (1_10- C P*P) (1-10- C K*K)

(1)

where y is the yield obtained, A is the maximum yield, C is the efficiency
factor N, P, K, and x is the amount of nutrient present. The subscripts
N, P and K refer to the respective nutrients.
Bray (4) had divided the nutrients to mobile and relatively immobile.
According to Bray this division explains the differences in the plant uptake
of the two types of nutrients.
This paper reports an attempt to study the joint effect of P as an immobile
nutrient and N as a mobile one on the plant growth.
The uptake of each of the 2 nutrients as affected by the other was demonstrated. An equation of the Mitscherlich-type was established. Its
constants were used to calculate the uptake of each of the 2 nutrients by
the onion plants.
EXPERIMENTAL

The soil used in this investigation was the surface layer of a fertile land
from Elkhazan, Behira Province. The bulk sample was air dried and
sieved through a 5 mm. sieve. The soil was put into pots known as No. 15
after covering the inner side with asphalt. They were filled to 5 cm. of the
top with 1 kg of the soil pretreated as follows:
A. The soil of each pot was thoroughly mixed with 12 ml. of K 2 S0 4
solution containing 12 mgm. of K.
B. The phosphorus was added to the pots in a solution of Ca (H 2 P0 4 ) 2
containing 1 mgm. P per 1 ml. of solution. Treatments with P were as
follows:
1. No P added.
2. 10 mgm. P per pot was thoroughly mixed with the soil (1 unit).
3. 20 mgm. P per pot was thoroughly mixed with the soil.
C. The nitrogen was added as NH 4 N0 3 solution containing 1 mgm.
N per 1 ml. of solution. The nitrogen was added at the following rates:
1. No nitrogen added.
2. 22.5 mgm. N per pot was added after one week from transplanting.
(1 unit).
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3. 45.0 mgm. N per pot were added, 22.5 mgm. as above and 22.5 mgm.
after 15 days.
4. 67.5 mgm. N per pot were added, 45.0 mgm. as above in 3 and 22.5
mgm. after 15 days from the second increment.
The treatments studied can be summarized as follows:
1. Three levels of P.
2. Four levels of N.
Three replicates of each treatment were made giving 36 pots for the whole
of the experiment.
Onion seedlings of equal weight were transplanted, three plants in a pot.
The pots were irrigated with 100 ml. of water every day. The drained water
was usually a small amount and was re-added to the pot. After 2 months,
the plants were taken out of the pots, dried at 60° C for 48 hrs. and weighed
(table 1). The dry plants were analyzed for P and N and the total uptake
of both nutrients was calculated for each pot. Phosphorus was determined
in the ash colorimetrically and N was determined with the Kjeldahl method.
The results are shown in table 1.

TABLE 1. Experimental and calculated dry weights of onion plants and percentages of N
P as affected by N and increments.
0 P added

1 P added
gm. dry
matter

gm dry
matter

N

P

E x p t l . Calc.

%

%

8.0

1.14
1.10
1.11
1.15

0.32
0.43
0.39
0.35

7.9
8.3
8.3
8.3

9.0

1.28
1.19
1.25
1.24

0.31
0.30
0.35
0.32

9.5
10.4
10.6
10.2

9.9

1.30
1.38
1.31
1.33

0.32
0.34
0.30
0.32

11.4
11.7
10.5
11.2

10.6

1.55
1.40
1.61
1.52

0.35
0.39
0.31
0.35

10.5
11.1
12.5
11.4

N
added

6.8
8.1
7.7
7.5

0
av.

9.5
9.3
9.4
9.4

1
av.

9.1
9.7
10.8
10.1

2
av.

10.1
10.7
10.4
10.4

3
av.

2 P added

N

P

g m . drymatter

N

P

%

%

E x p t l . Calc.

%

%

8.6

1.11
1.09
1.12
1.11

0.42
0.38
0.41
0.40

9.3
8.1
9.8
9.1

9.2

1.01
1.0
1.02
1.01

0.4:
0.4<
0.4(
0.4<

9.8

1.28
1.27
1.28
1.25

0.43
0.39
0.40
0.41

10.8
11.2
10.6
10.9

10.4

1.18
1.19
1.23
1.20

0.4<
0.4t
0.4!
0.4'

10.8

1.32
1.38
1.32
1.34

0.39
0.39
0.42
0.40

10.6
12.2
12.3
11.7

11.4

1.73
1.28
1.25
1.30

0.4!
0.4(
0.4]
0.4Î

11.4

1.43
1.52
1.47
1.48

0.46
0.41
0.39
0.42

10.4
12.9
12.9
12.1

12.2

1.45
1.38
1.40
1.41

0.4Î
0.41;
0.4<
0.4i

E x p t l . Calc.

CALCULATION O F T H E EQUATION

CONSTANTS

An exponential equation of the Mitscherlich type was fitted to the
results obtained. The method of the least squares was used. For calculating
the N constants, the weights of plants obtained with P being sufficient,
i.e. with the addition of 2 units of P (20 mgm. P), were used.
For P constants, the results of the application of 3 units of N (67.5 mgm.
N) were used. Applying this technique 2 equations were obtained as follows:
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1. Yield equation for t h e response of plants to N-increments with P
adequate;
y = 15.52 ( 1 - K T 0 - 0 9 6 9

(41

° + "»' )

(2)

2. Yield equation for t h e response of plants t o P-increments with N
being adequate:
y = 23.2

( 1

_ H)-0-«» «"* + «*>)

(3)

According to Mitscherlich as stated b y Wilcox (9) t h e joint effect of t h e
two nutrients can be expressed b y an equation of t h e following type:
yN,P = ^ N , P ( I - I ( T

C N (bN+

*N) ) ( î - i o - ^ + ' p ' )

( 4 a )

The constants of equation 4a are already known in equations 2 a n d 3
except AN p , t h e maximum yield. This value was calculated following the
method used b y Ibach a n d Mendum (6).
TABLE 3. Calculation of maximum

Yield obtained

Treatment*
X

N

xp

0
1
2
3
3
3

2
2
2
2
0
1

yield A

y = A (1 —10-0.0969(4.1+*!,))
(l-10-0.03(8.74+*p))
9

-

1 =

10.9
11.7
12.1
10.4
11.4

^N,P

=
=
=
=
=

ANJ>
^Np
^Np
^Np
^Np

(0.5994) (0.5238)

(0.6795) (0.5238)
(0.7436)(0.5238)
(0.7948)(0.5238)
(0.7948 (0.4132)
(0.7948)(0.4896)
av.

A

N,p g m .

28.93
30.34
30.04
29.03
29.01
29.20
29.45 + 0.65

* x N = units of N added, one unit equals 22.5 gm. N per pot.
x = units of P added, one unit equals 10.0 gm. P per pot.
I t implies t h e calculation of ANP in equation 4a using t h e average
values of t h e experimental yields y N p . Table 3 shows t h e values of A thus
calculated from t h e results obtained at all rates of N a n d P investigated.
The average of these values of A was used as the maximum yield in equation
4a. Hence t h e equation describing t h e joint effect of N a n d P appears as
follows:
y N P = 29.4 ( I _ I O - 0 0 9 6 9 C - 1 0 + - N ) )

(1 _ 10 -o.o3(8.74+*p)

j

( 4 b )

The values for y N p calculated from equation 4b were close to the values
obtained experimentally as shown in table 1. This agreement indicates
t h a t equation 4b satisfactorily represents t h e joint effect of t h e two growth
factors under investigation.
RESULTS AND CONCLUSIONS

In table 1 it will be seen t h a t :
A. The p l a n t s ' weights increased with t h e addition of both N a n d P .
The increase in plants' weights due to t h e successive increments of N or P
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decreased. This agrees with t h e law of the diminishing returns. Mitscherlich's
equation is considered a mathematical expression to this law.
B. The effect of P - and N-increments to the soil on their percentages
in t h e plants are summarized in table 1. I t will be seen in table 1 t h a t t h e
application of N h a d almost no effect on P-percentage in t h e plants. On
the other hand, with the application of P , the percent N in t h e plants tended
to decrease. The nutrient mobility concept suggested b y B r a y (4) offers
an explanation for these results. Applying N, t h e plant roots will be more
capable to 'forage' for more P . Hence P percentage tended to remain constant. Because t h e yield increased due to N application t h e amount of
P taken u p b y t h e plants increased with N increments as seen in table 2.
The nitrogen, being a mobile nutrient will be fully absorbed by t h e plants
a t any level of its application. Because t h e yield increased due to P application, t h e N percentage tended to decrease as a dilution effect of this
increase in t h e yield. If the mobility of t h e nutrients were t h e only factor
the amount of N taken u p b y t h e plants should have remained constant
with the application of P . Table 2 shows that the amount of N in t h e plants
had increased. This can be explained on t h e basis of more soil nitrogen
mineralization with P application. Kaila (7) h a d shown t h a t t h e soil microorganisms h a d liberated more N with t h e addition of P. However, this
increase in N u p t a k e was limited to the first increment of P .
In equation 4b, t h e soil nutrient content is expressed in t h e added corresponding fertilizer units, i.e. both t h e soil sources and the fertilizer are
considered of the same availability. This assumption implies t h a t the plant
absorbs t h e nutrient from t h e soil a n d fertilizer sources in proportion t o
their amount present in t h e root system zone. If 'b' is t h e soil nutrient
source and 'x' is t h e fertilizer, t h e plant will absorb its need of t h a t equivailable nutrient source according to t h e ratio of b, x. The contribution
of t h e soil sources relative to t h e total sources is b: (b + x). Multiplying
this ratio by t h e plant total nutrient content gives the amount of nutrient
derived from t h e soil. I n previous work, Balba and Bray (1) had suggested
cb
that —
cx represents t h e proportion of the contribution of t h e soil
C r-JJ—

A+

nutrient form b1 (the amount of nutrient chemically determined, while
Cj is its corresponding efficiency factor). Further work by Balba and Haley
(2) and Balba (3) has shown t h e agreement of t h e results obtained b y
using this method of calculation, with t h e results obtained b y radioactive
technique. I n this report, t h e efficiency factors of b and x are similar by
definition of the term b . Hence the quotient
cancels out to yr—.—rH

(b + x)

The contribution of t h e soil and fertilizer P and N to t h e corresponding
plant nutrient content was calculated and shown in table 2.
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SUMMARY

The response of onion plants to P and/or N increments was expressed
by the following equation:
y N p = 29.4 (l_10-»-««»W-l+*N) ) (1 _ 10 -0.08(8.74+,p) )
In this equation t h e soil nutrients (the Mitscherlich 'b') is expressed in t h e
added fertilizer units (x). The quotient bjb + x is considered to represent
the proportion of nutrient in t h e plant derived from t h e soil. This ratio
was used to calculate the soil and fertilizer contribution to t h e plant nutrient
content. The following conclusions were shown:
Without N application, t h e N content of the plant is close to the amount
of t h e soil N calculated in t h e equation. The applied N is almost totally
absorbed by t h e plants. Only the first increment of P increased t h e soil N
in the plants.
The plant P content, without P application was only a fraction of t h e
soil P content as calculated in t h e equation. Only 30—50 per cent of t h e
applied P was taken u p b y the plants. N increments increased t h e P uptake.
The differences between P a n d N uptake can be better understood on the
basis of the nutrient mobility concept introduced by Bray.
RÉSUMÉ

La réaction de plantes d'oignon sur des additions de Phosphore et d'
Azote, ensemble ou séparément, peut s'exprimer p a r l'équation suivante:
y N > p = 29.4 ( 1 — 1 0 - 0 0 9 6 9 (4-1+*N> ) (i_icr 0 - 03 < 8 - 74 +*P> )
Dans cette équation les éléments nutritifs d u sol sont exprimés en unités
d'engrais (x) (d'après Mitscherlich 'b'). Il fut admis que le quotient bjb +x
indique la quantité d'éléments nutritifs dans la plante qui provient du sol.
Ce rapport a été utilisé pour calculer les contributions du sol d'une part,
et de l'engrais d'autre part a u x teneurs en éléments nutritifs des plantes.
Voici quelques conclusions auxquelles on est arrivé:
Sans application de N , la teneur en N des plantes équivaut à peu près à
la quantité de N fournie par le sol, calculée par la formule précitée. L'azote
ajouté est presque entièrement adsorbé par les plantes. Ce n'est que la
première addition de P qui augmente la teneur en N du sol dans les plantes.
Sans addition de P , la teneur en P des plantes n'est qu'une fraction du
P provenant du sol, calculé par la formule. 30 à 50 % seulement du P ajouté
sont adsorbés par les plantes. Des apports de N augmentent l'adsorption de
P.
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Ces distinctions entre l'adsorption de N et de P se laissent mieux comprendre si on leur applique la conception de Bray sur la mobilité des
éléments nutritifs.
ZUSAMMENFASSUNG

Die Reaktion von Zwiebelpflanzen auf P- und/oder auf N-Zufügungen
wurde durch folgende Gleichung wiedergegeben:
y

= 29.4 n_io-°-0969t4-1+*N> )

/1_10-°03(8-74+;I:P)

)

In dieser Gleichung sind die Bodennährstoffe (nach Mitscherlich 'b')
ausgedrückt in den zugefügten Düngeeinheiten (x). Der Quotient b\b + x
wird angenommen, das Verhältnis des Nährstoffs in der Pflanze aus dem
Boden herkünftig wiederzugeben. Dieses Verhältnis wurde benutzt um
den Beitrag des Bodens und des Düngemittels zum Pflanzennährstoffgehalt
zu berechnen. Folgende Schlüsse wurden dargelegt:
Ohne N-Anwendung beträgt der N-Gehalt der Pflanze nahezu die Menge
des Boden-N, berechnet nach obiger Gleichung. Der zugefügte N wird
beinahe ganz durch die Pflanzen absorbiert. Allein die erste Zugabe von
P vermehrte den Boden-N in den Pflanzen. Der Pflanzen-P-Gehalt, ohne
P-Zufügung, betrug nur ein Teil des Boden-P-Gehalts wie aus der Gleichung berechnet. Nur 30—50 % des zugegebenen P wurde von den Pflanzen
aufgenommen. N-Zugaben vergrösserten die P-Aufnahme. Die Unterschiede
zwischen den P- und N-Aufnahmen können besser auf Basis der von Bray
eingeführten Auffassung über die Nährstoffenbeweglichkeit verstanden
werden.
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THE USE OF A TEST-PLANT FOR DETERMINING THE
FERTILIZER REQUIREMENT OF ANOTHER PLANT
by
PROF. MARCEL V. HOMES

University of Brussels
In the course of this paper we will make use of some words with a conventional meaning that we first have to define.
1. Fertility (F) or rather effective fertility: the effect of a soil in producing
crop during a given time (for instance, a growing season) expressed in
terms of fertilizers producing the same effect when given in same amount
on an inert substrate. It comes to comparing soil with an inert substrate
(pure quartz sand) on which a certain amount of fertilizer has been spread.
That implies of course that the fertilizer is physiologically complete. We
can however use it, with approximation, with regards to the major elements only. The units to use are weight by surface unit (for instance Kg
per ha; pounds per acre; or even and better — chemical equivalents per
hectare: CE./ha).
Example: The soil in such part of Belgium has a fertility (local fertilityL.F.-the place being precised) of 30.000 CE./ha means that it gives the
same effect as a complete fertilizer at the rate of 30.000 chemical equivalents
added to one hectare of a soil without any fertility (e.g. pure sand).
2. Requirements. The part for each nutrient required to ensure best
growth expressed either in per-cent of the total nutrients or in weight by
surface unit. It may be used for one or more particular nutrients.
Example: Requirements in nitrogen for Cocoa tree is 20 % means that,
of the total amount of nutrients apt to ensure best growth and expressed
(e.g.) in Chemical-Equivalents, 20 % must be nitrogen (nitrate equivalents).
3. Absolute requirements: (A.R.) the percent or amount expression of
requirements when it concerns the complete nutrient such as could ensure
normal growth when given in an inert substrate (devoid of natural fertility).
4. Complementary requirement: (CR.). The percent or amount expression
of requirements when it concerns only the part of nutrient added as mineral
fertilizer on a soil not devoid of natural fertility.
Example: The A.R. of Nitrogen for Cocoa tree being 20 %, it may become,
if the soil is comparatively richer in nitrogen than in other nutrients, a
lower percentage of the fertilizer given, e.g. 15 %. (The fertilizer will, in
such case, be richer in P, K, etc.).
We are then able to explain the use of a test plant for determining the
best local fertilizer. It is based on the fact that our method of 'Systematic
Variations' gives a complete picture of A.R. or CR., whether it is applied
in pure sand or in soil. It is to be noted that, if we had not a complete
picture (i.e. regarding at least all major elements) the reasoning could no
longer be valid (1).
First step. Determination of the local fertility (L.F.).
We will reason according to results deduced from the whole of our work,
that we are unable to justify here and that we will only state *:
* A complete description of our theoretical and methodological points of
view will be soon published. For information write to the author at Brussels
University.
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Rule: the yield is proportional to the amount of complete nutrients at
a power less than one, which ensures conformity to the law of 'increases
less than proportional'. The power may be approximatively accepted as
0,5 in a fairly large range of values.
y = k X°-b

y — yield — x = amount of nutrients
If E fertilizer is added, we have
y = k(x + £)°. B
If yield is yt in control plots without fertilizer and ym in plots with average
complete fertilizer *, we can have

* yJ - y?
x is thus expressed in the same unit as E, i.e. in wheight by surface.
Example: In a Yangambi soil (former Belgian Congo), the use of 17,000
Chemical Equivalents (CE.) per ha (about 700 Kg) gives an increase of
22 % yield. We will say that the L.F. of this soil (and in the local climatic
conditions) is
]

12
x =

17 .ooo ( 1 2 2 ) 2

in 000

_ p = 17.000 J ^ - J = - ^ - = 35.000

It means that the local fertility is equivalent in its effect to that of 35.000
Chemical Equivalents of complete fertilizer per hectare (about 1.450 Kg/ha).
This is the actual figure obtained in Yangambi and we will use that figure
for the rest of our reasoning.
Second step. Data relative to the test plants. (Zea Mays).
The method of 'systematic variations' is used for the same plant and
for the same kind of production (e.g. grain or total dry matter, but the same
in two of the following sets of conditions) first in pure sand, then in local
soil.
We find the following requirements:
1. A.R. in pure sand (composition independent of total amount, directly
expressed in percent of any chosen amount):
N03
S0 4
P04
K
Ca
Mg
22,6
17,0
17,0
14,3
14,8
14,3
2. CR. in Yangambi soil (not independent of the amount of the complementary fertilizer. That must be chosen on other criteria, e.g. probability
of paying level). We make choice of the amount of 700 Kg/ha or, more
accurately, 17.000 C.E./ha. In such conditions, experiment tells us that the
C R . are:

in % of total
in C.E./ha

NO,

so4

po4

K

Ca

Mg

Total

27,5
4.700

13,5
2.300

14,1
2.400

13,0
2.200

18,9
3.200

13,0
2.200

100
17.000

Third step. Computation of the composition of local fertility. (L.F.)
We know the L.F. to be 35.000 C E . We know that the A.R. for maize
* ym may be, for instance, the average of the yields obtained in the six
treatments in our method of systematic variations in the case of the test plant.
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(the test plant) are as given on page . Thus, if the plant has a total amount
of nutrients of L.F. (35.000) + E (fertilizer) (17.000), i.e. 52.000 CE.,
those 52.000 CE., to ensure best production must be divided as follows.
Composition of L.F. + E for maize (A.R.):

%
CE./ha

NO,

so4

PO 4

K

Ca

Mg

Total

22,6
11.800

17,0
8.700

17,0
8,800

14,3
7.500

14,8
7.700

14,3
7.500

100
52.000

Then, the composition of the local fertility (L.F.) will be the difference
between the total composition given in previous table and the composition
of the CR. for maize since both will give the same best results when the first
includes the effect of fertilizer and soil and the second is added to the soil.
Thus, the local fertility will have the following composition:

so«

NO,
Total nutrients
Best fertilizer
L.F.

11.800
4.700
7.100

K

Ca

Mg

Total

8.700 1 8.800
2.300
2.400

7.500
2.200

7.700
3.200

7.500
2.200

52.000
17.000

6.400

5.300 j 4.500

5.300

35.000

PO 4

6.400

Fourth step. Data relative to intended culture.
Here, the interest lies in the fact that local experiments are no longer
necessary but only one experiment in pure sand. The previous results regarding L.F., thanks to the test plant, can be used to any intended culture.
We will give example for Cocoa tree.
a) A.R. for Cocoa in pure sand (in % of total amount, since independent
of that total amount):
NO,

so4

PO4

K

Ca

Mg

Total

19,4

15,2

17,8

11,9

16,0

19,7

100

b) A.R. for Cocoa at the level of 52 CE. total nutrients (figures of the
precedent table multiplied by 52.000):
NO,

so4

PO 4

K

10.100

7.900

9.300

6.200

|

Ca

Mg

Total

8.300

10.200

52.000

c) Complementary requirements (CR.) for Cocoa tree at Yangambi.
The figures are obtained by substraction of L.F. from A.R. (for Cocoa)
such as follows (CR. = A.R. — L.F.):
NO,

so 4

PO 4

K

Ca

Mg

A.R.
L.F.

10.100
7.100

7.900
6.400

9.300
6.400

6.200
5.300

8.300
4.500

10.200
5.300

52.000
35.000

CR.

3.000

1.500

2.900

900

3.800

4.900

17.000

Total

163

IV.22
Composition of fertilizers.
Two points of view m a y be taken:
a) it is essential to respect all the above figures, i.e. all proportions have
equal importance in the actual fertilizer. T h a t view would be the strictly
physiological view.
b) proportions of S and Ca are less important. Experience shows indeed
t h a t rather large deviations from theoretical figures can be admitted for
those elements. It is not contradictory to physiological knowledge but takes
into account the fact that one can consider not only the theoretical optimum
values but also the shape of the experimental curve (interactions) when
there is a practical advantage to do so (e.g. cost). In t h a t case the actual
amount of fertilizers can rise or fall. As a rule, Ca can be increased without
danger, although it is not advisable to lower its value too much. S can undergo variations in both directions.
Here are two examples of actual Cocoa fertilizers, computed along those
principles (both technicals).
Example of Fertilizers corresponding to Figures in Table pg. 165
T h e o r e t i c a l fertilizer

Mg S 0 4 . H , 0 - 2 8 % MgO (Kieserite)
Mg CO3 - Ca C 0 3 - 1 9 % MgO- 2 7 %
CaO (Dolomite)
Triple Superphosphate — 4 7 % P 2 0 5
Ammonium nitrate — 20,5% N
P o t a s s i u m chloride — 6 0 % K 2 0
Dicalcium phosphate — 3 9 % P 2 0 5

Total

Kg/ha

0//oo

1.500

107

127

3.400
2.900
3.000
900

313
147
204
70

372
175
243
83

11.700

841

A p p r o x i m a t e fertiliz
Kg/ha

°/o

4.900

349

43

3.000
900
2.900

204
70
178

25
8
22

11.700

801

Practical indications and interest.
As stated above, the interest is t h a t if we have the A.R. in pure sand
for three plants (e.g. Palm tree, Coffea tree and Cocoa tree) and the local
experimentation in six places with Maize, we have at once local best fertilizers of the three cultures in the six places, and will have, in t h a t way,
spared much time.
We will limit the examples of results to practical fertilizer, and express
them in °/00 of total fertilizer. The advisable amount varies slightly from one
place to the other but can be taken as an average of 750 Kg/ha as a first
fair approximation. Only four technicals are used in those proposed fertilizers (see next Table).
The Ammonium Sulfate m a y be replaced by Ammonium Nitrate 20,5 % N
if more convenient except in Kivu where Ammonium Sulfate will be better.
The data concerning the absolute requirements necessary for those
computation were taken for Cocoa in Homes (2), Palm tree in Homes (3)
and Coffea in Molle (4).
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Localities (1)

,r
, .
Yangambi

Bambesa
(TJele)

Mulungu
(Kivu)

Lower
Congo

Nioka
(Ituri)

Rubona
(Ruanda)

A m . sulfate - 20 % N
Dicalcic p h o s p h . — 39 % P a 0 5
P o t a s . chlor. — 60 % K 2 0
Kieserite - 28 % MgO

695
45
136
124

417
194
237
152

330
210
360
100

703
32
0
265

720
50
0
230

285
275
250
190

Elaeis

A m . sulfate Dicalcic p h o s p h .
P o t a s . chlor. Kieserite — 28

398
209
228
165

200
305
307
188

229
273
365
133

413
207
122
258

171
400
164
265

204
322
274
200

Theobroma

A m . sulfate - 20 % N
Dicalcicphosph.— 3 9 % P 2 0 5
P o t a s . chlor. - 60 % K 2 0
Kieserite — 28 % MgO

260
220
88
432

86
316
200
398

Coffea

20 % N
— 39% P206
60 % K 2 0
% MgO

-

286
204
0
510

%

(1) The localities are named for references. I t is obvious t h a t the formula is actually applied to definite soils near those places.
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SUMMARY

Various methods are based on the use of a test plant for determining
the amount of nutrients of a soil. They are frequently criticized. Those objections failed when the test plant is used to determine the total fertility
of the soil and not the particular value of one element, and, chiefly when
the method is based not only on the analysis of the exportation of the test
plant.
The method of 'Systematic Variations' gives easily and surely the 'absolute requirements' of a plant in an inert substrate and the requirements
of the same plant in a given substrate ('complementary requirements').
An experiment of 'Systematic Variations' on a test plant (e.g. Maize) leads
easily to the determination of 'the local fertility' of a soil (complete composition). The combination of the local fertility of a soil and the absolute
requirement of a plant, intended to be cultivated on this soil, gives the
composition of the best fertilizer for the culture of this plant on the considered soil.
An application of the method leads to practical fertilizers for Cocoa tree,
Coffea tree, and Palm tree.
RÉSUMÉ

L' emploi d'une plante révélatrice pour estimer l'apport nutritif d'un
sol est à la base de diverses méthodes mais est souvent l'objet de critiques
assez fortes. Ces objections tombent lorsque la plante est destinée à révéler
l'alimentation complète fournie par le sol et non sa teneur en l'un ou l'autre
élément surtout si la méthode ne repose pas sur la seule analyse de l'exportation par la plante révélatrice. Or, la méthode des variantes systématiques permettant de connaître assez aisément et sûrement les besoins de
la plante en substrat inerte (besoins absolus) et les besoins de la même
plante dans un sol donné (besoins complémentaires) permet de résoudre le
problème. Par une expérience conduite sur une plante révélatrice, le Maïs
par exemple, et par un calcul fort simple, elle permet de juger de l'apport
possible du sol exprimé par la composition complète du milieu alimentaire
auquel ce sol est comparable.
Cette donnée, combinée avec les besoins d'une autre plante que l'on
désire cultiver, permet la formulation du complément minéral (fumure)
le plus adéquat à la culture de cette plante sur le sol considéré. L'application
de la méthode conduit à des formules d'engrais techniques pour le Cacaoyer,
le Palmier et le Caféier.
ZUSAMMENFASSUNG

Zur Bestimmung der Menge Nahrungsstoffe in einem Boden gibt es
verschiedene Methoden, die auf die Benutzung einer bestimmten Versuchspflanze beruhen. Sie werden öfters kritisiert. Diese Beschwerden verfielen
wenn die Versuchspflanze benutzt wurde um die totale Fruchtbarkeit des
Bodens zu bestimmen und nicht den besonderen Wert nur eines Elementes;
hauptsächlich jedoch, wenn die Methode nicht ausschliesslich auf die Analyse
der Wegfuhr durch die Versuchspflanze begründet ist.
Die Methode der 'systematischen Variationen' gibt bequem und sicher
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die 'absoluten Bedürfnisse' einer Pflanze in einem an sich unwirksamen Substrat, und die Bedürfnisse derselben Pflanze in einem bestimmten Substrat
('die komplementären Bedürfnisse). Ein Versuch mit 'systematischen Variationen', angewendet auf eine Versuchspflanze (z.B. Mais) führt bequem zur
Bestimmung der 'lokalen Fruchtbarkeit' eines Bodens (vollständige Zusammensetzung).
Die Kombination der lokalen Fruchtbarkeit eines Bodens und das absolute Bedürfnis eines Gewächses, das man auf diesem Boden anzupflanzen
beabsichtigt, liefert die Zusammensetzung des besten Düngemittels für die
Kultur dieses Gewächses auf dem betreffenden Boden. Anwendung dieser
Methode führt praktisch zur richtigen Düngung zu Kakao-, Kaffee- und
Palmöl-Anpflanzungen.
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DETERMINATION OF MINOR ELEMENT LEVELS IN SOILS WITH
THE ASPERGILLUS
NIGER METHOD
by
D. J. D. NICHOLAS

Long Ashton Research Station, University of Bristol, England.
HISTORICAL INTRODUCTION

One of the first records of the beneficial effects of inorganic salts on
the growth of micro-organisms is that by Pasteur who observed better
growth of yeast on adding ash of other yeast to cultures of the organism.
As early as 1869 Raulin (1) showed that small amounts of iron and zinc
were indispensable for the growth of the mould Aspergillus niger. This was
a remarkable achievement since the results were obtained before the advent
of pure culture methods. At that time, however, Raulin's results were
disputed by others who assumed, incorrectly, that metals were toxic
substances stimulating abnormal growth in organisms. This controversy
was finally resolved in favour of Raulin, by the results of careful work by
Bertrand & Javillier (2, 3, 4) who demonstrated the need for manganese
and zinc and later Steinberg (5), using pure culture techniques, showed a
5000 per cent, increase in yields in the same fungus by returning iron and
zinc to media previously treated with calcium carbonate to adsorb the two
metals. Bortels (6), using charcoal instead of calcium carbonate to purify
the media, confirmed these results and also found a beneficial effect of
including copper in the culture solutions and further evidence came from
similar work by Roberg (7), Metz (8), Gollwick (9) and others. Parallel
nutritional studies with animals and higher plants, which showed trace
metals to be essential for normal growth, further strengthened Raulin's
original concept. Other trace metals reported since that time to be required
by the same fungus include molybdenum by Steinberg (10, 11) confirmed by
Mulder (12, 13), Nicholas & Fielding (14, 15); gallium by Steinberg (16),
an effect not reproduced in other laboratories Nicholas (17), Bertrand (18);
vanadium by Bertrand (19) but this result needs further confirmation.
Calcium is required in microgram quantities by the fungus and is thus a
trace nutrient (20). Numerous other species of Aspergillus need trace metals
for growth, as well as other fungi including Penicillia, Rhizopus, Trichophyton and Piricularia (21—28).
Trace metals are also essential for bacterial growth. Thus Bortels (29)
showed that Mo was required by Azotobacter, a result amply confirmed by
others (30—33). He also demonstrated that vanadium could partially
substitute for molybdenum in nitrogen fixation but this replacement is
not common to all species of Azotobacter (31, 32). Iron and calcium are also
required in micro-amounts by this organism (32, 34, 35). Webb (36) and
Shooter & Wyatt (37) showed that magnesium is needed for cell division
in many bacteria and Henry & Stacey (38) found it to be associated with
the Gram staining complex. Bacteria that contain cytochrome, usually
well developed in some anaerobes, need iron (39, 40). Clostridium welchii
requires copper and iron as do Lactobacillus species (41, 42).
Algae too require iron, copper, zinc, manganese, molybdenum for growth
(43) and vanadium specifically increased growth in Scenedesmus obliquus
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(44). Several algal flagellates, e.g. Euglena gracilis need vitamin B12 as do
some bacteria, thus Co in this form is indispensable for their metabolism
(45).
ESSENTIAL TRACE

METALS

Two points need to be considered, first the definition of an essential
element for growth and second, which metals to include in the 'trace' category.
Arnon (46) has proposed the following criteria for an essential nutrient
to higher plants; (a) the organism is unable to complete its life cycle without it, (b) the effect must be specific to the nutrient and cannot be replaced by another, (c) it must be directly involved in its metabolism and
not in correcting any unfavourable conditions in the growth medium, e.g.
change in pH. This definition of an essential element may also be applied
to micro-organisms. The criterion that is now in doubt, however, is (b)
since it is known that one or two metals can function at the same point in
metabolism and it has been proposed elsewhere (47) that a concept of a
'metabolism nutrient' is to be preferred to that of an 'essential element'.
A specific requirement for a nutrient is, however, a prerequisite to any
bio-assay method used in its determination.
The word 'trace' or 'micro' or 'minor' implies a small requirement relative to the term 'macro' or 'major', usually associated with much larger
amounts. Thus iron, copper, zinc, manganese, molybdenum, vanadium,
cobalt and possible tungsten are essential in microgram quantities but even
here there is a wide range of requirement, e.g. the need for iron may be a
thousand times that for molybdenum and a hundred thousand times that
for vanadium, or cobalt. The last two might well constitute an 'ultramicro'
group of biologically important nutrients to which others will be added in
due course when pure culture methods are developed further and other
sensitive micro-organisms found.
BIOASSAY

METHODS

In selecting an organism for the bioassay of trace metals the following
points need to be considered (a) a specific requirement for the test nutrient
is necessary and in no case should another be able to replace it and preferably the same organism should require a range of nutrients, (b) the organism
should be aerobic and non-pathogenic, capable of rapid uniform growth in a
short time without production of toxic products that might inhibit growth,
(c) the media should be relatively simple preferably containing sugar or organic acids as a carbon source and inorganic salts that can be readily purified by chemical or physico-chemical techniques, (d) the organism must be
genetically stable and not subject to mutation that might result in changed
requirements for nutrients, (e) the effects of changes in constitution of
culture medium on the availability of trace metals should be small, e.g.
amino acids present in culture solutions may chelate metals and render them
unavailable to the organism and products of metabolism formed during
growth may complex with trace metals in the media; these effects are
usually more marked at high pH, (f) growth should be measured quantitatively, e.g. by turbidimetric methods or titration of acid produced, as in
bacteria or by weighing dried felts of fungi, (g) quantitative determination
of metals should be possible in amounts below those achieved by chemical
or physical methods, (h) bioassay results with soils should reflect the
availability of trace metals to plants growing therein.
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The mould A. niger is ideally suited for determining trace metals since it
satisfies most of the requirements listed above. This was realised early
in soil fertility studies when a number of investigators used it to determine phosphate, potassium and magnesium available in soils to crop plants
(48—56). Later, trace metals were also determined in soils by Mulder (12,
13), Acock (57), Nicholas & Fielding (58), Nicholas (59, 60, 61), Jensen (62),
Hendriksen & Jensen (63), Donald Passey & Swabey (64, 60) and Saraswathi-Devi (66) and others (67).
GENERAL OUTLINE OF METHOD

This method of bioassay of mineral elements is based on the fact that
A. niger requires specifically a number of mineral elements for its growth.
These include the macronutrients, nitrogen, phosphorus, calcium, magnesium
potassium and sulphur and the micronutrients copper, iron, manganese,
molybdenum and zinc. When one of these nutrients is omitted from the
culture medium the growth of the fungus is much reduced, as may be shown
by dry weight yields of the felts and by the intensity and type of sporulation.
A progressive increase in any one of these essential nutrients from deficiency
to sufficiency levels, provided the others are present in optimum amounts,
results in reproducible and quantitative increases in growth. A standard
growth series may thus be prepared for each of the essential nutrients
listed above.
A bioassay of test material for any given nutrient is made by adding a
known amount of the material to a culture solution containing all the nutrients except that to be determined. The growth of the fungus under these conditions will depend on the amount of the test nutrient derived from the
material added. The growth response is determined by comparison with a
standard series for the element prepared at the same time.
EXPERIMENTAL PROCEDURE

Type of Glassware
Hard glass, 500 ml. Erlenmeyer flasks and 150 ml. beakers are thoroughly
cleaned by soaking in a sulphuric acid — dichromate mixture or in dilute
nitric acid followed by washing with deionised water. An alternative method
is to soak the flasks in a hot solution of sodium versenate and then to rinse
well with deionised water. When new glassware is used the acid washing is
recommended to remove surface contaminants but subsequent treatment
can be confined to soaking in versenate. It is preferable to use a special set
of glassware for each trace metal.
A simple test to detect the presence of metals on glassware is to rinse
with a 0.01 per cent, solution of dithizone in redistilled chloroform. The
presence of metals is shown by a change of colour from the green of dithizone
to the red of the metal dithizonates.
Purification of Water
Water prepared from a tinned copper still must be redistilled at least
once from pyrex glass to remove trace metals. Good grade deionised water
checked by means of a conductivity cell, is also suitable for dispensing
media.
Composition and Purification of Basal Culture Solution
Composition. A suitable medium for growing the fungus is as follows:
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Macronutrients
Dextrose
KNO,
KH,P04
MgS0 4 .7H,0
Ca (NO,),

(gm)
50
5
2.5
1
0.5

Micronutrients (mgm)
FeCl,.6H,0
20
ZnS0 4 .7H,0
20
CuS0 4 .5H s O
1
MnS0 4 .4H,0
3
Na,M 0 O 4 .2H 2 O
1

Glass distilled or deionised water added to 1 litre giving solution of
p H 3.8. For each culture use 50 ml. of solution in a 500 ml. Erlenmeyer
flask.
Purification. The macronutrients which m a y contain sufficient trace
metals to produce an optimum growth of the fungus, are specially treated
to reduce these to negligible amounts. The following methods are recommended for this purpose.
Macronutrients sufficient for 5 litres of media or less are dissolved in
about 500 ml. of deionised water and treated b y one of the three methods
described below to remove the particular trace elements to be determined.
All operations are carried out in a well ventilated fume cupboard.
I

Copper and Molybdenum — pH of the solution is adjusted to 2.5 with 2 N
HCl (checked with pH meter) ; 10 ml. 20 % W/V CuS0 4 .5H,0 is added and a
steady flow of H,S gas passed through the solution for 10 min. The copper
sulphide precipitate is allowed to settle for 15 min. and is then filtered
either through a No. 50, 18.5 cm. Whatman paper into a clean 1.5 litre
Erlenmeyer flask or through very fine glass sinter No. 4 in a Büchner funnel.
The H,S is eliminated by boiling, shaking the flask carefully and using
asbestos gloves to protect the hands. Filtered air may also be passed through
the hot solution to facilitate the removal of H,S.

II

Iron and Zinc — pH of solution is adjusted to 5.5 with 4 % W/V NaOH in
1 litre pyrex separating funnel (preferably pear shaped). 50 ml. 5 % W/V
8-hydroxyquinoline in chloroform is added and the solution shaken vigorously for 1 min. The chloroform phase containing the metal quinolates is
discarded. The extraction is repeated twice. After these three extractions
50 ml. redistilled chloroform is added and the solution shaken for 1 min.
to remove unused quinoline and any residual quinolates. The chloroform
layer is discarded. Repeat this extraction twice. The solution is next shaken
with 50 ml. redistilled diethylether to elute the chloroform and then run
off into a clean 1.5 litre Erlenmeyer flask and the ether phase discarded.
This extraction with ether is repeated twice. The solution is finally boiled
on an electric hotplate at about 80° to eliminate ether.

I I I Manganese — 10 g CaCO„ 5 ml. 10 % W/V N a , H P 0 4 and 5 ml. 10 %
W/V CaCl, are added and the treated solution is autoclaved a t 10 lb./sq. in.
for 45 min. After cooling the solution is filtered either through a No. 42
Whatman paper into a clean 1.5 litre Erlenmeyer flask or through a
Büchner funnel using coarse sinter No. 1 or 2.
The efficacy of removal of trace metals m a y be determined either b y
labelling the appropriate metal with a radioactive tracer or b y use of radioactivation analysis of the purified sample. The former technique is preferable since it can be done cheaply in one's own laboratory whereas the latter
procedure requires a neutron source for activation followed by numerous
separations before decay curves can be satisfactorily interpreted. Thus the
radioactivation technique when handled b y others is too expensive for most
laboratories.
Micronutrients. Spectrographically checked micronutrients have been
previously used to supplement the macronutrients in the culture media, but
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A.R. or C.P. grade chemicals are now sufficiently pure for use without
further treatment.
Choice of Strain of Fungus
A. niger (Mulder) M strain has been compared with a number of other
strains including that of (Steinberg) S strain but none has given as consistent results as the M strain.
Preparation of Spore Inoculum
The fungus is subcultured weekly on nutrient agar slopes by a spore
transfer technique. The inoculated slope is cultured at 30° C for 4 days. The
composition of the nutrient agar is as follows:
KH,P0 4 ,2.4gm.;MgS0 4 .7H 2 0, 1.2 gm.; peptone 1.2 gm.; maltose 12.5 gm.;
malt extract 12.5 gm.; agar 25 gm.; water 1 litre.
This medium is autoclaved at 10 lb./sq. in. for 10 min. and then dispensed in
10 ml. amounts in clean glass rimless tubes, 6 x 5/8" and plugged with nonabsorbent cotton wool. When the tubes are not required immediately,
viskaps are fitted over the cotton wool plugs to prevent dehydration of the
agar slopes. The tubes are stored in a tin box, preferably in a refrigerator at
4°C.
The spores from one slope are collected on a sterile platinum wire and
transferred into 10 ml. of sterile deionised or glass distilled water and
0.1 ml. of this inoculum used for each 50 ml. culture solution. Care must
be taken to draw the platinum wire lightly over the spore covered slope to
avoid any carry over of agar. This is of particular importance when preparing an inoculum for a trace metal deficiency series.
Preparation of Standard Series for the Test Metals
The sterile culture solution is transferred to clean 500 ml. Erlenmeyer
flasks in 100 ml. lots. The necks of the flasks are fitted with 50 ml. inverted beakers and the annular spaces plugged with non-absorbent cotton
wool. This avoids possible contamination with metal which may arise from
the more usual procedure of using cotton wool plugs to close the necks of
the flasks. The fungus is grown at 30° C for 4 days or at 25° C for 5 days.
The temperature must be standardised to within ± 0.5° C and the culture
flasks randomised in the incubator according to a statistical pattern so as
to account for any minor fluctuations of temperature.
All standard series are prepared in triplicate and the standard error
for the assays determined periodically as a check on the response of the fungus to the metal assayed. A standard series for a metal is always included
when an assay is to be made of test materials. It is often sufficient to
check a deficiency against an optimal level only. All graduated flasks used
to dilute standard solutions must be rigorously cleaned. It is advisable not
to retain very dilute standard solutions for more than a week since trace
metals may be adsorbed on to the glass and thus render the standard assays
of these inaccurate. It is better to make frequent dilutions of stronger stock
solutions of the trace metals.
The sensitivity and range of the assay method for magnesium, copper,
iron, manganese, molybdenum and zinc is shown in Table I.
The standard series may be assessed visually by taking into account the
thickness of mycelial growth, intensity of sporulation and quantitatively by
dry weight yields of the felts. In the absence of iron, zinc, or molybdenum
thin mucoid mycelia devoid of spores are formed yielding between 20 and 50
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TABLE 1. Standard Series for the Trace Metals by the A. niger method.
Metal
standard

Metal fig/'50 ml. basal culture solution

Magnesium
Copper
Iron
Manganese
Molybdenum
Zinc

0,
0,
0,
0,
0,

25*, 50, 100, 150, 200, 300, 400*, 500
0.05*, 0.1, 0.2, 0.4, 0.6, 0.8, 1*, 2, 5
0.1*, 0.5, 1, 2.5, 5*, 10
0.01*, 0.025, 0.05, 0.1, 0.5, 1*, 5
0.0005*, 0.001, 0.002, 0.003, 0.004,
0.005, 0.0075, 0.01*, 0.05
0, 0.5*, 1, 2, 3, 4, 5*, 10

Standard
Deviation
±
±
±
±
±

25
0.05
0.1
0.01
0.0005

± 0.5

* Effective range for assay, coinciding with maximum differences in mycelial
characters including dry weight yields of the felts and the intensity and colour
of the spore cover.
mg dry weight compared with 900 mg for a normal mycelium grown in full
culture. The reduction in yields of felts grown without copper or manganese
is less striking t h a n those for deficiencies of iron, zinc, or molybdenum, although visually there is a marked difference in mycelial characters and
sporulation. Copper has a specific effect on spore colour, which varies from
pale yellow at the low copper level through brown to black at the medium
and higher levels. In the absence of manganese the fungus forms isolated
tufts of mycelia coalescing into hard though white colonies, an effect t h a t
is quite characteristic for this deficiency and is thus readily recognised.
It is important to check whether or not the reagents used to purify the
media have been removed and are not depressing the growth of the fungus.
This is done by comparing the growth of the fungus under optimal conditions, using purified and non-purified media. Phytocidal effects are also
readily detected since standard series for the metals become erratic when
toxic materials are left in the culture media. It m a y be difficult to remove
the last traces of a chelating substance from culture solutions. The amounts
left m a y be too small to affect the organism directly but they m a y chelate
with the test nutrient added or even with other trace metals, resulting in
low assay values for the metal under test. A significant difference in the
growth response to a trace metal as a result of using different purification
methods will indicate this phenomenon. When the methods described above
are carefully carried out there should be insufficient residual toxic materials
in the media to interfere with the assay of the trace metals.
The standard series for magnesium, copper, iron, manganese, molybdenum
and zinc using A. niger (M strain) are illustrated elsewhere (58, 59, 60, 61).
PROCEDURE FOR SOIL ASSAYS

Preparation

of Soil

Samples.

Soils are air dried and passed through a nickel plated sieve of 2 mm.
mesh and the following amounts used for assay; 1 and 0.5 gm. for magnesium, and 0.25 and 0.5 gm. for copper, zinc, manganese or molybdenum.
Assays are made at two or even three weight multiples for each soil to check
the assay.
Soils containing large proportions of organic m a t t e r m a y contain sufficient micro-organisms to interfere with the bioassay especially when 1 gm.
amounts of soil are used as in the magnesium assay. This can be overcome by
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adding 1 ml. of 85 per cent, v/v redistilled ethanol per 0.5 gm. of soil in
a small pyrex watch glass, and after mixing well with a glass rod for 15 min.,
removing the alcohol completely on a water bath. This treatment offsets the
growth of contaminating micro-organisms but has little effect on the availability of the metals in the soils to the fungus.
Effect of pH on the assay of soils.
The addition of as little as 0.5 g. of any air-dry soil to 50 ml. of the
buffered culture solution has little effect on the pH of the media. Nevertheless the initial pH of the culture solution has a profound effect on the bioassay of trace metals in soils. The fungus grows well over a wide range of
pH values, viz. from 1.8 to 7.5. The solutions are adjusted either with redistilled HCl or else with 5 per cent w/v NaOH which was passed through
Amberlite IRA 400, (OH) form, to remove molybdate, its main contaminant.
The effect of adjusting the initial pH of the culture solution to 2 or 3
for the assay of molybdenum in soils is shown in Fig. 1. The micronutrient
becomes less available to the fungus the more acid the culture solution and
the optimum pH for assay of molybdenum in a number of soils is 2; the same
pH at which the molybdenum is removed from the basal culture solution.
Normal British soils usually have 0.5 to 1 ,ug molybdenum/g air-dry
soils whereas in soils deficient in the micronutrient values between 0.01—
0.03 fig molybdenum have been recorded.
The effect of the initial pH of the culture solution on the assay of manganese in normal and in manganese deficient soils is illustrated in Fig. 2.
The manganese in soil becomes less available the more alkaline the pH of
the media and maximum differences between the two soils are shown at
pH 7.5. The available manganese in normal British soils are usually over
5 fig manganese whereas in deficient soils values fall to 0.05 fig.
The effect of pH on the assay of copper or zinc is less striking, the optimal value resulting in maximum differences between normal and soils deficient in either metal is pH 5.5. Bioassay for copper and zinc in normal
deficient soils are illustrated in Figs. 3 and 4. Results per gramme airdry soils from Britain are: normal soils 10—30 fig copper and over 15 fig
zinc and for deficient soils 0.3—2 fig copper and less than 5 fig zinc.
It has not been possible to show differences in available iron in normal
soils and those that give rise to 'lime-induced' iron deficiency in fruit
trees, despite the fact that the initial pH of the culture solution was varied
between 1.5 and 8.0 in units of 0.5. This result is not surprising since irondeficient leaves usually contain adequate total iron but the metal is immobilized within the plant tissues. Thus the availability of iron in these
soils is of secondary importance.
In the absence of cobalt there is no depression in the dry weight of the
felts but vitamin B12 produced by the organism is markedly depressed. It
is possible to assay cobalt in soils indirectly by determining the production
of vitamin B12 in the fungus after adding various soils to culture solutions
(pH 5.5), depleted of cobalt. This method, however, is unlikely to be used
routinely since it is tedious and time consuming and is dependent on two
separate assays.
Standards for temperate and tropical soils
It is of interest that the limiting values for trace metals in tropical and
sub-tropical soils are usually much lower than for those from temperate
areas. The tropical soils examined have consisted in the main of acid sandy
materials that are highly leached. A comparison of normal and limiting
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TABLE 2. Comparison between available trace metals in British soils and in those from Tropical Areas determined by the. A. niger Method
fig/g of air-dry soil.
Copper

British soils
Tropical
Soils**

Zinc

Molybdenum

Normal*

Deficient*

Normal*

Deficient*

10—30

0.3—2.0

15—30

2—5

1—10

0.05—0.1

0.5—10

0.05—0.25

Normal*
0.5—1
0.1—1

* Based on the diagnosis of these deficiencies by other methods.
** To assay deficiency levels of the trace metals in these soils 1 to 2 g soil was used.

Manganese

Deficient*

Normal*

Deficient*

0.01—0.03

1—5

0.05—0.1

0.0001—0.01

0.5—1

0.01—0.05

IV.23

Fig. 1. The effect of adjusting the initial pH of the culture solution on the
bioassay of molybdenum in soils by A. niger.
Initial pH of
culture solution
4.0
2.0

(a) normal soil,
(c) normal soil.

(b) molybdenum-deficient soil,
(d) molybdenum-deficient soil.
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Fig. 2. The effect of adjusting the initial pH of the culture solution,
bioassay of manganese in soils by A. niger.
Initial pH of the
culture solution.
6.0
(a) Normal soil;
(b) Manganese-deficient
7.0
(c) Normal soil;
(d) Manganese-deficient
7.5
(e) Normal soil;
(f) Manganese-deficient

on the

soil.
soil.
soil.

Bioassay of copper in soils by A. niger.
Soil with adequate copper, top or subsoil (0—6" and 6—12'
Surface soil (0—6") showing a deficiency of copper,
(c) Subsoil (6—12") showing a deficiency of copper.

fa
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Fig. 4. Bioassay of zinc in soils by A. niger.
(a) Soil with adequate zinc, top or subsoil (0—6 in. and 6—12 in.).
(b) Surface soil (<>—6 in.) showing a deficiency of zinc.
(c) Subsoil (6—12 in.) showing a deficiency of zinc.
values for available trace metals in British and tropical soils is presented
in Table 2. I t is clear t h a t in tropical soils t h e available trace metals are
considerably lower than those in British soils so t h a t t h e limiting values
are not interchangeable. Further work is required t o fix standards for t h e
various types of tropical soils.
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SUMMARY

The advantages of the bioassay method for determining trace metals
available in soils to higher plants include, (a) a quantitative method for
levels of micronutrients that are often below the limits of detection of
present-day chemical and physical techniques, (b) a direct method which involves the minimum preparation or dilution of the sample, (c) results that
are in closer agreement with the response of higher plants to trace metals
than those obtained with chemical extractants of the soils. The disadvantages include the need for rigorous pure culture methods and the frequent
use of standard series for the trace metals to check that a mutation has not
occurred in the organism. Nevertheless the method has been used to good
effect to determine quantitatively minute amounts of trace metals in soils,
plants and in enzyme preparations.
RÉSUMÉ

Parmi les avantages de la méthode biologique pour déterminer les
traces d'éléments métalliques qui, dans le sol, sont disponibles aux végétaux
des ordres supérieurs, nous pouvons retenir: (a) La méthode est quantitative
pour des niveaux de micro-éléments nutritifs qui sont souvent inférieurs
aux limites de détection par les techniques chimiques et physiques actuelles.
(b) C'est une méthode directe qui ne demande qu'un minimum de préparation ou de dilution de l'échantillon, (c) Les résultats concordent mieux
avec les réactions des plantes supérieures vis à vis des adjonctions de traces
d'éléments métalliques que ceux obtenus par extraction chimique des sols.
Les inconvénients de la méthode sont: la nécessité de maintenir des
conditions rigoureuses dé culture pure, et d'avoir fréquemment recours à
des séries étalon, afin de vérifier si les organismes n'ont pas subi des mutations.
La méthode a néanmoins donné de bons résultats dans la détermination
de quantités infimes de traces métalliques dans les sols, les plantes et les
préparations d'enzymes.
ZUSAMMENFASSUNG

Die Vorteile der biologischen Prüfungsmethode zur Bestimmung von
für höhere Pflanzen erreichbaren Spurenelementen in Böden, sind gelegen
in (a) einer quantitativen Methode für Gehalte an Mikronährstoffen, oft
unterhalb der Grenzen, sie nach den heutigen chemischen und physischen
Techniken zu entdecken, (b) einer direkten Arbeitsweise, welche nur ein
Minimum an Vorbereitung oder Verdünnung der Bodenprobe verlangt,
(c) Resultaten, die besser anschliessen bei der Weise wie höhere Pflanzen
auf Spurenmetalle reagieren, als solche welche man mit chemischer Extraktion der Böden erreicht. Nachteile sind die Notwendigkeit äusserst
reine Kulturmethoden anzuwenden, und der vielfache Gebrauch von
Standartreihen der Spurenelemente zur Prüfung, ob nicht eine Mutation
im Organismus stattgefunden hat. Dessenungeachtet wurde die Methode
zur quantitativen Bestimmung minimaler Mengen von Spurenelementen
in Böden, Pflanzen und Enzympraeparaten mit erfreulichem Erfolg benutzt.
DISCUSSION

A. A. NIKITIN: Can this biological method be utilised satisfactorily for the
determination of the interference between molybdenum and copper?
D. J. D. NICHOLAS: A deficiency of molybdenum can be determined in soils
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containing amounts of copper varying from deficiency to sufficiency levels,
without affecting the bioassay results for Mo. The reverse is also true. Toxic
amounts of copper, however, would depress the yield of the fungus and thus
interfere with the bioassay test for any other element. Since only small amounts
of soil are used in the assay in 0.25 or 0.5 gm, it is unlikely that toxic amounts
of Cu or any other element would be present to interfere seriously with the
bioassay method.
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NÄHRSTOFFVERHÄLTNIS UND ERTRAGSGESETZ
von
E . VON BOGUSLAWSKI UND B . SCHNEIDER

Institut für Pflanzenbau und Pflanzenzüchtung — Giessen, Deutschland.
1. BISHERIGE ERGEBNISSE.

In vielseitigen Arbeiten konnten wir nachweisen, daß neben der absoluten
Menge das Verhältnis der Nährstoffe für die Ertragsbildung entscheidend
wirksam ist. Die Untersuchungen wurden sowohl in Gefäßversuchen mit
Hafer, Weizen und Zuckerrüben als auch in Feldversuchen mit Weizen,
Hafer, Gerste sowie Futterrüben, Zuckerrüben und Kartoffeln durchgeführt
(6, 7, 8, 9, 13, 17, 18). Es fanden vorwiegend die drei Hauptnährstoffe
Stickstoff, Kali und Phosphor Berücksichtigung.
Die einzelnen Pflanzenarten zeigen unter vergleichbaren Bedingungen
in ihren Aufnahmen, also in der Pflanze, ein typisches — also genetisch
bestimmtes — Nährstoffverhältnis. In Abb. 1 teilen wir aus zweijährigen
von K. von Gierke (14) gesammelten und E. von Boguslawski und K. von
Gierke (12) ausgewerteten Untersuchungen aus Feldbeständen der Praxis

KARTOFFELN

u
1,2

iN-1
0,8
0,6
0,4
0,2

LL

Abb. 1. Fruchtarten — Jahre Nährstoffverhältnis im Entzug 1955 + 1956.
stammende Mittelwerte für das Nährstoffverhältnis einiger Pflanzenarten
mit. Als Bezugsgröße dient die Stickstoff aufnähme (N = 1). Die Zahlen
beziehen sich auf Reinnährstoffe (K statt K 2 0, P statt P 2 0 5 ). Bei den
Getreidearten fällt bei Hafer der höhere K-Anteil auf. Sowohl innerhalb der
Getreidearten als auch im Vergleich der Hackfrüchte bestehen typische
Unterschiede. Allgemein schwanken die Aufnahme-bzw. Entzugswerte
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in den Korn- und Rübenarten aus physiologischen Gründen weniger als in
den Stroh- und Blatternten.
Die für die Arten typischen Nährstoffverhältnisse werden nun durch
die Standortfaktoren und die Jahreswitterung (12), aber auch durch die
jeweilige Düngung modifiziert. Der Einfluß der Düngung kann so groß
werden, daß kleinere Art- und Rassenunterschiede überdeckt werden.
Die folgenden allgemeinen Gesetzmäßigkeiten waren zu beobachten:
a. Der Einfluß des Nährstoffverhältnisses in der Düngung auf das
Nährstoffverhältnis in der Pflanze steigt mit der Intensität der Düngung.
Naturgemäß sind dabei die im Boden physiologisch wirksamen Nebenbedingungen beteiligt.
b. Mit der Erhöhung des Anteiles eines Faktors in der Düngung, steigt
auch der Anteil dieses Faktors in der Pflanze.
c. Mit zunehmender Düngung tritt eine Verengung des Nährstoffverhältnisses von N : K : P in der Pflanze ein. In der Intensität der Aufnahme besteht die Reihenfolge N > K > P. Eine besondere Priorität ist
für den Faktor N zu beobachten.
d. Somit ist das Selektionsvermögen der Pflanzen begrenzt. Physikalischchemische Vorgänge bei der Resorption der Nährstoffe, ihrem Transport
und ihrer Verwertung in der Pflanze sind als die Ursachen für die genannten
Gesetzmäßigkeiten anzusehen.
e. Das Nährstoffverhältnis in den Korn- bzw. Rübenarten ist relativ
konstanter als in den Stroh- und Blatternten. In letzteren findet im Falle
der Überdosierung eines Faktors und seiner begrenzten physiologischen
Verwertung eine Anhäufung bzw. Ablagerung statt.
f. Das Nährstoffverhältnis und die gegenseitige Beeinflussung der
Faktoren wirken sich also nicht nur auf die Aufnahme der Nährstoffe,
sondern auch auf die Verwertung derselben in der Pflanze aus. Diese Tatsache
kommt in der 'scheinbaren Verwertung' (Ertrag/Aufnähme) und in dem
Ertrag selbst zum Ausdruck. Die funktionelle Betrachtung führt zu der
Folgerung, daß die Voraussetzungen für das Zusammenwirken der Nährstoffe bei wechselndem Nährstoffverhältnis sehr verschieden sind. Im
Verlaufe der Ertragskurve wirken sich 'günstige' und 'ungünstige' Konstellationen, 'Förderung' und 'Hemmung', 'optimales' und 'nicht optimales'
Zusammenwirken der Faktoren eines Nährstoffgemisches in wechselnder
Folge aus. Diese Feststellung läßt die Frage nach dem 'optimalen Nährstoffverhältnis' im Reaktionssystem Boden — Düngung — Pflanze entstehen.
2. EXPERIMENTELLE

DATEN

Diese Fragen können nur beantwortet werden, wenn die funktionelle
Betrachtung vertieft wird. Wir führten deshalb Steigerungsversuche
mit verschiedenem Nährstoffverhältnis durch, so daß wir entsprechende
Ertragskurven erhielten. In Abb. 2 haben wir als Beispiel eine Kurvenserie
mitgeteilt, welche in Gefäß versuch en mit Sommerweizen im Jahre 1958
gewonnen wurde. Als Versuchsboden diente nährstoffreier Quarzsand, so
daß eine Beeinflussung des Nährstoffverhältnisses durch den Versuchsboden
ausgeschlossen blieb. In Abb. 2 wurden die gefundenen Punkte (Korn + Stroh
absol. trocken) eingetragen und durch Kurven interpoliert. Innerhalb
jeder Ertragskurve ist somit das Nährstoffverhältnis konstant, während
es von Kurve zu Kurve (siehe Legende) verändert wurde. Jede Kurve ist
typisch für ein Nährstoff Verhältnis ! In den 6 vorliegenden Kurven wurden
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Abb. 2. Nährstoffverhältnis — Ertrag.
alle 3 Faktoren (N, K u. P) variiert. Innerhalb jeder Kurve hegen Ergebnisse aus 5 Steigerungen der Gesamtdüngung vor. Auf der Abszisse wird die
Höhe der N-Düngung als 'Zählfaktor' angegeben, die jeweiligen Mengen
von K und P sind für die einzelnen Stufen leicht zu errechnen.
In Ergänzung zu den obigen Angaben (siehe 1 a- -f) können die folgenden
Feststellungen gemacht werden:
I. Der Einfluß des Nährstoff Verhältnisses in der Düngung auf die Höhe
der Erträge und den Verlauf der Ertragskurven nimmt mit der Intensität
der Düngung zu. In den einzelnen Düngungsstufen werden die höchsten
Erträge bei verschiedenem Nährstoff Verhältnis gefunden. Bei niedriger bis
mittlerer Düngung kann der K- und P-Anteil in der Düngung zur Erzielung hoher Erträge größer sein als bei höherer Düngung. In diesem Teil
der Kurven wirkt sich der größere P-Anteil bei den extremen N/K-Verhältnissen stärker aus als bei den engen N/K-Verhältnissen. Mit letzterem
(N : K = 1 : 0,8) wird schließlich das Maximum der ganzen Versuchsreihe
erreicht. Das Maximum kommt somit bei einer Verengung des Verhältnisses
in der Düngung zustande.
Die gefundenen Kurven sind sehr instruktiv, zumal neben dem Anstieg
das Höchstertragsgebiet und anschließend mehr oder weniger intensiv
auch das Depressionsgebiet erfasst wird.
II. In Abb. 3 wird die gegenseitige Beeinflussung der Aufnahmen sichtbar.
Dieser Einfluss ist beim vorliegenden Beispiel geringer als bei den früher
veröffentlichten Ergebnissen. Die Ursache liegt vor allem in der Tatsache,
daß auf der Basis der Vorversuche die Abstufungen im Verhältnis der
Nährstoffe klein gehalten wurden. Bei Stickstoff war nach dem Gesagten
nur ein geringer Einfluss der anderen Faktoren zu erwarten. Bei Kalium
und Phosphor ist neben dem großen Einfluss der N-Stufe eine geringe
gegenseitige Beeinflussung eingetreten. So wird die Aufnahme von K durch
die höhere P-Stufe vorwiegend etwas gesteigert. Bei der P-Aufnahme herrscht
vor allem bei den höheren N-Stufen eine geringe Herabsetzung der Aufnahme durch steigende K-Gaben vor.
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Die geringen Ausschläge vor allem der K-Aufnahmen sind offenbar auch
darauf zurückzuführen, daß der K-Anteil in der Pflanze bei Sommerweizen
wesentlich geringer ist. Diese Tatsache kommt in den in Abb. 2 mitgeteilten
Gefässversuch 1958 So-Weizen

N: P = 1 :

0,15 0,30

Abb. 3. Nährstoffverhältnis — Nährstoffaufnahme.

Werten für das Nährstoffverhältnis in der Pflanze zum Ausdruck. Gleichzeitig zeigen diese, daß trotz des geringen K-Anteiles dieser mit zunehmender Intensität der Düngung absinkt. Diese erwarteten Ausschläge sind
zwar gering und von einzelnen Unregelmäßigkeiten begleitet. Andererseits
steigt der K-Anteil in der Pflanze mit zunehmendem K-Anteil in der Düngung.
Bei dem Faktor P herrscht der letztgenannte Einfluss vor.
In der 'scheinbaren Verwertung' der aufgenommenen Nährstoffe bestehen nach Abb. 4 wiederum nur geringe und ähnliche gegenseitige Wechselwirkungen wie bei den Aufnahmen. Erwartungsgemäß fällt aber die
Verwertung stark mit steigender N-Düngung und mit Erhöhung des Anteiles
des jeweils variierten Faktors.
Die unter I und II gemachten Feststellungen bestätigen grundsätzlich
die in Abschnitt 1 unter a—f geschilderten älteren Befunde. Die Besonderheiten der Versuchspflanze Sommerweizen sind deutlich zum Ausdruck
gekommen. Die Zusammenhänge von Aufnahme — physiologischer Verwertung — Ertragsbildung werden durch die Beachtung des Nährstoffverhältnisses in Düngung und Pflanze wesentlich aufgeklärt.
3. D I E DRITTE ANNÄHERUNG ZUM ERTRAGSGESETZ.

Die vorliegenden Befunde über die Gestalt und Verschiebung der Ertragskurve in Abhängigkeit vom Nährstoffverhältnis führen zu einer neuen
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Interpretation der Ertragskurve einerseits und zu einer Überprüfung ihrer
bisherigen mathematischen Formulierung andererseits. Insbesondere entstand für uns die Frage, inwieweit die klassische Formulierung der Ertragsfunktion durch E. A. Mitscherlich (15) mit diesen Erkenntnissen in Ein-

Abb. 4. Nährstoff Verhältnis —Scheinbare Verwertung.

klang steht. Bekanntlich definierte E. A. Mitscherlich zunächst die 'erste
Annäherung' des Ertragsgesetzes an die Wirklichkeit, welche den Anstieg
des Ertrages als Funktion eines Wachstumsfaktors bis zum 'Höchstertrag A'
zum Inhalt hat. Letzterer wird mit der Nährstoffmenge x = oo erreicht.
Die Intensität des Anstieges bei 'A' wird durch den für jeden Wachstumsfaktor typischen 'Wirkungsfaktor c' bestimmt, und zwar nach der Formel:
y = A. (1-10-"')
.
(1)
B. Baule (4) formulierte für den polyfaktoriellen Versuch früher die allgemeine Formel:
y = An. (1-10- C F1). (1—10-«2"2) . . . (1-10-"**»)
(2)
Um ihre Anwendung für den polyfaktoriellen Versuch haben sich N.
Atanasiu u. H. Thiele (2) bemüht. Zur Erfassung der Depressionen, welche
die Erträge bei Überdüngung erfahren können, entwickelte E. A. Mitscherlich gemeinsam mit W. U. Behrens (16) die 'zweite Annäherung' des Ertragsgesetzes, in dem sie der oben genannten Gleichung (1) das sogenannte
Schädigungsglied angliederten, so daß die Formel lautet:
y = A . ( l - 1 0 - r a ) . 10" te2
(3)
Auch diese Formel kam im Verhältnis zur 'ersten Annäherung' wenig
zur Anwendung, wozu auch rechnerisch-technische Gründe beitrugen.
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Deshalb haben N. Atanasiu und B. Schneider (3) die Anwendung zu vereinfachen versucht.
Einen weiteren Versuch, mehr Wachstumsfaktoren in die Ertragsfunktion aufzunehmen, hat vor einiger Zeit B. Baule (5) im Zusammenhang
mit der Auswertung unserer oben genannten Versuchsergebnisse gemacht.

Es zeigte sich, daß auch der Anwendung des letztgenannten Vorschlages
Schwierigkeiten prinzipieller und technischer Art entgegenstehen. Wir
hielten es deshalb für zweckmäßig und unumgänglich, von einer neuen
Konzeption auszugehen. Die mathematische Formulierung für einen
variierten Faktor lautet:
y = M.10— (i°*^)2

(5)

Hierin bedeutet:
M = Maximumertrag, welcher bei der jeweiligen Konstellation (auch
Nährstoffverhältnis) der Wachstumsfaktoren erreicht wird.|
m = Diejenige Menge des Wachstumsfaktors (auch Nährstoffmenge) als
ein Teil von x, welche zur Erreichung von M erforderlich ist.
z = Konstante, welche die Breite des Maximumgebietes und zusammen
mit der Größe m + i den Anstieg und Abfall bestimmt.
i = Annäherungswert für die im System ohne Zufuhr von x wirksame
Menge der jeweils variierten Wachstumsfaktoren bzw. eines Wachstumsfaktors (auch Nährstoff).
Wie dies schon früher zum Ausdruck gebracht wurde (10, 11), bringt
die jeweilige Gestalt der Ertragskurve das Ergebnis des Zusammenwirkens
der in der jeweiligen Konstellation gegebenen Wachstumsfaktoren zum
Ausdruck. An jeder Stelle der Kurve und im Verlaufe derselben ist das
Zusammenwirken 'mehr oder weniger optimal', abwechselnd 'fördernd und
hemmend' auf den Ertrag. Auch können ganze Abschnitte der Kurven das
verschieden optimale Wechselspiel der Faktoren wiedergeben. In Abb. 5
haben wir diesen Sachverhalt stark schematisiert darzustellen versucht.
Wie aus der Abbildung ersichtlich ist, ändert sich das Ergebnis des Zusammenwirkens von Kurve zu Kurve.
Alle 4 in den beiden Teilbildern wiedergegebenen Kurven wurden mit
Hilfe der angegebenen Funktion (5) unter Änderung von 'm' und 'z' berechnet. Deutlich kommt die beachtliche Anpassungsfähigkeit der Funktion
zum Ausdruck. Hierin ist mit Rücksicht auf den aus den Experimenten
sich ergebenden sehr vielgestaltigen Verlauf der Ertragskurven (siehe Abb.2)
ein wichtiger Vorzug der benutzten Funktion zu erblicken. Den entscheidenden Vorteil sehen wir in der Tatsache, daß es sich um einen einheitlichen,
den ganzen Kurvenverlauf umfassenden Ausdruck handelt. Die Zweiteiligkeit
der sogenannten 'zweiten Annäherung' (siehe Formel (3)) bereitet nicht nur
rechnerisch, sondern auch in der theoretischen Interpretation Schwierigkeiten.
So treten depressiv wirkende Effekte nicht erst bei hoher Düngung
auf. Bei ungünstigem Verhältnis der Faktoren kann die Depression schon
im ersten Anstieg eintreten (1, 9). Deshalb halten wir auch im Gegensatz
zu B. Baule (5) die Möglichkeit der S-Form im Anstieg für gegeben! Bei
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günstigen Bedingungen und steilem Anstieg kann dies praktisch bedeutungslos werden, wie dies auch in Abb. 5 ersichtlich ist.
Die Funktion gestattet über die Größen 'z' und 'M' eine gute Erfassung
des wechselnd breiten Maximumgebietes mit den Anschlüssen zum Anstiegs- und Abfallteil der Kurven. Dies erscheint uns im Hinblick auf die

y . M . 10 -Tfl°9 STyy

Abb. 5. Zur Interpretation der Ertragskurve.
Fragestellung der pflanzenbaulichen Praxis besonders wichtig. Im gleichen
Sinne sind die Größen 'M' und 'm' zu bewerten. Das Maximum 'M' ist
nicht identisch mit der Größe 'A' von Mitscherlich. Wie oben gesagt, wird
'A' bei x = oo erreicht; 'M' ist der innerhalb der Versuchsfehler tatsächlich
erreichbare höchste Ertragswert der jeweiligen Konstellation. Für die Auswertung von Versuchsreihen ergibt sich infolgedessen eine besondere
physiologische Bedeutung für 'm'. Die besondere Flexibilität der Funktion
entsteht, wie schon gesagt, durch das Zusammenwirken von 'z' u. 'm + i'.
Die Konstante 'z' ist entsprechend der obigen Definition nicht identisch
mit dem 'Wirkungswert c' von Mitscherlich, wenngleich auch aus der
Größe von 'z' unter Berücksichtigung von 'm' bestimmte Aussagen über
die Intensität und den Verlauf der Wirkung eines Faktors oder eines
Faktorengemisches gemacht werden können. Auch ist der Faktor 'i' nicht
ganz identisch mit dem 'b-Wert' der klassischen Formulierung.
Auf die mathematische Ableitung und die Durchführung der rechnerischen Manipulationen kann an dieser Stelle nicht eingegangen werden.
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Hier bleibt die Frage zu beantworten, ob die durch Steigerung verschiedener
Nährstoffverhältnisse gewonnenen und in Abb. 2 dargestellten, stark
divergierenden Kurven mit Hilfe der genannten Gleichung (5) berechnet
werden können. Dies ist ohne Schwierigkeiten der Fall! In Tab. 1 sind die
für die einzelnen Kurven errechneten Werte den gefundenen gegenübergestellt. Unter Berücksichtigung der Versuchsfehler ist die Übereinstimmung
als gegeben zu bezeichnen. Von allen 6 Kurven kann nur in einem Punkt
eine Abweichung als etwas zu groß bezeichnet werden. Für die berechneten
Kurven wird in Tab. 1 stets ein Wert mehr angegeben als im Versuch
beobachtet wurde.
TABELLE

1. Nährstoffverhältnis-Ertragskurven. (Gefässversuch So.-Weizen 1958).

N Stufen
N : K :P
0,4
0,8
1,2
1,6
2,0
2,4
N : K :P
0,4
0,8
1,2
1,6
2,0
2,4

y
y
y
y
y
y
gefunden berechn. gefunden berechn. gefunden berechn.
1 : 0,8 : 0,15

1 : 1,2 : 0,15

48
81
107
117
112

50
87
99
108
102

48
83
105
117
114
109

1 : 0,8 : 0,30
50
84
107
1185
112

52
90
109
115
113
110

51
88
102
105
102
98

1 : 1,2 : 0,30
51
89
112
108
97

51
93
109
112
106
102

1 : 1,5 : 0 , 1 5
53
83
101
97
91

52
86
98
99
94
89

1 : 1,5 : 0,30
53
85
108
103
93

50
88
105
101
93
84

Optimalkurve
N-Stufen
0,4
0,8
1,2
1,6
2,0
2,4

Nährstoffverhältnis
1
1
1
1
1

1,5
1,2
1,2
0,8
0,8

:
:
:
:
:

0,30
0,30
0,30
0,30
0,15

y gefunden

y berechnet

53
89
112
119
112

51
93
112
118
112
109

Entsprechend eines schon früher gemachten Vorschlages (9, 10, 11)
wurde in Abb. 5 der 'optimale Ertrag' als derjenige definiert, mit welchem
das Maximumgebiet innerhalb der Schwankung gerade erreicht wird. Dem
optimalen Ertrag entspricht dann auf der x-Achse die 'optimale Düngung',
welche zugleich den kleinsten Düngeraufwand für die Erreichung des Maximumgebietes ausdrückt. Unter Einsetzung der Punkte der optimalen Düngung und der Höchstwerte im Anstiegsteil der Kurven wurde in Tab. 1
im unteren Teil die sogenannte 'Optimalkurve' berechnet. Auch für letztere
kann eine gute Übereinstimmung von 'gefunden' und 'berechnet' festgestellt
werden.
Wie bei der Darstellung der Kurven in Abb. 5 sind wir auch bei ihrer
Berechnung so vorgegangen, daß der Faktor N (Stickstoff) als Zählfaktor
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benutzt wurde, so d a ß wir bei jeder Kurve das zugehörige Nährstoffverhältnis angegeben haben (siehe auch Tab. 1). Nach dem gleichen Prinzip
m u ß dann für die 'Optimalkur.ve' das Nährstoffverhältnis für jeden P u n k t
gekennzeichnet werden!
I n T a b . 2 werden n u n für die 6 Nährstoff-Verhältniskurven u n d die
Optimalkurven die einzelnen Konstanten angegeben, mit deren Hilfe die
Anpassung an die gefundenen Werte erzielt wurde. E s lassen sich sowohl
für die Werte von 'M', 'm' u n d 'z' gewisse Gesetzmässigkeiten erkennen.
Die Optimalkurve ist mit einem mittleren z-Wert u n d mit M-bzw. mWerten zu berechnen, die praktisch den Werten der Kurve mit dem engsten
Nährstoffverhältnis entsprechen.
TABELLE 2. Nährstoffverhältnis-Ertragskurven.
Konstanten.

N

K

P

(Gefässversuch So.-Weizen 1958).

z

M

m

i

1 : 0,8 : 0,15
1 : 0,8 : 0.30

1,10
0,90

117
115

1,60
1,70

0,00
0,00

1 : 1,2 : 0,15
1 : 1,2 : 0,30

0,55
1,50

105
112

1,55
1,40

-0,15
0,1

1 : 1,5 : 0,15
1 : 1,5 : 0,30

1,30
1,60

100
105

1,46
1,30

0,1
0,1

optimal

1,37

118

1,60

0,1

So kommen wir aufgrund der vorgelegten Werte sowie weiterer Berechnungen aus polyfaktoriellen, aber auch monofaktoriellen Versuchsreihen zu der Feststellung, daß die benutzte Funktion (5) als besonders
geeignet zu bezeichnen ist. Nachdem diese Funktion das für die Ertragsbildung so wichtige 'Nährstoffverhältnis' in die Auswertung entsprechender
Versuchsreihen einzubeziehen gestattet, kann die neue Ertragsgleichung als
die 'dritte Annäherung' des Ertragsgesetzes an die Wirklichkeit bezeichnet
werden. Fraglos bleibt auch diese Funktion eine Annäherung, sie wird
Gegenstand weiterer Untersuchungen sein müssen, die Möglichkeiten u n d
die Grenzen ihrer Anwendung abzustecken. Auch wird zu prüfen sein, ob
die im Klammerausdruck der Funktion benutzte zweite Potenz für gewisse Wachstumsfaktoren u n d Faktorengruppen einer Variation bedarf.
In jedem Fall m u ß 'n' eine gerade Zahl bleiben.
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ZUSAMMENFASSUNG

a. Aufgrund früherer Arbeiten werden die Gesetzmäßigkeiten diskutiert, nach welchen sich das Nährstoffverhältnis in der Düngung auf die
Aufnahme u n d die physiologische Verwertung sowie auf das Nährstoffverhältnis in der Pflanze u n d die Ertragsbildung auswirkt.
b. E s werden Versuchsergebnisse mitgeteilt u n d zwar Ertragskurven,
welche m i t verschiedenem Nährstoffverhältnis in der Düngung gewonnen
wurden. Die Problematik der Ertragskurven verschiedenen Nährstoffverhältnisses wird behandelt, auch die funktionelle Untersuchung des
Problems führt zu einer prinzipiellen Übereinstimmung mit den früheren
Ergebnissen.
c. Die klassische Darstellung u n d mathematische Formulierung des
Ertragsgesetzes u n d der bisher bekanntgewordenen Ergänzungen reichen
für die Auswertung der neuen Befunde über das Nährstoffverhältnis u n d
seine Wirkung auf die Ertragsbildung nicht aus. Der allgemeinen Interpretation sowie der mathematischen Formulierung des Ertragsgesetzes
wird eine neue Konzeption zugrundegelegt. Anhand der mitgeteilten
Versuchsergebnisse erweist sich die 'dritte Annäherung' zum Ertragsgesetz als brauchbar.
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SUMMARY

a. On the basis of earlier work the principles are discussed according to
which the nutrient ratio in manuring influences the uptake and physiological evaluation, as well as the nutrient ratio in the plant and the yield.
b. Experimental results are reported, and yield curves are presented
which were obtained with different nutrient ratios in the manures. Problems
concerned with yield curves of different nutrient ratios are discussed, and the
functional investigation of the problem leads to general agreement with
earlier results.
c. The classical presentation and mathematical formulation of the yield
law and the hitherto recognized supplements do not suffice for evaluating
the new discoveries about the nutrient ratio and its effect on yield. A new
conception is used as a basis for the general interpretation and the mathematical formulation of the yield law. On the grounds of the results
reported a 'third approximation' of the yield law is shown to be practical.
RÉSUMÉ

a. En se basant sur des travaux antérieurs, les auteurs discutent les lois
suivant lesquelles les rapports des éléments nutritifs dans les engrais influencent l'absorption et l'utilisation physiologique, les rapports des éléments
nutritifs à l'intérieur des plantes et les rendements.
b. La note communique des donnés expérimentales et des courbes de
rendement obtenues avec des engrais à rapports nutritifs différents. Il est
traité des problèmes inhérents aux courbes de rendement des différents rapports d'éléments nutritifs. L'analyse fonctionnelle du problème même à une
concordance de principe avec des données obtenues antérieurement.
c. La présentation classique et l'expression mathématique de la loi des
rendements et de ses compléments connus jusqu'ici sont insuffisantes pour
mettre en valeur les nouvelles données sur les rapports entre éléments nutritifs et leurs effets sur le rendement. Un concept nouveau est donc proposé,
destiné à servir de base aussi bien à l'interprétation générale qu'à l'expression mathématique. Appliquée aux données expérimentales citées, la 'troisième approximation' de la loi des rendements s'est avérée utilisable.
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ON AGROCHEMICAL CHARACTERISTICS OF SOIL TYPES
by
G. S. DAVTYAN

Laboratory of Agrochemistry of the Armenian SSR Academy of Sciences
The author makes a distinction between general and specialized
agrochemistry. The general agrochemistry deals with problems referring
to the planning of requirements, production, distribution and effective
application of fertilizers on the scale of the entire country with due account
of the economical level of the country, peculiarities of the soil cover and
other natural factors, as well as nutrition requirements of agricultural crops.
These tasks can not be achieved even by detailed soil mapping. This
important problem is usually solved by a network of long term field experiments and agrochemical soil analysis. The denser the network of these
experiments, the higher will be the accuracy of the results to enable us to
extend these data to other areas. This common approach, being expensive
and time devouring, is straightforward but essentially empirical.
The Armenian SSR is a country of mountain-ranges, narrow ravines,
sometimes broad valleys and high-mountainous plateaus. The complicated
geomorphology accounts also for the differentiation of natural conditions
with respect to the exposition of the slopes. Over 3/4 of the territory lies
1000—2500 m above the sea level, precipitations being annually in the range
of 200—800 mm. In accordance with the various natural belts Armenia is
characterized by a complex multiplicity of soil and vegetative covers, being
a sort of natural soil museum.
On the Ararat plain there occur alluvial, brown, poor in humus, usually
calcareous, irrigated soils; some salt marshes and saline soil formations occur.
From the north and north-east this plain is bounded by a premountain zone
of various chestnut soils which gradually change into the zone of mountain
chernozems (up to 2000 m above the sea level) and mountain meadow soils.
The north-western part of Armenia is covered mostly with mountain
chernozems and mountain meadow soils. In the north-eastern temperate
humid zone the chestnut soils change into steppe-like and brown soils, and
then, in a still higher zone, into brown-forest and mountain-meadow soils.
Various vertical belts, differing in exposition in the basin of the Sevan lake
are covered with chestnut, chernozem, and mountain meadow soils. To
the south, in the Zengezur zone, mountain chernozems, chestnut soils and
mountain brown forest soils occur.
The above short review is to show by way of illustration, the diversity
of soil conditions of the Republic.
In the course of our work on the agrochemical characteristics of such a
complex soil cover we realized that the conventional approach would
require a very detailed soil survey, an excessive number of expensive longterm field experiments and analyses; besides, the abundance of too multiple
material obtained would make it difficult to elucidate such general regularities of soil processes the knowledge of which would be sufficient for the
solution of the most urgent problems of fertilizer application.
Our investigations on the agrochemical characteristics of the Armenian
soils started with a well thought-over selection of key points and their
comprehensive study so that later, on the basis of well supported theoretical
conclusions, we could determine the main principles of fertilizer application and better utilization of fertility of the soils (including those which were
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not specially studied as well as intermediate soils). These data are being
continually checked in the light of general knowledge and agrochemical
tests taking into account the crop in question, crop-rotation, climate and
other factors. Such an approach is gratifying enough provided the choice
is adequately made of the most characteristic (representative) soil types and
soil sub-types in corresponding zones and following the study of the potential fertility of these soils as well as their basic properties and processes
characterizing the effective fertility of these key soil objects.
In view of the foregoing our research work consists mainly of the following:
1. On the basis of the available soil maps and our own control soil field
investigations we make up a short survey of the soil cover of the Republic
so as to choose in different zones the main soil types and variations. The
existing soil maps are used for this initial, and important stage of the work.
In accordance with the zone and agricultural economical significance we
selected 47 basic keys on six main soil types, for compiling agrochemical
characteristics for the soil cover of all the Republic. Detailed investigations
were conducted on these keys.
2. Investigation of chemical soil properties. Determination of humus,
carbonates, quantity of salts, pH-value, content of total nitrogen, phosphorus, potassium, and their mobile forms.
3. Investigation of the most important physical and physico-chemical properties: texture and aggregate composition, specific and volume weights,
moisture capacity, water permeability, hygroscopicity etc. (These data
are needed to clear up some questions concerning the movement of fertilizers and their absorption by soils, reduction-oxidation conditions,
microbiological and water-air regimes, etc.). Besides can be conducted
studies on mineralogical composition of soils, composition of soil solutions
and water extracts, and general properties of soil colloids.
4. General microbiological characteristics of soils: elucidation of the tendency of the processes directly associated with the properties of the medium
and affecting the amount and state of nutrient elements in soils. Thus,
for example, the determination of azotobacter only indicates a great difference between the soils; if in the brown, calcareous soils of the Ararat
plain the activity of microorganisms of this very useful group is rather
high (a number of microorganisms amounts to tens of millions per 1 g of
soil) in the chernozems of the Lory steppe, Aparan, sapropelite deposits of
the lake Sevan and other soils, azotobacter practically does not occur at
all. Moreover, of great interest for agrochemistry is the study of the effect
the fertilizers produce on the microflora in the soil, on the development of
tuberous bacteria, and their possible effect on the nutrient elements balance.
5. Investigation of the enzymic activity of soils. The known works by
V. F. Kuprevich and E. Hoffman started already in the 1950-es showed
that contents of invertase, catalase and urease in soils may serve as an
indication of the biological activity of soils. Some investigators disagree
with this conclusion. The investigations conducted in our Laboratory
showed that data on the activity of various soil enzymes may be useful as a
characteristic of processes important for the effective soil fertility. (An example see Table 6).
6. Investigation of natural radioactivity of the soil with the aim to elucidate
the association on this phenomenon with the nutrient elements of soils.
7. Determination of microelement contents and effectivity of micro fertilizers.
As the use of microelements increases new problems arise pending solution.
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8. Making a general survey on effectivity of fertilizers on soils under study
(on the basis of our own data and on the experimental data of other institutions).
9. Investigating diagnostic methods (including field experiments for
plants).
The most difficult and responsible stage of work is the establishment
of correlation between data obtained for various lines of these investigations.
Only after this will it be possible to ascertain the role of various methods
and to select the most effective, simple and inexpensive ones, for the most
accurate data as characteristics for soils and plants during their mass agrochemical control.
The whole complex of the investigations will enable to compile a soilagrochemical map of the Armenian SSR for a scientific planning of requirements, production, distribution and application of fertilizers, as well
as for the effective utilization of soil resources and increase of soil fertility.
At the present time the Laboratory of Agrochemistry of the Armenian
SSR Academy of Sciences has accumulated already abundant factual
material. By way of illustration, in the present communication only few
examples are cited, these showing the found general regularities. From
Table 1 may be seen some comparative data on the chemical composition
of main soil types.
The results of our investigations showed that some agrotechnical methods
(e.g., various pre-treatments, various types of crop rotations) and some chemical or physical characteristics (e.g. carbonate content, texture, etc.) in the
limits of one genetic soil type account for greater deviations in the effective
soil fertility, than may be observed when comparing various soil types
(see Tables 2, 3, 4, 5).
Of interest are comparatively new problems of agrochemical investigations
as e.g.the natural radioactivity, content of microelements and effectivity
of microfertilizers, trend in the biochemical activity of various extracellular
soil enzymes, and others. Agrochemical significance of natural radioactivity is usually associated with potassium content in the soil. In our
Laboratory definite characteristics of radioactivity connected with the
concentration of this nutrient element in the soil were obtained.
Of certain interest is the study of soil enzymes. The data obtained show
the growth of activity of some enzymes in the rhizosphere as compared
with the soil outside it. Table 6 contains comparative data on enzyme
TABLE 2. Winter wheat 'Ukrainka' yields, centners/hectare obtainea on the same chestn
carbonaceous, middle-loamy soil (humus 2.3 %, carbonates 4.5 %) but differing
fertilizers applied (field experiment of 1952 on the field of kolkhoz Metz-Maz;
western part of the Sevan high-mountainous region).
Fertilizer

Without fertilizers
-tflo l*-60
™ 60

* 60

• ^ 60

tgO

-^120

-^120
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-*^-60
^-60

Cereals during
5 years

Fallow

Esparcet 2 years

M±m

increase

M±m

Increase

M±m

Increas

9.6±0.2
11.2±0.4

1.6

20.8±0.7
30.0±2.2

11.2
23.4

26.5±1.4
30.2±0.7
35.3±2.8
35.1±0.9

3.7
8.8
8.6

27.8±0.5
31.4±0.9
36.0±0.8
38.7±1.6

3.6
8.2
10.9
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BLÉ 3. Corn ear yield, centner/hectare; the same effectivity of fertilizers on various soil-types
(field experiments of 1956).
v
^\
\

Soils Chestnut loamy, highly carbonaceous soil (humus 2.5 % carbonates Ca(Mg) 13 %. The field of
\^
the kolkhoz 'Uzuntala', Idgevan
\^
region.
^^
Grade of the corn 'VIR-42'
\^
Fertilizers were applied during
^y
cultivation, 60 kg/hectare of
\.
N.P 2 0 6 .K 2 0 each.

Fertilizers

M ± m

Increase

Without fertilizers
N
NP
NPK

29.0±1.3
37.8±1.6
40.5±0.7
41.7±1.7

8.7
11.5
12.7

Brown, middle-loamy, without
carbonates (humus 1.8—2.0%).
The field of the kolkhoz Tzahkunk, Echmiadzin region.
Grade of the corn 'VIR-42'
Fertilizers were applied during
cultivation, 75 kg/hectare of
N.P a 0 6 .K 2 0 each.

Weight
of 1000
grains,
in g

M ± m

Increase

235
260
268
270

24.3±0.5
34.5±2.0
38.7±1.1
40.8±1.3

10.2
14.4
16.6

Weight
of 1000
grains,
in g
205
226
240
245

TABLE 4. Equal effectivity of dressing of the winter wheat 'Karmir slfeat' in the
fallow on various soil types (centner/hectare, 1954).
^~~-^^
^

\

^
^

Fertilizers
Without fertilizers
N3„
i

30

- ^ 30

^30

Soils Chestnut, loamy carbonaceous soil (humus
2.2%, carbonates 4%).
The field of the sovkhoz Spitak.
\
M ± m
Increase
17.2±1.2
20.0±1.7
19.3±1.1
22.2±1.1

—
2.8
2.1
5.0

Chernozem,
middleloamy, leached (humus
4 % ) . The field of the
kolkhoz 'Parni', Spitak
region.
M ± m

Increase

18.5±0.5
21.7±1.7
20.6±1.0
24.6±2.2

—
3.2
2.1
6.1

activity of various soils. These d a t a justify our hopes t h a t study of the biochemistry of enzyme action in soils will enable us to elucidate the trend of
soil processes and to obtain additional useful indices for agrochemical
characteristics of soils. Their effective fertility is complicated enough in
itself and only complex methods will make it possible to reveal its secrets.
Now it has become clear t h a t following the results obtained we must
differentiate within a genetic soil type a number of essential productiveagrochemical characteristics, associated with irrigation, chemization,
preceding crop, etc. These factors, sometimes, play a more prominant role
t h a n the differences between natural soil types and variations. On the
other hand, it is necessary to unite in a single group some soil types and
variations in accordance with the needed similar agrochemical measures.
This will constitute the difference between the soil- and the soil-agrochemical map, (the latter compiled on the basis of the former b u t with
additional production-agrochemical characteristics). The middle scale soilagrochemical maps would be also very useful for detailed soil survey of
198
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TABLE 5. Sharp difference in the development of azotobacter in the ploughlayer of soils of
same type.
Type of soil

Variations
and
place of
sampling
Azotobacter
in % of
microflora

Brown (humus 1.7 — 2.5%)
Carbona- Carbona- Without Without
ceous
carbocarboceous,
lightnates,
nates,
Oktembrown, Echmiad- Karmberjan Parakar
zin
rashen

100

Chernozems (humus 4 —7 %)
Stepan- Gukasian Krasnoanavan
selsky
region
region
region

70

Spita
regio

32

40

Note: Data are available, but not shown here on the equal development of
azotobacter in various soil types.
The data obtained show that as long as we deal with soils rich by nature and
high in potential fertility the genetic type is of primary importance foran agrocultural essay. However, as the active influence of Man on soils increases, the
significance of genetical peculiarities gives way to variety characteristics (within
the type or independently of the type) — primary, and secondary (acquired)
ones. These have developed as the result of different character of utilization
(irrigation, chemical treatment, crop rotation, cultivation time, etc.).
TABLE 6. Enzymes in various soil types.
Soils and crops

Leached chernozem,
winter wheat
Dark-chestnut, noncarbonaceous, beet
Chestnut, carbonaceous, winter wheat
Brown, non-carbonaceous, cotton plant
Brown carbonaceous,
cotton plant

Invertß-glncoase, mg Amilase,
sidase,
mg
of
of
mg of
maltose
glucose
glucose

Urease, Catalase, Peroxi'
m
mg of
in cm», ase,
of pui
nitrogen
o2
purgali

34.2

4.1

5.9

4.6

1.2

3.1

26.0

2.4

3.0

0.9

2.5

3.7

18.3

1.7

0.8

0.8

6.2

7.5

11.6

2.1

0.7

0.8

4.6

4.4

8.3

1.4

0.3

0.5

6.5

8.7

collective and statefarm in our country. W e hope t h a t for this purpose only
control agrochemical tests a n d in some cases, pot a n d seldom field experiments will be needed.
SUMMARY

To solve the problems of chemization of agriculture, and those of planning
the need, production, distribution and application of fertilizers t h e Lab o r a t o r y of Agrochemistry of the Armenian SSR Academy of Sciences has
been carrying on a complex of investigations on agrochemical characteristics
of the soil cover of this mountainous country.
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The diversified and complex character of the soil cover of Armenia
induced us in this case to reject the conventional empiric method of the
overall detailed study of the entire soil cover. Our method consists in comprehensive and many sided studies of a limited number of the major soil
types on specially selected key soil points.
The data obtained in the results of numerous and detailed studies make
it possible to find solutions for many problems dealing with the chemization
of agriculture by means of interpolations, extrapolations and theoretically
substantiated prognoses.
Our studies showed the necessity to differentiate within a genetic soil
type essentially important deviations (variations) of production-agrochemical nature associated with irrigation, application of fertilizers, precursory crops, etc.
As the influence of Man on Nature progresses these last mentioned
factors not infrequently play by far a more important part than the natural
processes of soil formation. On the other hand, some soil types and subtypes
or variations should be united into one group according to the general
plan of agrochemical measures suitable to them.
A specialized agrochemical map of the Republic is being constructed.
RÉSUMÉ

Afin de résoudre les problèmes ayant trait à l'établissement de l'agriculture sur des bases chimiques, ainsi que ceux de la planification des besoins
en engrais et de leur production, distribution et application, le laboratoire
de Chimie Agricole de l'Académie des Sciences de la RSS Arménienne a
effectué un certain nombre de recherches sur la caractérisation agro-chimique des sols couvrant ce pays montagneux.
Le caractère varié et complexe des sols arméniens nous a ammené dans
ce cas particulier à rejeter la méthode empirique conventionnelle qui consiste à faire une étude détaillée générale de tout le recouvrement pédologique.
Notre méthode consiste en une étude très complète et à aspects multiples
qui est appliquée à un nombre limité des principaux types pédologiques,
provenant d'endroits particulièrement importants et spécialement choisis.
Les données obtenues grâce à ces nombreuses études détaillées permettent de trouver des solutions à plusieurs problèmes qui ont trait à l'établissement de l'agriculture sur des bases chimiques, par interpolation, extrapolation et par des prévisions théoriquement motivées.
Nos études ont montré qu'à l'intérieur des types de sol génétiques il
était nécessaire de distinguer les variations importantes de nature agrochimique qui ont leur répercussion sur l'irrigation, l'emploi d'engrais, les
avant-cultures.
Puisque l'homme exerce une influence de plus en plus marquée sur la
nature, ces derniers facteurs jouent parfois un rôle plus important que les
processus naturels de formation des sols. D'autre part, certains types et
sous-types de sol devraient être réunis en un seul groupe du fait qu'un même
plan général de mesures agro-chimiques leur est applicable.
Une carte agro-chimique spéciale de la République est en voie d'établissement.
ZUSAMMENFASSUNG

Um die Probleme des chemischen Angriffs der Landwirtschaft und
solche das Bedürfnis, die Produktion, die Distribution und die Düngemittelanwendung betreffend, zu lösen, hat das Laboratorium für Agrochemie
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der armenischen SSR Akademie der Wissenschaften ein Komplex von
Untersuchungen zur agrochemischen Karakteristik der Bodendecke dieses
Berglandes ausgeführt.
Der abwechselende und komplexe Karakter der Bodendecke von Armenien war für uns ein Grund, in diesem Fall die gebräuchliche empirische
Methode des überall anzuwendenden Detailstudiums der ganzen Bodenbedeckung abzuweisen. Unsere Methode bestand aus einem zusammenfassenden und vielseitigen Studium einer beschränkten Zahl von den Hauptbodentypen, in Bodenproben speziell dazu ausgesuchten Stellen entnommen.
Die erhaltenen Resultate von zahlreichen detaillierten Versuchen ermöglichen für viele Probleme chemischer Eingriffe in der Kultur, Lösungen
zu finden durch Interpolationen, Extrapolationen und theoretisch begründete Voraussagungen.
Aus unseren Studien ging die Notwendigkeit hervor, innerhalb eines
genetischen Bodentyps eingreifende Abweichungen anzuerkennen von
agrochemischer Natur in Beziehung zur Bewässerung, Anwendung von
Düngermitteln, Vorernten, usw.
Wo der Einfluss des Menschen auf der Natur weiterschreitet, spielen
obenerwähnte Faktoren häufig eine weit wichtigere Rolle als die natürlichen Bodenbildungsprozesse. Andererseits sollten manche Bodentypen
und -Untertypen in Übereinstimmung mit dem für sie gültigen Plan agrochemischer Massregeln in eine Gruppe vereinigt werden. Eine agrochemische
Spezialkarte der Republik ist in Vorbereitung.
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EVALUATION O F R E S I D U A L F E R T I L I T Y ON SOME GRAY-BROWN
PODZOLIC, HUMIC-GLEY, AND ORGANIC SOILS*
by
J.

F.

DAVIS, L. S. ROBERTSON,
AND R. L. COOK**

JR.

Plant growth expressed as yield (Y) m a y be arbitrarily represented b y
the following function A when U refers to unexplained variance.
Temperature, Tillage Methods, Rotation,
(A) Y
f (Water,
Soil
Compaction
Legumes
Tile
Small grains
Oxygen supply
Surface Drainage Air
Degree-days Minimum tillage Cash crops
Rainfall
Green manures
Run-off
Cover crops
Irrigation
Oxygen supply
Soil.
Type
Erodibility
Clay mineral
K supplying power
Organic matter
pH
Lime
Variety of crop.
Adaptability

Timeliness,
Planting date
Harvest date
Cultural practices

Fertilizer,
Placement,
Nitrogen
Water solubility
Phosphorus
Carrier
Potassium
Nutrient
Calcium
Secondary nutrients
Minor elements
Residual nutrients
Soil tests

Plant Population,
Seed source
Emergence
Planting equipment
Row spacing

Pests,
Insects
Diseases
Nematodes

Weeds,
Chemicals
Cultivation

. . . . Xn) + U

This report is primarily concerned with two of these factors:
(1) Residual nutrients in the soil, and
(2) Soil tests.
The status of the residual nutrients in the soil as indicated b y soil tests
plays an important role in the production of crops. The effectiveness of
residual nutrients in any specific case is dependent on, and interacted with,
the other inputs of the function.
The term 'residual fertility' is defined as the amount of plant nutrients
available to a growing crop. This includes native as well as previously applied
plant nutrients either as commercial fertilizers or manure.
The use of soil tests for predicting yields is limited due to the multi* Contribution from the Soil Science Department, Michigan Agricultural
Experiment Station, East Lansing, Michigan and authorized for publication by
the Director as Journal article no. 2655.
** Professor, Associate Professor, and Professor, respectively.
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plicity of factors affecting growth. For any given situation, uncontrolled
variables are in operation. Therefore, the main value of a soil test is to
eliminate plant nutrients as a risk in the production of a crop. The reliability
of soil tests is dependent on the specific nutrients and the precision with
which soil tests reflect the nutrient supplying power of the soil for a crop.
The yield response of crops to fertilizers is theoretically in agreement
with the Law of Diminishing Returns. Bray (3) * utilized a modification of
this concept as originally suggested by Spillman and Mitscherlich in introducing a soil test value for potassium in the equation. He expressed this
relationship as
Log (A—y) = Log A — cxbx
where A equals yield of corn in bushels when K is not deficient; y equals
yield obtained where no K was applied; bx equals amount of exchangeable K
in the surface soil, and cx equals a proportionality constant. However, his
values of cx for corn, legumes, soybeans, and wheat did not confirm Mitscherlich's original idea of a constant c value for all crops. He cautioned,
however, that the application of the results of his study should be limited
to soil conditions represented in his investigation.
Smith and Cook (11) utilized Bray's modified Mitscherlich procedure
in the correlation of growth response to chemically measured available
phosphorus in several Michigan soils. The least variation between Cj values
was obtained where the soils were extracted with a 1 to 50 soil: extractant
ratio (.03 normal NH 4 F in .025 normal HCl).
The interaction of uncontrolled growth variables in any specific situation
could explain the apparent discrepancies from a theoretical yield response
curve that frequently occur.
The advent of data processing equipment has made it practically possible
to introduce several variables into an equation and determine their contribution to the variance in a yield response study. Several of these procedures
have recently been presented by Baum et al (2). Theoretically, the particular
type of functional relationship that fits the data best can be calculated.
However, when the number of factors are five or more the interpretation of
the resultant terms, particularly interaction terms, is difficult and in many
cases, meaningless.
The complexity of factors affecting growth, as illustrated by equation A,
points out the severe limitation of functional analysis of data based on
a single nutrient factor and/or a combination of nutrient factors. As illustrated by equation B;
(B) Y = f (nutrients) + U
the variance components of the above function can be expressed by equation
C;

(C) vt = vn + vu
It is under conditions where Vn (variance accounted for by nutrients) is
large with respect to Vt (total variance), that the likelihood of obtaining a
function that represents this response of yield to nutrients is greatest. The
frequency of occurrence of a high yield-nutrient relationship is also dependent to some extent on Vu (uncontrolled variance). Precise experimental
techniques tend to decrease Vu. However, factors largely uncontrollable in
the field prevent the elimination of Vu as a disturbing element in functional
analysis.
* Numbers in parentheses refer to literature cited.
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The relationship of yield response to nutrients applied should be theoretically further improved by introducing soil test values into the equation
providing the soil test actually represents the residual nutrient status of
the soil. Obviously, the yield response to a unit of applied nutrient is in
part governed by the amount of residual nutrient in the soil that is available
to the plant. This relationship might be illustrated as follows: Assuming
that a particular response of a crop to nutrients follows the theoretical
Mitscherlich curve, where one Baule unit of nutrient provides for 50 percent
of maximum yield, a relationship can be expressed for the following conditions (Fig. 1): a) no residual nutrients in the soil, b) residual nutrients
equal to that applied, and c) residual nutrients double that applied. The
yield response in percent of maximum yield to the same increment of
applied nutrients, theoretically, is 50, 25, and 12.5 percents respectively
for the above conditions. Therefore, a soil test that actually reflects the
residual nutrient status in the soil is an important factor in predicting inputoutput relationship from applied nutrients.

No r e s i d u a l n u t r i e n t s
Residual = applied nutrients
R e s i d u a l 2x a p p l i e d n u t r i e n t s

BAULE

UNITS

Figure 1. Theoretical relationships between residual nutrients, applied nutrients
and yield response.
SOIL TESTS

Several factors are involved in selecting a soil testing method that is
applicable to any particular soil situation. Among these are:
(1) Extractant.
(2) Soil to extractant ratio.
(3) Fertilizer carrier.
(4) Type of soil.
(5) Pretreatment of samples.
(6) The degree to which the test reflects the amount of fertilizer previously applied.
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(7) The relationship of the soil test to the supplying power of the soil
for the particular nutrient.
(8) Complexity of the test.
Obviously, no one test will satisfy all of the requirements of an ideal
method. Soils vary in the kind and amount of clay mineral that they contain
(8). This in turn influences the rate and extent of release of native soil
potassium for crop utilization. The determination of the type of clay mineral
in soils through #-ray studies could further improve precision of soil tests
on several soils.
The effect of extractant and soil to extractant ratio of P soil tests is
demonstrated by data in Tables 1 and 2. The following points are evident
for humic-gley soils (Parkhill loam). The amount of phosphorus extracted
by the .13 normal HCl was higher than that extracted when the Bray P t
method (.025 normal HCl + .03 normal NH 4 F) was used. Either of these
extractants reflected the amount of phosphate applied to the soil. As the
soil extractant ratio was increased, more phosphorus was removed. Conversely higher amounts of phosphorus were removed from the Kalamazoo
sandy loam where the Bray V1 extractant was utilized than where the .13 N
HCl was used. The amount of potash applied to both soils was related to
the amount indicated by the K soil test. Thirteenhundredths N HCl was the
extractant used.
Where the rock phosphate was used on the Kalamazoo soil and the
samples were extracted with .13 N HCl, higher amounts of phosphorus
were found in the extract than in samples where superphosphate alone was
applied. On the other hand, where the Bray Pj method was used, there
was very little effect on the phosphorus content of the extract due to rock
phosphate. In this particular experiment rock phosphate did not affect
crop yields and, therefore, the Bray P x extractant would more accurately
reflect the residual nutrients in the soil than would the .13 N HCl.
TABLE 1. The effect of applied phosphate, extractants and soil: extractant ratios
on P soil test values, Parkhill loam.
Pounds P per acre
Extractant

Pounds P 2 0 6
applied annually 1956
and 1957
0
60
100
150
225
300
500
800

.13 N HCl
1 :8*

.025 N HCl + .03 N NH.F
1 :8*
1 :40*

1957

1959

1957

1959

1957

1959

48
65
74
91
97
130
143
173

55
65
88
96
126
154
181
215

27
35
46
59
66
98
103
119

30
35
57
63
93
110
134
175

50
58
67
99
85
157
139
199

82
112
128
140
185
200
252
313

* Soil to extractant ratio.
PHOSPHORUS AND POTASSIUM RESIDUALS

The residual effect of applied phosphorus and potassium fertilizers is
well recognized. This is evidenced by the general increase in soil tests as
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TABLE 2. The effect of applied phosphate, extradants and soil: extradant ratios
on P soil test values, Kalamazoo sandy loam.
Pounds P 2 0 6
per acre
applied annually

Pounds P per acre
Extractants
.025 N HCl + .03 N N H 4 F

.13 N HCl
1 : 8*

1 : 8*

63
65
68
72
94
98

85
93
94
114
148
197

0
40
80
160
320
480

1 : 20*
173
177
180
198
212
224

* Soil to extractant ratio.
fertilizer is used over a period of years. Specific information from a Sims
clay loam soil, (Table 3), on which an experiment has been in continuous
operation since 1941, will illustrate this point. In this experiment, from 1941
to 1956, 512 pounds of phosphate and 256 pounds of potash were applied.
The d a t a from this experiment show t h a t at these relatively low rates of
fertilizer application over the sixteen year period, both phosphorus and
potassium levels did build u p . Phosphorus levels have risen relatively more
t h a n have the potassium levels. Such results indicate t h a t it might be time
now to change the fertilizer grade to one containing a higher percent of
potash, perhaps to a 1 : 1 ratio of phosphate to potash.
TABLE 3. The effect of fertilizer on p H and P and K soil test values after 16 years
of fertilization and cropping, Sims clay loam.
.13 N HCl (1 : 8 soil to extractant ratio)
PH

Cropping system*

Pounds per acre
P

C, SB,
SB, C,
C, SB,
C, SB,
C, SB,

B,
B,
O,
B,
B,

A, A
A, A
B, A
Be, W
Be, W (GM)

K

1940

1956

1940

1956

1940

1956

6.2
6.8
6.4
6.8
6.9

6.5
6.4
6.5
6.9
6.6

54
62
45
47
57

70
72
80
96
72

62
69
69
83
62

148
114
121
128
110

* C-Corn, SB-Sugar Beets, B-Barley, O-Oats, Be-Beans, W-Wheat, A-Alfalfa,
GM- Green Manure. All plots received a total of 512 pounds of phosphate and
256 pounds of potash per acre during the 16 years.
Fertilizer recommendations for phosphate and potash for crops grown on
mineral soils in Michigan are based on: 1) soil management group (soils
developed from similar parent materials under similar drainage conditions),
2) yield goal expected, 3) crop, and 4) soil test results. For yields higher
t h a n the expected goal additional quantities of fertilizer m a y be needed.
For all practical purposes, the phosphate and potash recommendations for
any crop grown on organic soils are made on the basis of soil tests as illus-
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trated in Table 4. Minor element requirements for both mineral and organic
soils are based on soil pH and crop response. Detailed information on fertilizer recommendations for crops grown in Michigan is reported in Extension
Bulletin 159 (5).
A greenhouse method of calibrating P soil tests is demonstrated by
Figure 2.

Figure 2. A greenhouse method for calibrating soil tests. Top row of jars —
indicates response of celery to increments of phosphate applied to unfertilized
soil. Bottom row of jars — indicates response of celery to residual phosphorus
remaining from 16 consecutive annual applications of phosphate. Left to right
25, 50, 75, 100, 150 and 200 pounds per acre respectively.
TABLE 4. Phosphate fertilizer recommendations for organic soils based upon
P soil test .025 N HCl + .03 N NH 4 F (1 : 8 soil to extradant ratio
by volume).
Pounds P per acre

10
50+ . . .
Barley
Blueberries
Clover
Corn

Pounds P 2 O 6 per acre recommended

5 . . .
5 . . . . . . 20 . . .
.20
. . . . . . 50 . . .
. . 65+ . . . . . 80+ . .
Asparagus
Alfalfa
Broccoli
Beans
Endive
Cabbage
Lettuce
Carrots

5
30
50
70 . . .

100+ . . . .
Cauliflower
Celery
Onions

Starter fertilizer for transplants and new seedings only.
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FERTILIZER PLACEMENT AND RESIDUAL NUTRIENT INTERACTION

The relationship of fertilizer placement to residual nutrients in the soil
is well illustrated by data from the onion crop. Approximately twice the
yield of onions was obtained where the fertilizer was applied in a band 2
inches below the seed than where it was applied broadcast. In addition,
a placement nutrient interaction was noted. Yields from plots where the
nitrogen and phosphate were applied in a band were higher than where
broadcast. However, placement of potash did not affect yields.
CHANGES IN FERTILIZER TECHNOLOGY

Advances in fertilizer technology have resulted in high analysis carriers
and fertilizers. Accompanying these changes are reductions in the amount of
calcium, sulfur and minor elements t h a t were previously supplied as 'extra'
plant foods. If all nitrogen used in the United States had been supplied as
ammonium sulfate (24.2 percent sulfur) these would have been applied
3,000,000 tons of sulfur. The change from superphosphate (0-20-0) to concentrated superphosphate, if complete in 1959, in the United States would
have resulted in a loss to the farmers of 1,500,000 tons of sulfur and 3,000,000
tons of calcium. Furthermore, the calcium would have been more soluble
than that applied in limestone. The need for sulfur as a nutrient for several
crops, particularly cotton, has been recently demonstrated b y Jordan, et al
(7) in the southeastern part of the United States. D a t a from Ohio (1)
show t h a t a period of five years was necessary for the sulfur in soils to be
depleted to the point where a sulfur response was obtained b y crops. The
phosphate carrier was changed from superphosphate to treble superphosphate in this experiment.
D a t a in western states show (6) t h a t there was a marked difference in
the response of barley yields between phosphate sources. This was due to the
response to the zinc impurity contained in some of the sources.
The question arises then as to the length of time t h a t the loss of secondary and minor elements, t h a t were formerly supplied in carriers, can be disregarded. On the other hand where nutrient applications are extremely
high it m a y be better to use formulations t h a t are low in calcium, sulfates,
and chlorides. Undesirable salt effects and residue accumulations m a y be
avoided.
RESIDUAL EFFECTS OF MINOR ELEMENTS

Boron, copper, manganese, molybdenum and zinc are recognized as needed
for crops grown in Michigan soils. Boron and manganese m a y be needed on
the nearly neutral and alkaline mineral soils. All five m a y be needed on
organic soils. For all practical purposes copper is the only minor element
t h a t has an appreciable residual carryover from year to year.
POTASSIUM SODIUM RELATIONSHIPS

D a t a obtained on sugar beets (9) and other crops t h a t have given responses in yield to sodium chloride indicated t h a t the response to sodium
was associated with the amount of potassium applied, together with the
residual amount of potassium in the soil. At high levels of potassium, no
response to sodium on Houghton muck was obtained.
FUMIGATION EFFECTS ON RESIDUAL NUTRIENTS

Fumigating organic soils with dichloropropene-propane (DD) affects the
nitrogen nutrition of the celery crop. On fumigated soils an increase in
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ammonia and/or a lack of nitrate m a y occur. I n these cases a nitrogen carrier
consisting of t h e nitrate nitrogen is preferable t o one containing t h e a m monium ion such as ammonium sulfate.
W i t h t h e present trend toward greater use of chemical weed control and
pesticide control methods, t h e possibility of a nutrient-pesticide interaction
should not be overlooked.
RESIDUAL E F F E C T OF NITROGEN

The residual effects of applied nitrogen are of considerable interest,
particularly in regard t o time of application. Several things should be considered in this regard: t h e type of soil, t h e effect of carrier on acidity,
and on t h e amount of residual nitrogen remaining. If t h e soils are of silt
loam or clay loam texture, apparently fall applications of nitrogen are quite
satisfactory under t h e climatic conditions normally experienced in Michigan.
However, on sands, sandy loams, or organic soils, the practice is not recommended. On a Kalamazoo sandy loam it requires an application of 160 pounds
of nitrogen applied as ammonium nitrate on winter wheat in t h e fall t o b e
equivalent to 20 t o 40 pounds applied in t h e spring.
With t h e present trend in continuous corn production, where large
quantities of nitrogen are used, (up t o 200 pounds per acre annually), t h e
carrier effect m a y become more important. The acidic effect of t h e 2,643,000
tons of nitrogen used in t h e U n i t e d States in 1959 represents a n equivalent
acidity of approximately 4,500,000 tons of calcium carbonate. This represents about 25 percent of t h e lime used in t h e United States annually.
Therefore, in t h e future there is a possibility t h a t more precise recommendations regarding carriers will be considered.
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SUMMARY

The judicious use of phosphorus and potassium soil tests can eliminate
the risk of losses from insufficient amounts of these nutrients in the production of a crop.
The complexity of factors and factor-interactions may restrict the degree
to which soil tests and crop yield responses can be correlated.
Soil test results show that phosphorus and potassium levels are building
up on soils where fertilizers are regularly being applied. Extremely high
potassium levels lead to losses by leaching, luxury consumption by crops,
intensification of magnesium deficiency, and a reduction or elimination of a
response to sodium.
Changes in fertilizer technology have tended to eliminate or reduce the
amounts of secondary and minor elements such as calcium, sulfur, zinc and
boron contained in fertilizer. The neutralization of the equivalent acidity of
nitrogen materials applied annually in the United States would require
approximately 25 percent of the lime used. The total effects of these changes
should be evaluated so that crop production in the future may not be decreased.
Residual benefits of copper may last several years. Boron and manganese
become fixed in unavailable form and need to be applied each year where
soil conditions and the crop grown require their use.
A marked soil type-time of application nitrogen interaction exists under
Michigan climatic conditions.
RÉSUMÉ

L'emploi judicieux d'analyses rapides pour évaluer les teneurs en P et
en K du sol peut éliminer les risques de perte, causée par des quantités
de ces éléments, insuffisantes pour la production de la récolte.
La complexité des facteurs et les interactions entre facteurs peuvent
réduire les possibilités de corrélation entre analyses de sol et rendement des
récoltes.
Les résultats d'analyse montrent que les niveaux de P et de K augmentent
dans les sols qui reçoivent régulièrement des engrais. Des niveaux de K
excessivement élevés conduisent à des pertes par lixiviation, à une consommation de luxe par les plantes cultivées, à une intensification des carences en
magnésium, à une réduction ou une élimination des besoins en sodium.
Des changements dans la technologie des engrais tendent à éliminer
ou à réduire la présence d'éléments secondaires ou mineurs tels que Ca, S,
Zn, et B dans les engrais. Pour neutraliser l'acidité équivalente des engrais
azotés utilisés chaque année aux Etats Unis d'Amérique, il faudrait approximativement 25 % de la chaux utilisée. Il sera nécessaire d'évaluer les effets
globaux de ces changements si l'on ne veut pas que la production agricole
future diminue.
L'effet résiduel du cuivre peut durer pendant plusieurs années. Bo et
Mg se fixent sous des formes inaccessibles et doivent être appliqués chaque
année, quand les conditions du sol et les cultures l'exigent.
Sous les conditions climatiques du Michigan, il existe une interaction marquée entre type de sol et époque d'application de l'azote.
ZUSAMMENFASSUNG

Vernünftige Benützung von Bodenprüfungen auf P- und K-Gehalt kann
das Risiko von Verlusten durch ungenügenden Mengen dieser Nährstoffe
in dem Ertrag eines Gewächses beseitigen.
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Die Kompliziertheit der verschiedenen Faktoren und derengegen seitigen
Wirkungen dürfte die Möglichkeit bis zu welcher Bodenteste und Beantwortung derer in Ernteerträgen korreliert werden können, beschränken.
Bodentestresultate zeigen dass das P- und K-Niveau steigt wo auf den
Böden regelmässig Düngung angewendet wird. Extrem hohe K-Niveaux
führen zu Verlusten durch Auslaugung, Luxusaufnahme durch das Gewächs, Vermehrung von Mg-Defizienz und Verminderung oder Ausschluss
von Na-Aufnahme.
Abänderungen in der Düngemitteltechnologie führten zum Ausschluss
oder Verminderung der Mengen sekundärer und Spurenelemente, wie
Ca, S, Zn und B, in den Düngemitteln enthalten. Die Neutralisierung des
equivalenten Säuregehalts der N-Dünger, jährlich in den U.S. angewendet,
würden annäherend 25 % des benutzten Kalkes benötigen. Der Totaleffekt
dieser Änderungen sollte derartig, dass die Ernteerträge in Zukunft nicht
vermindert werden, ausgewertet werden.
Residuale Cu-Gaben halten verschiedene Jahre aus. B und Mn werden
in unzugänglicher Form festgelegt und müssen wo die Bodenverhältnisse
und das Gewächs dies verlangen, jedes Jahr neu gegeben werden.
Bei den klimatischen Verhältnissen Michigan's besteht eine deutliche
gegenseitige Abhängigkeit zwischen dem Bodentyp und dem Zeitpunkt der
N-Anwendung.
DISCUSSION

HARRY PAUL: In the fertilizer recommendations indicated by you, could you
say if there were any improvements in crop yields due to better soil aeration
from your treatment and to what extent? If you are certain of the benefits
from soil aeration, it might be possible to reduce fertilizer application and improve aeration by cultural practise and soil amendment only?
J. F. DAVIS: It is possible to improve crop yields by improving aeration.
On the other hand, increasing the oxygen content by use of minimum tillage
may actually allow for profitable increase from additional fertilizer.
E. VON BOGUSLAWSKI: The formula which was given a t first is similar to that
which I gave at the VI Congress at Paris. Is the residual fertility also a function
of the weather of each year?
J. F. DAVIS: I t was intended that the equation include weather factors (temperature, water). Dr. Robertson has used this equation in teaching his courses
for the past several years.
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EVALUATION OF RESIDUAL FERTILIZER EFFECTS BY CHEMICAL
COMPOSITION OF PLANT PARTS *
by
LLOYD DUMENIL, JOHN J. HANWAY AND JOHN T. PESEK**

In Iowa soils the residual effect of N fertilizer is usually evident in the
second year after application, and that of P fertilizer is evident for several
years after application. In determining optimum rates of these fertilizer
nutrients for the present crop, a quantitative evaluation of the residual
effects of fertilization needs to be made (7).
Until recently, yield responses and nutrient uptake by the crop have
been used to demonstrate residual fertilizer effects, but the use of these
methods without standards of comparison have been only roughly quantitative.
Dumenil*** evaluated the residual effects of N and P fertilizers applied
for corn (Zea mays) the previous year by comparing the yield increases of
oats (Avena sativa) due to the residual treatments with those due to current
fertilizer applications. A split-plot design was used in which a 2 X 2 NP
factorial was superimposed on the whole plots of the residual treatments.
This method, however, may estimate the residual effects with low precision
(11). White et al, (11) applied rates of N fertilizer in the residual year
on experiments where N fertilizer had been applied the previous year for
corn and used the linear relationship between the yield of N in the whole
plants and rates of N applied to estimate the quantity of residual N available
to oats.
Several investigators (2, 6, 10) used A values of Fried and Dean (3) to
estimate the residual value of P fertilizers and found significant correlations between the A values and soil test P values. Smith and Pesek (8)
compared oat grain yields, total P yields and A values in the field and
greenhouse and the Bray No. 1 (0.03 N NH 4 F in 0.025 N HCl) soil test for
estimating the residual effects of P fertilizer in three Iowa soils. The greenhouse A values were significantly correlated with the other measurements
but the chemical soil test, due to its high correlation with greenhouse A
values, appeared to be particularly useful for estimating quantities of
residual P.
Since many of the methods for determining residual fertilizer effects
are too complex to be used widely simpler techniques are needed. Soil tests
may be used effectively to estimate the amounts of residual P if they are
correlated with residual P levels under different soil conditions (8). White
and Pesek (12) found that the residual N taken up by oats appeared to
be chiefly in the form of nitrates in the 6- to 21-inch layer of soil. To estimate
* Journal Paper No. J-3923 of the Iowa Agr. and Home Econ. Expt. Sta.,
Ames, Iowa. Project No. 1189. Contribution from the Department of Agronomy.
Acknowledgement is made to Swift and Company for their financial assistance
in the chemical composition studies.
** Associate Professor and Professors of Soils, respectively, Iowa State
University of Science and Technology. Grateful acknowledgement is made
to E. H. Jebe, formerly of the Statistics Department, under whose supervision the multiple regressions were calculated.
*** Dumenil, Lloyd. Residual effect of nitrogen fertilizers applied to corn on the
yields of the following crops. Unpub. M. S. thesis, Iowa State University, Ames,
Iowa, 1951.
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the q u a n t i t y of residual N available for corn, the nitrates in the soil layers
deeper t h a n 21 inches also would have to be determined since corn roots
deeper t h a n oats. This paper presents a method b y which the changes in
the N and P concentrations in the corn leaf can be used to estimate the
available levels of residual N and P in the soil from N and P fertilization
in a previous year.
EXPERIMENTAL

The basic multiple regression equations for the change in per cent N
and the change in per cent P in the corn leaf due to fertilization were
derived from replicated fertilizer experiments (NP, N P K a n d P K factorials)
which were conducted on various soil types of Iowa from 1948 to and including 1956.
Yields and stand levels were determined b y conventional methods. Corn
leaves, the first one below and opposite the primary ear shoot, were randomly sampled in each plot in the experiment usually within a week of the
time t h a t 75 % of the plants showed silk emergence. The dry leaf samples
were ground, oven-dried and analysed for total N, P and K. Results are
reported on an oven-dry basis.
Yields and leaf composition d a t a from experiments t h a t met the following
restrictions were selected*: (a) The K level was adequate or very nearly
so, (b) drougth or insect damage was not seriously limiting yields and (c)
only broadcast N and P treatments or side-dressed N treatments without
hill or row fertilizer were used. D a t a from 93 experiments, 474 observations,
thus were included in the regression analyses. The changes in the per cent
N and per cent P in the corn leaf were calculated as the differences between
the means of the fertilized treatments and the unfertilized treatment.
The relationships between the changes in the per cent N and per cent
P in the corn leaf and four or five variables were determined b y multiple
curvilinear regression analyses. The X (independent) variâtes** included
the quadratic functions of N and P fertilizer levels and of per cent N and
per cent P levels in the corn leaf of the unfertilized treatments and all
of the two-factor interactions among the four variables. In the equation
for the change in the per cent N, stand level and stand level x N fertilizer
interaction variâtes also were included. Regression statistics shown were
calculated according to Anderson and Bancroft (1).
D a t a from three experiments from which residual fertilizer effects on
corn yields and leaf composition were determined are used to illustrate
the proposed procedure for estimating residual N and P fertilizer levels.
RESULTS AND CONCLUSIONS

Regression

equations

The regression statistics relating to the change in per cent N (zl%N)
a n d the change in per cent P (^I%P) in the corn leaf are given in tables
l a n d 2, respectively. In equation [1], most of the variâtes h a d a significant
effect on <d%N. All of the variâtes associated with the P fertilizer variable
except the P 2 variate has highly significant effects upon <d%N. However,
* For details see: Dumenil, Lloyd. Relationship between the chemical
composition of corn leaves and yield responses from nitrogen and phosphorus
fertilizer. Unpub. Ph. D. thesis, Iowa State University, Ames, Iowa, 1958.
** The term 'variable' will refer to a factor under study whose effect in the
regression equation may be shown as a function of one or more variâtes. 'Variate'
refers to a single term included in the regression equation.
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deletion of these 5 variâtes from equation [1] reduced the R2 from 0.709
to 0.684; thus, there is a small loss in precision in estimating A%N independently of the P fertilizer variable. Deletion of 2 additional variâtes
associated with the stand level, equation [2], further reduced the R2
slightly to 0.680.
LE 1. Multiple regression equations for the change in per cent N (A %N) in the corn leaf on
selected X variâtes
Equation* [1]
't varia te**
a
N
N»
P
P»
NxP
S
NxS

•%N
•%N'
•%P

.

.%P»
.%NxCk.%P
cCk.%N
.Ck.%N
cCk.%P
Ck.%P

I

Sign.
level X

8.41
9.25
3.51
0.79
3.64
2.68
1.72
4.00
2.62
4.93
1.65
1.04
9.30
5.22
0.90
3.30

.01
.01
.01
.43
.01
.01
.09
.01
.01
.01
.10
.30
.01
.01
.37
.01

M
+ 55.76
+
1.333
— 0.002286
0.4189
— 0.000345
+ 0.001258
— 1.272
+ 0.01312
— 72.81
+ 13.64
+ 548.9
-521.3
— 72.86
0.3645
+ 0.2612
— 0.3245
— 1.316

Equation* [2]

b,
—
+
-

0.5219
1.623
0.002366

—
—
—
—
—

- 49.59
+ 11.13
+ 515.2
-615.6
- 63.93
0.3472
-

—

0.6334

—

t

Sign.
level

15.88
9.90

.01
.01

—
—
—
—
—

2.70
2.07
4.73
1.89
0.88
8.59

—

—
—
—
—
—

.01
.04
.01
.06
.38
.01

—

1.79

.08

—

—

' The equation is: Y(A %N) = a +

Ë btXt, Anderson and Bancroft (1).
i= l
R s for equations [1] and [2] are 0.709 and 0.680, respectively.
• N - N fertilizer level (lbs. N/A.); P - P fertilizer level (lbs.P 2 0 6 /A.);
S — stand level (thousands of stalks/A.); Ck.%N — Check %N or %N in the leaf of
unfertilized treatment; and Ck.%P — Check % P or % P in the leaf of the unfertilized
tment. The linear and squared variâtes, e.g. N and N*, are used to fit the dependent
ate to a quadratic (curvilinear) function of the independent variable. The value of the
raction variate is the product of the two variâtes.
Values of a and b(: xlO*
Significance probability level of obtaining as large or larger value of t by chance, given
null hypothesis. The calculated / is compared with tabular t at 457 and 464 d.f. for
itions [1] and [2], respectively.

Most of the variâtes in equation [3] had a significant effect on A%P.
All of the variâtes associated with the N fertilizer variable except the
N X Ck.%P variate had highly significant effects upon ^l%P. Deletion of2
these 5 variâtes from equation [3] to give equation [4] reduced the R
from 0.594 to 0.518. Therefore, the level of the N fertilizer can hardly
be disregarded in the estimation of A%V in the corn leaf.
For similar soil, climatic and management conditions, the .d%N and
A°/0T> due to N and P fertilization or the levels of N and P fertilizers required for given changes in the N and P concentrations in the leaf can be
estimated if the pertinent leaf composition data axe available. The residual
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TABLE

2. Multiple regression equations for the change in per cent P {A %P) in the co
on selected X variâtes
Equation* [3]

Xt variate*
a
N
Na
P
P2
NxP
Ck.%N
Ck.%N a
Ck.%P
Ck.%P«
Ck%NxCk.%P
NxCk.%N
PxCk.%N
NxCk.%P
PxCk.%P

M

Equation* [4]

t

Sign
level X

5.25
4.56
4.95
4.74
4.35
1.12
2.01
0.73
4.74
4.65
3.20
4.63
1.11
7.86

.01
.01
.01
.01
.01
.27
.05
.47
.01
.01
.01
.01
.27
.01

52.57

+ 0.8281
0.001723
0.9036
+
— 0.003178
0.002295
+ 30.71
+ 15.88
+ 124.5
+
+ 2280.6
— 478.8
_
0.1908
+ 0.3532
0.5840
— 4.761

b,
15.99
—
—
+
0.9113
0.001235
—
4.380
+
19.61
+ 69.80
+ 2119.8
-441.4
—
+ 0.2885
—
4.424

t

Sigi
lev«

+

—
—
4.88
1.93
—
0.15
2.35
0.42
4.12
3.90
—
3.54
—
6.77

—
—
.01
.0É

—
>.5C
.02
>.5C
.01
.01
—
.01
—
.01

* See table 1. R* for equations [3] and [4] are 0.594 and 0.518, respectively.
t Values of a and bt: xl0 s .
i Significance probability level at 459 and 464 d.f. for equations [3] and [4], respecth
quantities of N and P fertilizers available to corn also can be estimated
from these regressions by determining the N and P concentrations in the
corn leaf from unfertilized corn and from corn fertilized in a previous year.
Application of the procedure
If residual effects of both nutrients occur, calculation of the residual
level of each is complicated by the significant effects of both fertilizers
plus the significant N x P fertilizer interaction on ^1%N and A°/0V. The
residual levels of both nutrients, therefore, must be calculated by solving
the two equations simultaneously. The difficulty arises because both variables appear in the two equations as quadratic functions plus an interaction
term.
A graphical method for determining the N and P residual levels simultaneously is illustrated with the data from Experiment 1 in table 3. At
the given Ck. %N, Ck. %P and stand levels, equations [1] and [3] simplify
to quadratic functions of N and P fertilizers plus the N x P interaction
variate. Solving for either N or P in each of the new equations according
to Heady et al. (4) gives isoquant equations for A %N and A % P . From
these isoquant equations, the positive values of N and P for the required
A %N and A % P isoquants are calculated and plotted in figure 1. These
isoquants for A %N and A %P may intersect (including tangencies) at
0 to 4 points; these intersections (or tangencies) thus give the solution for
the N and P fertilizer levels in the two simultaneous equations.
The relevant area for the determination of the residual N and P levels
in this experiment lies between the ridge lines for A % P (figure 1). The
estimated residual N and P levels from the 60 + 60 (N + P 2 0 6 ) treatment,
obtained from the intersection of the isoquants for A %N = 0.10 and
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A % P = 0.015, are 10 and 25 pounds of N and P 2 0 6 respectively. The
residual levels from the 180 + 180 treatment cannot be estimated, however,
because the isoquants for A % N = 0.30 and A % P = 0.055 do not intersect.
The minimum residual levels of 74 and 108 pounds of N and P a 0 5 , respectively, for this treatment are estimated from the intersection of the isoquant
for A % N = 0.30 and the right ridge Une for the A % P isoquants. The
A % P isoquant at this intersection is about 0.047. In this experiment, dry
weather in J u l y probably limited the level of N in the corn leaf either from
the higher rates of the residual treatments or from t h e currently-applied
fertilizers as shown in table 3. This effect of dry weather on the per cent N
in the corn leaf has been noted previously (5) *.

0

100
200
30ÖP FERTILIZER (LBS. P 2 0 5 /A.)

Figure 1. Estimation of the residual N and P fertilizer levels from the graphical
solution of the two simultaneous regression equations of zJ%N and A%P as
functions of N and P fertilizer levels with the Ck.%N and Ck.%P held constant
at 2.2 and 0.245 %, respectively.
Since the graphical solution is laborious, a simpler method of estimating
the residual N and P levels is presented. The residual N level can be estimated independently of the residual P level with a small loss in precision
b y using equation [2]. The estimated residual N level then can be used
in equation [3] to estimate the residual P level. The residual N and P
levels in Experiment 1, calculated b y this method, are given in table 3.
Differences in the estimated residual N and P levels b y this method and
b y the method of graphical simultaneous solution are small in all treatments except the 180 + 180 treatment. Only a minimum level of residual
* Dumenil, L. (1950) op. cit.
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TABLE 3. Effect of residual fetilizer treatments on corn leaf composition and yields ana
estimated residual levels of N and P fertilizers.
Expt.
no.

Initial fertilizer
treatments
(lbs. N + P 8 0 6 /
A.)
0
60
120
180
80

1*

+
+
+
+
+

0
60
120
180
60+

60 + 60
120 + 120
180 + 180
2**

%N

%P

2.2
2.3
2.5
2.5
2.5

0.245
.260
.280
.300
.280

—
—

—
—
—

0+0
60+0
120 + 0
180 + 0

1.80
2.10
2.25
2.47

0.20

60+0
120 + 0
180 + 0

—
—

—
—

0+0
0+30
0+60
0 + 120

3i

Corn
lea: composition

.20
.22
.23

%K
1.5
1.4
1.5
1.4
1.5

—
—
—
2.0
2.1
2.0
1.8

Regression
Yield
(bu./A.) equations
used
67
75
85
87
86

[1]. [3]

—
—
—

[2], [3]

41
48
58
72

[1]

[2]

2.4
2.5
2.4
2.5

0.192
.208
.212
.263

—
—
1.2
1.2
1.1
1.0

—
—
52
71
71
83

Estimated n
sidual level;
(lbs ./A.)
N

PSC

10
54
>74

21
5:
>i<

—

-

16
54
54

2i
5!

>10(

38
62
108

—
_
_
—
-

36
59
105

[3]

—
—
—

2(
2(

>13!

* Webster silty clay loam, stand level — 13,300 stalks/A., fertilizer applied in 1956
residual effects measured in 1957.
+
Fertilizer treatment applied in 1957.
** Clarion loam, stand level — 13,800 stalks/A., fertilizer applied in 1953 and resii
effects measured in 1954. Fertilizer (60 lbs./A. of P 2 0 5 and K 2 0) applied on all treatm
for 1954 corn crop. In equation [1] 60 lbs. P 2 0 5 used for variâtes involving P fertiliz
X Webster silty clay loam, stand level — 14,300 stalks/A., fertilizer applied in 1955
residual effects measured in 1957.
P could be calculated as in the graphical solution, since the residual P
value was indeterminate in the resulting quadratic equation.
No difficulty arises in estimating the residual effects of treatments
with only one nutrient. The d a t a in the residual year and the estimated
residual N or P levels from two experiments are shown in table 3. Residual
N effects were high in Experiment 2 because drougth limited yield responses
in the initial year. Residual P effects were high in Experiment 3 (7). However, the residual P level from the highest rate could not be calculated
since the quadratic equation gave an indeterminate solution; the minimum
estimated residual P level was higher than the initial rate. This effect
probably was caused b y K deficiency as shown by the leaf K levels which
were in the deficiency range (9). Due to the marked interaction between
P fertilizer and the K availability in the soil on the A % P , the change in
per cent P in the corn leaf due to P fertilizer is much higher at K deficiency
levels t h a n a t adequate K levels for corn *.
* Dumenil, L (1958) loc. cit.
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Limitations

of the procedure

The A % N can be estimated with more precision (higher R2) than A % P .
However, t h e precision in estimating both could be improved b y deriving
equations for similar soils instead of a wide range of soils as was done
in this study. The standard errors of t h e estimated A % N a n d A % P were
not calculated; t h e errors of individual estimates m a y be large b u t perhaps
they are no larger than those of some other procedures used to measure
residual effects.
Errors in determining N and P concentrations in t h e corn leaf m a y be
minimized b y : (a) sampling a t a definite stage of physiological maturity,
(b) adequate sampling and replication of t h e fertilizer treatments a n d (c)
accurate chemical analyses. Precision in all phases is particularly important when initial levels of N and P in the leaf are high. At these levels,
a small A % N or A % P is associated with a larger level of N or P fertilizer
t h a n it is a t the lower leaf N and P levels.
Other factors t h a t affect crop growth also m a y affect t h e changes in
leaf composition due to fertilization. Two of these, limited rainfall a n d
K deficiency, were mentioned. Variations due to other factors m a y be accounted for by including additional variables in t h e regression analyses.
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SUMMARY

A method is presented by which t h e changes in N and P concentrations
in t h e corn {Zea mays) leaf can be used to estimate t h e levels of residual
N and P from fertilization in a previous year. Relationships between t h e
changes in per cent N and per cent P in t h e corn leaf and four variables,
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quadratic functions of N and P fertilizer levels and of per cent N and per
cent P levels in the leaf from the unfertilized treatment plus all two-factor
interactions, were determined from 93 fertilizer experiments by multiple
curvilinear regression analyses.
From the two regressions, residual quantities of N and P fertilizers
can be estimated from the N and P concentrations in the leaf from unfertilized corn and from corn fertilized previously. Since the N and P fertilizers
and their interaction had significant effects on both dependent variâtes,
residual levels of both nutrients are estimated by solving the two equations
simultaneously by a graphical method.
RÉSUMÉ

Une méthode est présentée pour estimer les niveaux de N et de P résiduel,
provenant des engrais de l'année précédente, en se basant sur les variations
des concentrations en N et en P dans les feuilles de Maïs (Zea mays).
Par analyse de régression multiple curvilinéaire de 93 expériences d'engrais, il a été possible de déterminer: (a) des relations entre les pourcentages
de N et de P dans les feuilles de maïs et quatre variables, (b) des fonctions
quadratiques des niveaux d'engrais phosphatés et azotés et des niveaux de
pourcentage en N et en P dans les feuilles du traitement sans engrais, et (c)
toutes les interréactions bi-factorielles.
Grâce aux deux régressions, les quantités résiduelles d'engrais azotés et
phosphatés peuvent être estimées à partir des concentrations en N et en P
dans les feuilles de maïs n'ayant pas reçu d'engrais l'année précédente.
Puisque les engrais azotés et phosphatés et leur interaction avaient des effets
significatifs sur les deux variables indépendantes, les niveaux résiduels des
deux éléments nutritifs ont été estimés par la solution simultanée des deux
équations au moyen d'une méthode graphique.
ZUSAMMENFASSUNG

Nach der hier vorgelegten Methode kann man aus den Änderungen der
N- und P-Gehalten im Blatt von Mais (Zea Mays) zu einer Schätzung der
Höhe der N- und P-Reste von der Düngung im voraufgegangen Jahr kommen. Es wurden bestimmt: Beziehungen zwischen den Änderungen in
% N und % P im Maisblatt und vier Variabelen, kwadratische Funktionen
von N- und P-Düngemittelniveaux, und von % N und % P Niveaux im
Blatt von ungedüngtem Gewächs, sowie alle gegenseitigen Zweifaktorenwirkungen; und dies 93 Düngerversuchen mittelst multipler kurvolinearen
Regressionsanalysen.
Aus den beiden Regressionen können Residualmengen N und P der
Düngerstoffe aus den N- und P-Gehalten im Blatt vom ungedüngten und
vom früher gedüngten Mais geschätzt werden. Da die N- und P-Düngemittel
und ihre gegenseitigen Wirkungen, deutliche Einflüsse hatten auf beide
abhängigen Variabein, wurden die Restniveaux beider Nährstoffe geschätzt
durch gleichzeitige Lösung der beiden Gleichungen mit einer graphischen
Methode.
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INFLUENCE OF RESIDUAL FERTILIZER EFFECTS
AND DISCOUNTING UPON OPTIMUM FERTILIZER RATES *
by
JOHN T.

PESEK, EARL O.

HEADY AND LLOYD C.

DUMENIL**

Fertilizer use recommendations immediately involve the agronomic
sciences of soils and crops because these provide the data relative to crop
responses to fertilizer and specify soil fertility conditions, and also involve
economics because fertilizer is an input cost and the crop yield responses
represent a return on the fertilizer investment. Fertilizers are applied to
increase the yield per unit area or otherwise to increase the value of the
crop grown and, depending upon the relative scarcity (cost) of land and
fertilizer (operating capital), it is the rational objective to either maximize
profit per unit area or profit per monetary unit invested in fertilization
through correct fertilizer use. These usually call for different quantities
of fertilizer and since frequently neither land nor fertilizer supplies dominate
the economic restrictions, the rates of fertilizer used should He between
these two quantities which constitute the rational limits of the range of
economically optimum fertilizer rates under specified conditions (6).
Mitscherlich (5) was among the first, in agronomic literature, to recognize
the relationship between crop response as a function of fertilizer applied
and crop and fertilizer prices, and the amount of fertilizer needed to maximize profit from fertilizer use per unit area. This optimum rate is that
quantity of fertilizer at which the first derivative of the response function
is equal to the fertilizer!crop price ratio.
While the optimum rate assumes a situation of more-or-less limiting
land resources and non-limiting capital resources for fertilization or fertilizer supplies, other situations are commonplace. One of these is limiting
capital for fertilization while land is less limiting. In recognition of this
latter situation, Pesek and Heady (6) proposed a minimum recommended
rate of fertilization which maximizes the per cent profit on the investment
in fertilizer and its application. It is derived by maximizing the ratio,
net return from fertilizer (cost of fertilizer and its application. They showed
that applying less than this amount leads to less profit on the fertilizer
investment and less profit per unit area as well.
There are two major reasons why recommended fertilizer rates are not
as applicable as they could be. First, by definition of the optimum rate,
the last infinitesimally small increment of fertilizer returns no profit and
the ones preceding it return only small profits. Hence, whenever possibilities are available for profitably investing the capital resources in the
last few fertilizer increments elsewhere, it will be more profitable to reduce
fertilizer rates down to the point where the marginal returns to fertilizer
and to the other enterprise are equal.
Second, available data have usually limited the evaluation of optimum
and minimum recommended rates to those based on single year effects;
however, Brown et al. (1) Doll et al. (2) and Stritzel et al. (7) have con* Journal Paper No. J-3924 of the Iowa Agricultural and Home Economics
Experiment Station, Ames, Iowa. Project No. 1189.
** Professors of Soils and Agricultural Economics and Associate Professor
of Soils, respectively.
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sidered the optimum rates of fertilizer based on yield responses of two to
four crops following a single fertilizer application. Many studies have
noted residual fertilizer effects but have not evaluated them rigorously
within an economic framework.
Closely related to the above two points is the problem of properly evaluating the present value of future expected returns. This situation stems
from the fact that a given value expected in the future has a smaller present
value as a result of interest, risk and uncertainty. For example, a tenbushel yield response expected three years hence has less present value
than ten bushels at present.
It is the purpose of this discussion to investigate and evaluate the influence of expectations of residual fertilizer effects and discounting on the
optimum and minimum recommended fertihzer rates under specified
conditions. The effect of differing initial levels of soil fertility will also be
examined with respect to discounting in the first crop year.
ALGEBRAIC RELATIONSHIPS

The present value (discounted value) of a future return is given by

D = P(l + r)-"

[1]

where D is the discounted value, P is the expected future value, r is the
discount (interest) rate and n is the number of interest periods. For proximate purposes n will be the number of years elapsing between fertihzer
apphcation and realization of a return on the investment. It will be one
for the first year returns, two for the second, etc.
Yield as a function of fertihzer application is expressed as
Y = f{x)
[2]
where Y is the estimated yield and x is the fertihzer variable. Only those
functions which have a maximum value or approach a maximum will be
considered, i.e., the response curve is concave to the fertihzer input axis.
Combination of [1] and [2] specifies the discounted value, YD, of the
yield equation and is given by
Yn = -IM—
rai
YD
L3J
(1 + r)»
wherein the future expected value, f(x), replaces P in [1].
The total discounted value, YT, of yield for k equations over N years is
y

r= ^ ( / ^ ( ^ l ,

2....2V).

[4]

In cases where the quadratic equation is used to express Y = f(x), YT is
simply given by summing the discounted coefficients of corresponding terms
in the equations and writing the new equation as
Y TO = ZboD + Jiï&X + ZÖÜDX2
[5]
where boD are the discounted intercepts, b^ 2are the discounted coefficients
of X, btf) are the discounted coefficients of X and X is the amount of fertihzer.
APPLICATION

Effect of discounting on the optimum rate
A regression expressing estimated yield, Y, as a function of pounds of
nitrogen, N, sidedressed per acre has been fitted (6) to the average yields *
* Yields of corn will be expressed in bushels per acre and fertilizer applications
in pounds per acre. One bushel is 56 pounds of grain at 15.5 % moisture.
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of corn (Zea mays) from 54 nitrogen experiments in North Carolina reported by Krantz and Chandler (4). This regression
Y = 26.2 + 0.7817V - 0.002377V2

[6]

reflects a strong response to nitrogen as indicated by the value of the
first derivative evaluated at TV = 0. This value, 0.781, means that the
initial rate of response to nitrogen was this fraction of a bushel of corn
per acre per pound of applied TV. Equation [6] was used as the basis for
the results presented in Table 1. The optimum rate of nitrogen is given
by equating the first derivative of this equation to the nitrogenjcorn price
ratio and solving for TV. As expected, the optimum rate decreases as the
relative price of nitrogen increases or the relative price of corn decreases,
i.e., the nitrogen/com price ratio increases.
Discounted estimated yield, YD, is obtained by multiplying equation
[6] by the factor (1 + r) - ". When r is 0.1 and n is assumed to be unity
in this example,
YD = (26.2 + 0.7817V - 0.002377V2) (1 + 0.1)- 1
= 23.8 + 0.7107V - 0.002157V2.

[7]

Equating the first derivative of this equation to the nitogenjcorn price
ratio and solving for TV determines the optimum rate of the fertilizer under
a discount rate of 0.1 for the interest period of one year.
TABLE

1. The effect of discount rate and the nitrogenjcorn price ratio upon the
calculated optimum nitrogen rate in pounds per acre.

Discount
rate
0.00
0.06

0.1
0.2
0.3
0.4

Nitrogen/corn price ratio
0.05

0.10

0.15

0.2

154
154
153
152
151
150

144
142
142
139
137
135

133
131
130
127
124
120

123
120
118
114
110
106

It is evident in Table 1 that the optimum rate of nitrogen is decreased
as the discounting rate is increased. The absolute and relative decrease
in the optimum rate with discounting is much greater at the highest nitrogenj
corn price ratio than it is at the lowest. At a price ratio of 0.2 the optimum
rate is decreased from 123 pounds of nitrogen per acre with no discounting
to 106 pounds at a discount rate of 0.4 or a change of almost 14 %. At
the very low price ratio of 0.05 the change is only 4 pounds of nitrogen
per acre.
Residual fertilizer effects and discounting on optimum rate
Responses of corn to single broadcast applications of 30, 60 and 120
pounds of P 2 0 5 per acre were measured on calcareous Webster silty clay
loam in Iowa for four consecutive years after application. The yield equations for the 1955, 1956, 1957 and 1958 crops are
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fx = 34.6 + 0.614P - 0.00279P2,

[8]

Y2 = 49.6 + 0.596P - 0.00250P2,
Y3 = 54.2 + 0.451P - 0.00177P2,

[9]
[10]

Y4 = 55.3 + 0.319P - 0.00035P2,

[11]

and
respectively, where P is the pounds of citrate-soluble P 2 0 6 per acre.
According to equation [5] the undiscounted total value of the yield
equation for the first two years is
YT2 = 84.2 + 1.210P - 0.00529P2

[12]

and is obtained by summing the respective coefficients in equations [8]
and [9]. The discounted value of the yield equation for the first two years
at a discount rate of 0.4 is obtained by multiplying equation [8] by the
expression (1 + 0.4) -1 and equation [9] by (1 -j- 0.4) ~2 and then summing
as above to obtain
^r2D0.« = 50.0 + 0.743P - 0.00327P2.

[13]

The values for optimum rates of P2Os in Table 2 were calculated from equations [8] through [11] for the situations presented according to methods
in previous illustrations.
The effects of P20Jcorn price ratio and the discount rate operate in the
same manner as they did in the example in Table 1. In addition, the results
in Table 2 show that the longer the period of the residual effect taken
into consideration the higher will be the optimum rate of application at
any given discount rate. However, the absolute increases due to consideration
of additional years of residual fertilizer effects are larger at the low discount
rates than at the high but the relative increase is about the same. Finally,
the calculated optimum rate is affected more by considering the residual
fertilizer effects with the higher P206/com price ratio.
TABLE 2. Effect of discount rate at two different P2Ot/corn price ratios and the
consideration of one to four years of observed yield response upon the
optimum rate of P 2 0 6 calculated.
Discount
rate
0.00
0.06
0.1
0.2
0.4

P205/corn = 0.1

PjOj/corn = 0.2

Total number of years

Total number of years

1

2

3

4

1

2

3

4

92
91
90
88
85

105
104
103
102
98

110
109
108
107
103

126
124
122
118
111

74
72
70
67
60

95
94
92
89
82

103
101
100
97
90

120
116
114
108
98

The results in Table 2 show that the optimum rates under the conditions
observed in this experiment are affected more strongly by consideration
of the residual effect than by the discount rates used. This, of course, is
relative, and, if the residual effects had been smaller, consideration of
additional years would not have been nearly as effective in increasing optimum rates.
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Additional effect of initial soil fertility
Hanway and Dumenil (3) found that the yield of corn in Iowa over a
period of years could be expressed as a function of nitrogen rate, N, and
the nitrification rate, bv of the soil at the experimental site. The reported
relationship is
f = 104 (10-0.0098fti) (1 _ 10-0.003525AT)
r_14]
with bt expressed in p.p.m. and N in pounds per acre.
The values for optimum nitrogen rates at different discount rates, price
ratios and nitrification rates in Table 3 are based on the above equation.
Note that with this equation the nitrogenjcom price ratio has no effect on
the absolute changes in optimum rate due to discounting; thus differing
from the results in Table 1 based on equation [6]. The relative change,
however, increases in both cases as the price ratio increases. As the initial
nitrogen fertility of the soil is increased (nitrification rate increases) the
optimum decreases. The absolute change in optimum rate due to initial
fertility over all discounting rates is the same; however, the relative change
increases as discounting increases.
3LE 3. Effect of discount rate, nitrogen/corn price ratio and soil nitrification rate upon
the calculated optimum nitrogen rate in pounds per acre.
Nitrogen/corn price ratio

NOs-N
(p.p.m.)
scount rate
0.00
0.06

0.1
0.2
0.4

0.1

0.2

0.15

10

40

70

10

40

70

10

40

70

235
228
223
213
194

152
144
140
129
110

68
61
56
46
27

185
178
173
163
144

102
94
90
79
60

18
11
6
*
*

150
142
138
127
108

66
59
54
44
25

*
•
*
*
«

Applications not profitable under these conditions.
Residual fertilizer effect, discounting and minimum recommended rates
Frequently applications of fertilizer have to be considered within a
framework of extremely limiting capital for fertilization and optimum
rates. Under this limitation Pesek and Heady (6) showed that a minimum
recommended rate of fertilizer application maximizing per cent profit per
unit of capital invested in fertilizer and its application is appropriate.
The minimum recommended rates in Table 4 are based on the data presented in equations [8] through [11] and calculated according to the
extension of procedures illustrated in equations [12] and [13]. In addition
to the fertilizer I crop price ratio, the minimum recommended rate also
depends upon the ratio, application cost/crop price. Changes in minimum
recommended rates due to discounting rates are minor regardless of the
number of years considered or the application cost/com price ratio.
The number of years of fertilizer effects considered in determining the
minimum recommended rate has some influence on the rate which increases
as additional years of residual response are taken into consideration. This
increase is less as the discounting rate increases and also varies with the
relative cost of application. The largest difference amounts to somewhat
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TABLE 4. Effect of discounting, number of residual years considered and the
application costjcorn price ratio on the minimum recommended rate of
P J O J in pounds per acre*
Application cost/corn ratio
Discounting
rate
Years
1
2
3
4

1

3

0.0

0.2

0.4

0.0

0.2

37.9
38.8
39.5
42.6

37.9
38.7
39.3
41.4

38.0
38.7
39.1
40.7

56.6
58.1
59.1
64.3

56.5
57.9
58.8
62.4

* The P 2 0 6 /corn price ratio is taken to be 0.1.
over 11 % increase in rate when four residual years a r e considered a n d t h e
q u a n t i t y is almost seven pounds per acre. While this does n o t seem t o be
a large difference, it m a y become an important difference within t h e
limiting framework requiring this approach to fertilization a n d knowledge
of t h e potential residual effects m a y be more valuable.
Cost of applying t h e fertilizer, within t h e range studied, has an important
influence upon t h e minimum recommended rate. When cost of application
is equal t o the price of corn in the example t h e range of rates is from 37.9
to 42.6 pounds of P 2 0 6 per acre b u t t h e range is 56.5 to 64.3 pounds per
acre when application cost is three times t h e price of t h e corn.
LITERATURE CITED
1. BROWN, W. G., E. O. H E A D Y , J. T. PESEK, and J. A. STRITZEL, Production

functions, isoquants, isoclines and economic optima in corn fertilization
for experiments with two and three variables. Iowa Agr. Exp. Sta. Res.
Bui. 441, 1956.
2. DOLL, J. P., E. O. HEADY, and J. T. PESEK, Fertilizer production functions

3.

4.
5.
6.

for corn and oats; including and analysis of irrigated and residual response.
Iowa Agr. and Home Econ. Exp. Sta. Res. Bui. 463, 1958.
HANWAY, J., and L. C. DUMENIL, Predicting nitrogen fertilizer needs of
Iowa soils: I I I . Use of nitrate production together with other information
as a basis for making nitrogen fertilizer recommendation for corn in Iowa.
Soil Sei. Soc. of Amer. Proc. 19: 77 — 80, 1955.
KRANTZ, B. A., and W. V. CHANDLER, Fertilize corn for higher yields. North
Caroline Agr. Exp. Sta. Bul. 366, (Rev.) 1954.
MITSCHERLICH, E., Das Gesetz des Minimums und das Gesetz des abnehmenden Bodenertrages. Landw. Jahrb. 3 8 : 537 — 552, 1909.
PESEK, J., and E. O. HEADY, Derivation and application of a method for
determining minimum recommended rates of fertilization. Soil Sei. Soc.
Amer. Proc. 2 2 : 4 1 9 - 4 2 3 , 1958.

7. STRITZEL, J. A., J. T. PESEK and E. O. HEADY, Economic evaluation of

residual fertilizer effects for a four-year crop sequence. Agronomy Abstracts,
American Society of Agronomy. Page 32, 1959.
SUMMARY

New and previously published d a t a on t h e response of corn {Zea mays)
to fertilizer applications have been used to illustrate a method of calculating optimum and minimum recommended rates of fertilization under
varying situations of discounting, residual fertilizer effects a n d initial soil
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fertility. Discounting always reduces the calcultated optimum rates due
to lower expectations of response than are actually observed. These changes
may be large especially at high fertilizer/crop price ratios, but the effects
on minimum recommended rates are small within the ranges investigated.
Consideration of the residual effects for future years, when they are large,
results in a marked increase in both optimum and minimum recommended
rates. Increases in initial soil fertility decreased the optimum rate of fertilization and increased the relative decrease due to discounting in the
example illustrated but the absolute decrease was not affected.
It is concluded that an understanding and reasonable application of
discounting and a knowledge of potential residual effects of fertilizers are
needed to assure optimum allocation of resources to fertilization.
RÉSUMÉ

Des données nouvelles et d'autres déjà publiées antérieurement, et
qui ont trait à la réaction du maïs sur les applications d'engrais, ont été
utilisées pour illustrer une méthode de calcul qui permet de recommander
des taux d'application optima et minima pour différentes conditions d'escompte des rendements futurs, d'effets résiduels et de fertilité initiale du
sol. L'escompte diminue toujours les taux optima calculés, du fait que l'on
prévoit toujours des rendements inférieurs à ceux observés. Ces variations
peuvent être importantes, surtout quand les prix des engrais sont élevés
par rapport à la valeur commerciale des récoltes, mais les effets sur les taux
minima recommandés restent faibles dans les limites des cas étudiés. La
prise en considération des effets résiduels pour les années à venir donne lieu
à une augmentation marquée des taux optima et minima, surtout quand
ces effets résiduels sont importants. Une augmentation de la fertilité initiale
du sol diminuait les taux optima mais augmentait la diminution relative due
à l'escompte dans l'exemple cité, tout en laissant inchangée la diminution
absolue.
ZUSAMMENFASSUNG

Früher publizierte und neue Ergebnisse von Versuchen über die Reaktion
von Mais (Zea mays) auf Düngeranwendungen wurden benutzt um eine
Methode um als Optimum und Minimum empfohlene Düngerrationen zu
berechnen in verschiedenen Situationen von Rückgängigkeit, Düngerresteinflüssen und ursprünglicher Bodenfruchtbarkeit. Rückgängigkeit
verkleinert immer die berechneten Optimumrationen, kraft geringerer
Reaktionserwartungen als faktisch beobachtet. Diese Änderungen können
gross werden, besonders wenn das Verhältnis der Preise von Düngemitteln
zu denen der Ernteerträge hoch ist, aber der Einfluss auf empfohlene
Minimumrationen ist innerhalb der untersuchten Grenzfälle nur gering.
Berücksichtigung der Resteinflüsse für zukünftige Jahre verursacht, wenn
sie gross sind, eine erhebliche Erhöhung sowohl des Optimums als des
Minimums der empfohlenen Rationen. Erhöhungen der Initialbodenfruchtbarkeit verminderten die optimale Düngemenge und erhöhten die relative
Abnahme infolge der Rückgängigkeit in dem zur Illustration gegebenen
Beispiel; jedoch die absolute Abnahme wurde nicht beeinflusst.
Man kam zu der Schlussfolgerung, dass ein richtiges Verstehen und
Anwendung der Rückgängigkeitsberechnung, sowie Kenntnis der potentielle
Resteinflüsse von den Düngemitteln nötig sind um die beste Anweisung für
die Düngung geben zu können.
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DISCUSSION

ROBERT D. MUNSON: I recognize that your paper is primarily methodological.
However, in your comments you mentioned the need for optimizing the allocation of fertilizer and other resources. For countries with limited fertilizer
resources and food supply, would it not be more 'profitable' for them to place
greater emphasis on annual applications of positionally 'available' plant nutrients, rather than considering discount rates on broadcast applications.
Also, if you compare starter fertilizer in your analysis, would you be likely to
use higher rates of starter in preference to broadcast fertilizer?
JOHN T. PESEK: In response to the first part of the question I would say
that given the response functions, etc. with fertilizer positionally located, the
principles and procedures discussed in the manuscript would apply. Depending
upon the rates, this fertilizer would also have a residual effect which could be
evaluated and included in decision making. Anytime it is possible to get more
output from the same input it is more profitable to move in that direction because
the farmer will be better off and no one will be worse off. While this situation
may not exist in its pure form because some other cost may also be added, it
may be that it is very closely approximated under the conditions you describe because the cost of more precise placement of the fertilizer may be essentially nil
with cheap labor, etc. and any gains would be all profit. It must be recognized
that while society may not recognize any cost here, the individual may see a
cost of lost leisure time, discomfort, inconvenience, etc. As indicated in the
manuscript and as previously discussed by Pesek and Heady (6 above), whenever the cost of application under conditions of severely limiting fertilizer
resources is very small or nil it becomes increasingly more desirable and profitable
to spread the limited fertilizer as far as it will go but within the realm of equating
marginal returns over all acres of all crops.
I would answer your second part by saying that much evidence shows better
results with properly placed fertilizers under many conditions. When this
prevails, production functions for the relevant systems of fertilizations should
be developed. Placement advantages might be expected to be greatest for
phosphorus, perhaps potassium, and some of the minor elements, while they
may be considerably less for nitrogen fertilizer.
SHANTI S. KHANNA: In the case of phosphorus treatment, was it a single
factor study? Definition of single factor study: All the nutrients made adequate
except phosphorus.
JOHN T. PESEK: While the whole experiment had more variables than P,
the data presented is based only on plots or subplots receiving only P 2 0 6 application initially in 1955. This soil has a high organic matter content and is
naturally well supplied with K. Hence, no responses to N were observed and K
was not a variable but, with the other nutrients, was considered adequate.
S. S. SINGH: How do you take into account the residual fertility in determining
the most profitable (optimum) application of fertilizers?
JOHN T. PESEK: By residual fertility, it is presumed you mean 'inherent' or
'native' fertility. In this case, the example based on Hanway and Dumenil
would apply by simply extending the model so that the residual effect of the
fertilizer is measured on soils of different initial fertility. The economics of the
situation again involve discounting the overall equations summed over years and
equating the first partial derivate of yield with respect to fertilizer nutrient and
equating it to the fertilizer nutrient crop ratio.
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SOIL PRODUCTIVITY STUDY OF THE SUDAN GEZIRA
by
A.

FlNCK

Gezira Research Station, Wad Medani, Sudan
An important feature of cotton production by gravitation irrigation in
the Gezira is the occurrence of two kinds of yield variations, namely a large
annual variation and a local variation in any one year which is probably
due to differences in soil productivity.
It is the purpose of this preliminary investigation to determine the soil
factors causing these persistent local yield differences which may be as
much as 100 %. The influence of several single factors on the yield was
studied previously. According to Greene (3) cotton yields in the Gezira
depend mainly on salt-content and alkalinity, amounts of organic matter
and nitrogen, and the permeability of the soil. No multi-factorial productivity study, however, has been carried out yet. The Gezira Scheme is in a
unique way suitable for a productivity study because this large area,
managed by one head-office, gets a uniform agronomical treatment;
cotton yields are recorded in detail and the climate is fairly uniform.
MATERIAL AND METHODS

The soil of the Gezira Scheme, called here 'Gezira Clay', in the opinion
of the author belongs to the 'dark-clay soils of warm regions', a group
established by Oakes and Thorp (4). Out of the scheme area of 400,000 ha
for this preliminary investigation 15 small sub-plots from cotton areas
known to have respectively poor, average and high yields were sampled
twice. This method of sampling used in 58/59 (being recently replaced by
random sampling) may be described as a kind of semi-random sampling
in order to get a fairly representative distribution of samples.
The samples were taken from several 30 cm layers of the soil from furrows
and ridges. This accounts for the fact that e.g. the surface layer investigated
actually has a depth of approximately 35 cm. The soil samples were analyzed
mainly for contents of clay ( < 0.002 mm), organic C (uncorrected WalkleyBlack values), organic N, soluble salt, soluble plus exchangeable Na,
nitrate N and fot pH-values (1 : 5 suspension). The analytical results have
been interpreted by means of correlation and regression statistics. The
criterion used for the test of yield influencing factors was the relative yield
of areas of 38 ha in which the sub-plots were situated. The relative yield of
a sub-plot ( = yield level) describes here the mean yield of seed cotton for
the last four harvests (43/44—53/54), expressed in % of the mean yield of
the whole Gezira for these years (with respect to L-type cotton). Out
of the 15 sub-plots five were of slightly lower yielding S-type cotton (both
are Gossypium barbadense), and therefore a slight positive correction of
these yields was necessary. The absolute yields of these four selected seasons
were 0.38-0.76 t. lint/ha.
RESULTS

Soil data and cotton yield.
The relative yield was found to be associated mainly with the soil data
of the surface layer of 0—35 cm. Therefore the deeper layers have been
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excluded from the following extensive test. The same applied to the data
for nitrate nitrogen and the C/N ratio which showed no yield correlation.
All soil data tested against the yield gave a linear association. Therefore
no transformation of data was necessary. The data of yield regression and
correlation of six possible yield influencing factors for the surface layer are
given in Table 1.
1. Regression and correlation data of cotton yield on soil data.

TABLE

variables
r e l a t i v e yield
11 clay
2) Corg
3) Norg
4) salt
5) N a
6) p H

%
%
%
ppm
%
me %

regression
coefficient
b

range
(n = 15)

unit

66
-122
44
-69
0.2110.289
163
-245
0.1160.054
10.4 1.7
9.5 8.1

coeff. of
determin.
r* %

0.226
63.6
644.6
-94.6
-22.6
-41.3

86.9
85.6
74.4
64.2
66.5
76.8

Legend: Units: the regression coefficients (b) refer in case of soil data 1) to 5)
to a uniform unit = %0 (per thousand).
Significance: all values calculated are highly significant (P < 0.1 %),
except the b-values of (4) where P < 1 %).
The yield correlation is high for all six factors investigated, but highest
for clay and organic carbon content.
The association between the factors themselves is, of course, important
for further judgement. It is high for almost all soil data (Table 2).
TABLE

clay
Corg
Norg
salt
Na

2. r2-values for interconnection between soil data.
Corg

Norg

77.2

60.2
71.3

—

—

salt
(-)
(-1
(-)

70.5
59.7
54.0

—

Na
(-)
((-)

74.4
54.6
65.8
87.7

—

pH
(-)
((-)

80.3
54.8
50.5
48.3
57.6

Legend: Significance: revalues of 58 % are highly signifie (P < 0.1 %).
The (—) sign, indicates a negative correlation. Furthermore, the cumulative effect of several factors has been tested. The highest value was obtained
with a combination of clay, organic carbon and nitrogen, i.e. a coefficient of
multiple determination of 93 %. This is, however, only a small improvement
over the high correlation with the single factors clay or organic carbon.
The search for possibly causal factors
The main problem will be to find out those factors which are probably
causal ones. This has been tried by the application of partial correlation
(Table 3), partial regression, and, in addition, general considerations (see
discussion).
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TABLE

3. Partial ^-values for the yield correlation of soil data.
factor tested

factor
eliminated

clay

salt or Na
pH
clay
clay
clay
Corg

and
and
and
and

Corg
Norg
pH
Norg

Norg

86.9

85.6
37.4

43.1
67.5
>60.5
• 47.3

74.4
37.5
16.4

52.3
n.c.
(73.0)

n.c.
n.c.

clay
Corg
Norg

Corg

18.1
18.0
50.4
43.7

n.c.

salt or Na

pH

64-67
<0.4
n.c.
n.c.
<9.8
n.c.

76.8
6.5
(56.3)
n.c.
n.c.
n.c.

n.c.
n.c.
n.c.
n.c.

25.9
n.c.
n.c.

Legend: Some data would be rather meaningless and are either not calculated
(n.c.) or put in brackets.
These data of partial correlation indicate that the high yield association
of the factors salt and Na seems to be due to interconnection with other
factors, especially with clay. The same seems to apply to the pH.
The following tests of partial regression therefore have been restricted
to the three factors positively associated with the yield (xt — clay, x2 = org.
C, x3 = org. N, all three expressed in the same unit = °/00, (per thousand).
The multiple regression is:
Y = - 61.65 + 0.119 x1 + 20.97 x2 + 168.07 x3
This formula is valid within the ranges indicated in Table 1. Only the
partial regression coefficient of the clay reaches significance (P < 5 % ) .
The result, in general, corresponds with that of the partial correlation.
With a larger number of samples, however, the values for carbon and
nitrogen might reach significance too.
It is the result of this preliminary study, therefore, that differences in
clay content for the most part seem to account for local yield variations,
although organic matter (including organic nitrogen) does not seem to be
unimportant.
CONCLUSIONS

This preliminary investigation is carried out in order to set a pattern
for the following one with a larger number of samples. There is no need
to stress the limitation of statistics for the detection of causal relations.
It is hoped, however, that the conclusions drawn are justified and that no
essential assumption have been overlooked.
The cotton yields have been used as the criterion because only these were
available. Cotton, although a fairly good indicator of the productivity
level of a plot, is, of course, easily affected by factors outside the soil, e.g.
pests or weather conditions.
It is not actually surprising that the data of the surface layer gave the
best yield correlation. The 'Gezira Clay' is a highly impermeable soil.
More than 80 % of the root mass is concentrated in the surface layer of
30 cm (Fadda, 1). The three factors negatively associated with the yield,
which according to the partial correlation seem to have hardly any influence
on the yield, will now be considered from a general point of view.
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The soil reaction is, of course, not a yield determining factor in the
strict cause, but could be a good indicator of the nutritional status with
regard to some elements.
The reliability of pH-values of calcareous soils being determined without
standardization in respect of C0 3 — pressure, however, is not great and no
strong emphasis can be put on the differences obtained. The average p H
of the 1 : 5 suspension is 9.0, whereas t h a t of the saturated paste is about 8.0.
The salt content is hardly a causal factor here because the values do not
exceed 0.12 % (or 0.2 % in the layer 30—60 cm). In heavy clays, generally,
salt concentrations u p to 0.2 % are considered as harmless for relatively
salt-tolerant crops such as cotton.
The Na-content, similarly, does not seem to be a n important causal
factor in this case. Even if all Na determined were exchangeable, 2/3 of
t h e samples are below a n exchangeable-sodium-percentage (ESP) of 10.
I n fact, an E S P of 15 will hardly be reached with any sample to a depth of
60 cm. The Na-content, therefore, seems t o be below a level where an
adverse effect can be anticipated.
For these three factors (pH, salt, Na) the result of general considerations
agrees with t h a t of the partial correlation. Out of the three factors
positively associated with the yield, the clay content seems to be the most
important one, although the high connection of clay with organic m a t t e r
does not permit of a final conclusion.
The causal relation is not yet clear. An indication of possible reasons of
the clay-yield relation has been given recently b y Finck and Ochtman (2),
a n d the validity of the positive linear clay-yield relation has been confirmed
b y the same authors. The re-calculation of older d a t a revealed good agreement for completely different sets of samples.
The results of this preliminary study give an indication of the crucial
points for future work. I n addition, other factors will have to be included
and the validity of the results for a large number of samples confirmed.
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SUMMARY

I n this preliminary investigation the yield association of analytical
d a t a of representative soil samples has been tested in order to detect the
factors responsible for the high yield variation between different Gezira
areas of irrigated cotton. For most factors investigated the yield correlation
was high, but was highest for clay and organic carbon contents. The clay
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content is considered to be the most important single yield determining
factor. The three factors positively associated with the yield (clay, organic
carbon and nitrogen) together can account for over 90 % of the variance
of the relative yield. The high yield association of the three factors negatively
associated with the yield (salt, Na, pH) seems to be merely due to high
interconnection with other factors.
RÉSUMÉ

Dans cette étude préliminaire, la corrélation avec les rendements de
données analytiques, obtenues sur échantillons de sol représentatifs, a été
vérifiée, afin de mettre en évidence les facteurs responsables des grandes
différences en rendement de cotton irrigué d'une région à l'autre dans le
Gezira. La plupart des facteurs étudiés accusent un degré de correlation
élevé avec les rendements. Il est le plus élevé pour les teneurs en argile et
en carbone organique. La teneur en argile est considérée comme le principal
facteur déterminant le rendement. Les trois facteurs qui accusent des
corrélations positives (argile, carbone organique et azote) contrôlent à eux
seuls plus de 90 % de la variance des rendements relatifs. Le degré de
corrélation élevé des trois facteurs à corrélation négative (sels, Na et pH)
semble être dû uniquement à leur association étroite avec d'autres facteurs.
ZUSAMMENFASSUNG

I n dieser vorläufigen Untersuchung wird die Ertragskorrelation analytischer Daten repräsentativer Bodenproben geprüft. E s sollen die Faktoren
ermittelt werden, die für die hohen Ertragsunterschiede zwischen verschiedenen Gezira-Gebieten mit bewässerter Baumwolle verantwortlich
sind. Die meisten untersuchten Faktoren zeigen eine hohe Ertragskorrelation. Sie ist jedoch am höchsten für den Gehalt an Ton und organischem
Kohlenstoff. Der Tongehalt wird als der wichtigste ertragsbestimmende
F a k t o r angesehen. Die drei positiv mit dem E r t r a g korrelierenden Faktoren
(Ton, organischer Kohlenstoff und Stickstoff) bestimmen zusammen über
90 % der Varianz des relativen Ertrages. Die hohe Ertragskorrelation der
drei negativ mit dem E r t r a g korrelierenden Faktoren (Salz, Na, pH)
scheint lediglich durch deren enge Verbindung mit anderen Faktoren bedingt
zu sein.
DISCUSSION

HARRY PAUL: 1. You said you will use the clay content to evaluate the land.
Would you not consider irrigation as an important factor to be included?
Secondly, for the soils which are high in sodium chloride, thus depressing yield,
is it not possible to improve the yield of cotton by the application of calcium
nitrate and not by aluminium sulphate?
A. FINCK: 1. Irrigation is, of course, most important of all, but it is not included in our soil evaluation system. 2. The prominent salt in the Sudan and
especially in the Gezira, is NaaSO«. Question therefore does not apply.
M. M. GUHA: I t is suggested by the author that the higher the clay content,
the better is the permeability to water, and this is the reasoning lor considering
the clay content as the criterion for evaluating the virgin land for growing
cotton. Will it not be necessary to show this relation of clay content with permeability before considering clay content only as the land evaluating criterion ?
A. FINCK: We are searching of course, for the complete causal relation between
clay content and cotton yield. Even before we know the final answer, we think
it is justified to use the well-established clay-yield relation for the present evaluation of soils, at least as one criterion among others.
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W. F. MIERKE: 1. In order to come to the conclusion that the higher the
clay content, the more productive the under irrigation, I assume the frequency
of irrigations are limited to the times when the soil cracks sufficiently for maximum water penetration. Is this assumption correct? 2. In the Sudan, would you
assume some reduction of yields due to rapturing of roots when the soils crack
so severely?
A. FINCK: 1. Assumption is, in general, correct. Under the hot and dry conditions of the Sundanese climate, however, cracks develop very rapidly.
2. There is no indication yet that cracking decreases yields by rapturing roots.
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FERTILIZER NUTRIENT UPTAKE AS RELATED TO ROOT
DEVELOPMENT IN THE FERTILIZER BAND: INFLUENCE OF
NITROGEN AND PHOSPHORUS FERTILIZER ON ENDOGENOUS
AUXIN CONTENT OF SOYBEAN ROOTS *
by
S. R. WILKINSON AND A. J. OHLROGGE**

The immobile nutrients in band applied fertilizer affect the soil in only
a small part of the root zone of the crop. Efficiency in nutrient uptake is
dependent on the high nutrient concentration in the fertilized soil volume
and the preferential development of roots in this zone. The reaction of
the fertilizer band with the soil and the plant root response to the soilfertilizer band complex has been under intensive study at Purdue. The
effect of this unique fertilizer band-soil complex on root development in
soybeans (Glycine max. L., variety, Harosoy) and the influence of nitrogen
and phosphorus on root metabolism will be the phase of this research
reported here.
LITERATURE REVIEW

Miller and Ohlrogge (4) found that placement of nitrogen and phosphorus
together enhanced fertilizer phosphorus recovery over that of separate
placements of nitrogen and/or phosphorus. They attributed this effect in
part to increased root development in the fertilized zone containing both
nitrogen and phosphorus.
Duncan and Ohlrogge (2) in further investigations established that
this enhanced root development, referred to as root 'proliferation', was
the result of higher-order branching of secondary roots of corn. Root
'proliferation' response was associated only with nitrogen and phosphorus
mixtures, and was apparently equally produced by ammonium nitrate or
ammonium sulfate. They established that the optimum ratio for nitrogen
and phosphorus stimulated root branching was in the range of 1 part nitrogen and 2-3 parts phosphorus.
Wiersum (10) studied the effect of single nutrient ions on the density
of root branching in Pisum sativum and found that nitrate had the greatest
effect followed by phosphorus and potassium. In his discussion, Wiersum
postulated that the effect of nitrate was probably mediated through the
growth hormonal system which controls root differentiation. In addition,
it was postulated that high concentrations of ionic phosphorus in the
root zone may have enhanced 'anion respiration' thereby promoting the
necessary conditions for increased formation of lateral roots.
Torrey (8) has established that the cell divisions in the pericycle which
lead to lateral root initiation in pea root segments can be inhibited
or prevented by limiting the supply of any one of the following
* Journal Paper No. 1642. Department of Agronomy, Purdue University
Agr. Exp. Sta. Lafayette, Ind. Part of a thesis submitted by the senior author
in fulfilment of the requirements for the Ph. D. Degree. Acknowledgement is
made to U.S. Industrial Chemical Co., Inc. for assistantship funds.
** Instructor and Professor of Agronomy respectively, Purdue University,
Agronomy Department.
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specific chemical substances: indoleacetic acid, thiamin, nicotinic acid,
adenine, and one or more micronutrient elements. Torrey (8) also introduced the concept of multiple factor control of lateral root initiation.
He considers lateral root formation to be the result of a balance between
the flow of growth factors from the cotyledons, or basal parts of the roots,
and inhibitory agents from the root tips. The normal acropetal development of lateral roots is considered as evidence for this concept. Torrey (9)
lists factors as controlling initiation of cell divisions leading to lateral root
formation as: (1) removal of cotyledons prevents lateral root formation,
(2) treatment with externally supplied auxins usually increases the number
of lateral roots initiated (supported by Oexemann (6) in intact soybean
plants), (3) decapitation of root tips results in marked increases in lateral
roots formed along the root, and (4) the level of the specific metabolites
listed above.
Avery, Burkholder, and Creighton (1) found increasing growth hormone
content in common sunflower plants and tobacco with increasing nitrogen
levels in sand cultures. Plants grown on low nitrogen solutions were consistently low in diffusible auxins. Avery et al. (1) found that calcium,
phosphorus, magnesium, potassium or sulfate influenced auxin content very
little. They also found that osmotic pressures of the nutrient solution
up to 3 atmospheres had little or no effect on auxin content of above ground
parts.
As a basis of study, the following hypothesis was adopted to account
for the nitrogen and phosphorus stimulated root growth. When the growing
root tip intercepts the fertilized soil zone, the high ionic concentrations
of nitrogen and phosphorus promote higher endogenous growth hormone
content within the root and with the concurrently supra-optimal phosphorus
nutrition promotes the production and utilization of energy and specific
metabolites necessary to initiate and maintain the cell divisions in the
pericycle which lead to lateral roots. Skoog and Tsui (7) found that high
ratios of auxin to adenine promoted root development and conversely
low ratios promoted bud development in tobacco pith culture. They also
found that additions of potassium phosphate helped to overcome the inhibitory effects of high concentrations of auxin on bud formation.
The first step in evaluating this hypothesis was to study the effect
of external concentrations of nitrogen and phosphorus on the growth
hormone content of soybean roots.
MATERIALS AND

METHODS

Greenhouse Procedure
The response of soybean roots to placements of nitrogen and phosphorus
was studied by the technique used by Duncan and Ohlrogge for corn (2).
This technique consisted of training a single secondary root of a soybean
plant to grow through a separate column of soil containing various combinations of band-placed nitrogen and phosphorus. The subsequent root
development was described and photographed.
Secondly, several greenhouse experiments were conducted to evaluate
the effect of external nitrogen and phosphorus content on the endogenous
growth hormone content of whole soybean root systems.
The first experiment consisted of two levels of nitrogen and phosphorus
(one-half and twice the normal nitrogen and phosphorus content of Hoagland's solution (2) * applied to pre-germinated soybean plants growing
* Composition of Hoaglands solution described on page 384, Curtis, O. F. and
Clark, D. G. An Introduction to Plant Physiology. McGraw-Hill, New York, 1950.
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in expanded vermiculite. Total plants were harvested, root systems washed
and frozen immediately at —20° F .
The second experiment was in nutrient culture and consisted of the
addition of minus phosphorus, minus nitrogen, minus nitrogen a n d phosphorus, and complete Hoagland's solution 2 to autoclaved calcareous sand.
E a c h treatment was replicated three times. Nutrient solutions were added
a t regular three day intervals.
In the third experiment, a 3 X 3 factorial experiment was established
with three levels of nitrogen, and three levels of phosphorus mixed through
a sterilized calcareous sand medium similar to t h a t used in experiment
two. A total of ten treatments were included in this experiment. Six treatments were replicated three times a n d four treatments twice. Table 1
contains the treatment information. Potassium chloride (2.1 grams per
12 kilograms of dry sand) was added to all pots in this experiment. Micronutrients and magnesium sulfate were added in solution form throughout
the experiment to insure an adequate supply of these nutrients. The plants
were harvested twenty-four days after emergence or twenty-seven days after
planting.
TABLE 1. Treatment details for experiment three.
Treatment
Symbol
N„P„
N.P!
N.P.
N,P„
N.Pi
NiP«
N4P„
N1P1
N4P4
N8P8

no nitrogen or phosphorus applied
no nitrogen. 1.2 grams monocalcium 2 phosphate (MCP)1. 0.69
grams monosodium phosphate (MSP)
no nitrogen. 4.8 grams MCP 1 2.76 1grams MSP 2 2
0.9 gram ammonium nitrate (AN) 0.2 gram AN , no phosphorus
0.9 gram AN + 1.2 gram MCP1. 0.
2 gram AN and 0.69 grams MSP 2
0.9 gram AN and 4.8 grams MCP1. 2.76 grams MSP + 0.2 gram AN 2 .
3.6 grams AN 1 . 0.8 gram AN 2 , no phosphorus.
3.6 grams AN and 4.8 grams MCP 1 . 0.69 grams MCP and 0.8 gram
AN 2 .
3.6 grams AN and 4.8 grams MCP 1 . 2.76 grams MSP and 0.8 grams
AN«.
7.2 grams AN and 9.6 grams MCP 1 . 5.52 grams MSP and 1.6 grams
AN 2 .

1
First application mixed with 12 kilograms of sand in 2 gal. glazed pot prior
to planting.
2
Second application added in solution one week after emergence of plants.

Extraction

Procedure

The extraction procedure was essentially the same for all experiments.
E q u a l weights of roots in the first experiment, and total unwashed roots
per treatment in t h e second and third experiment were macerated with a
mortar and pestle, and extracted with absolute ethanol for 18—24 hours a t
36° F in the first experiment, and with absolute methanol for 48—50 hours
a t + 1 0 ° F . in the second and third experiments. The macerated roots,
and extract were washed and filtered under suction at room temperature.
The filtered extract was then evaporated under vacuum to several milliliters
a t temperatures less than 40° C. Reduced extracts were made u p to a constant volume among treatments and aliquots of this yellow colored liquid
were used in two biological assays, and in chemical assays. The fraction of
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each volume used in the bioassay or chemical assay is given in figure 1
and 2, and table 2.

Figure 1. Development of a single soybean root growing through a nitrogen
and phosphorus fertilized zone.

Assay Procedure
Aliquots of the extract were applied to Whatman No. 1 paper and chromatographed by the descending technique using isopropyl alcohol: water (8 : 2)
as the solvent. The developed chromatogram was air-dried, divided into
ten equal strips and subjected to either the oat coleoptile growth test
or a soybean root tip growth test. The chromatograms were numbered from
one to ten starting at the origin.
The procedure used in the oat coleoptile growth test was essentially
that described by Nitsch and Nitsch (5) except that Clintland variety of
oats (Avena sativa) was used. Ten coleoptile sections were cultured for
24 hours in small petri dishes, containing the strips and 3 mis of a buffer
solution described by Nitsch and Nitsch (5). A control containing the
nutrient solution and untreated filter paper was included for each bioassay.
The lengths of the coleoptiles were subsequently measured with a millimeter rule.
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LE 2. Representative results of chemical assay with p-dimethylaminobenzaldehyde
chromatograms of root extracts from experiment three, replicate one.
',aX;nt

F.W.
Roots*

R e l a t i v e size of t o t a l E h r l i c h
sositive spot 3
100**

200

Rf***

>Po
.Pi

58.4
34.3

65
123

84
172

.18-.30
.12-.41

>P«

49.9

163

207

.09-.41

,P.

31.6

67

90

.08-.41

iPi

53.7

136

239

.09-.38

iP«

55.4

158

206

.14-.39

4 Po

33.3

151

260

.17-53

«Pi

33.3

185

260

.14-.51

iP«

35.8

141

265

.21-56

«p.

20.9

177

247

.17-.51

on

Sequence a n d r e l a t i v e i n t e n s i t y of color r e a c t i o n s

Purple only
Purple-brown, dark purple,
purple-brown
Light purple, purple brown,
brown-yellow
V e r y light p u r p l e , p u r p l e ,
p u r p l e - b r . br-yellow
Light purple-brown, dark
purple, brown-purple
Light purple-brown, purple,
light p u r p l e - b r o w n
P u r p l e b r o w n , d a r k yellow
b r o w n , light yellow v e r y
light b l u e
D a r k brown-yellow, p u r p l e b r o w n yellow, l i g h t p u r p l e
blue
D a r k yellow-brown, v e r y
light yellow, b r o w n v e r y light
purple blue
L i g h t p u r p l e , yellow, yellowbrown

Total fresh weight of roots extracted. Bioassays were completed on separate aliquots of
extract. See figures 1 and 2.
* 100 or 200 microliter aliquots (or equivalent) of each treatment were spotted and
jmatogrammed.
** Rf refers to ratio of movement of solute front to t h a t of solvent front. The fist value
rs to lower boundary and the second value to the upper boundery of the spot.

The procedure used in the soybean root tip bioassay was developed
from the pea root test as described by Leopold (3). Ten five-millimeter
long soybean root tips (Glycine max. L. variety Harosoy) from seedling
primary roots were cultured in four mis of the nutrient solution * plus
the chromatogram strip for 24 hours, and the length measured with a millimeter rule.
Concurrent with biological assays, strips of the same chromatogram,
or small aliquots applied to separate chromatograms were sprayed with 2
percent p-dimethylaminobenzaldehyde in 1.2 N HCl (W/V) (Ehrlich's
reagent) to facilitate tentative identification of the growth active compounds
on the developed chromatogram.
A semi-quantitative chemical assay was obtained by measuring the area
of Ehrlich positive spots on the chromatogram. After development and
drying, the chromatograms were sprayed with Ehrlich's reagent and placed
in a 78° C oven to hasten color development. The colored spots which de•Compostion of nutrient solution used in soybean root tips bioassay: 2 percent
sucrose, 1.794 grams/liter K H , P 0 4 , 1.019 grams/liter citric acid, 2.94 grams/liter
of CaCl 2 .2H 2 0, -25 grams/liter MgS0 4 .7H 2 0, plus micronutrients at level of
Hoagland's solution 2.
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veloped were outlined in pencil on the chromatogram. The area of each
spot was determined with a planimeter. This method is a reliable quantitative
estimate of amounts of certain compounds present providing the colored
spots on the chromatogram do not overlap.
Synthetic indoleacetic acid and 1-tryptophan were chromatographed in
water, 70 percent alcohol, and isopropyl alcohol: water (8 : 2) in conjunction with unknowns to attempt identification of growth active compounds in the soybean root extracts.
The mean of the ten coleoptile and root tip segment elongation was
determined for each strip, and all results computed as a percent of the
control. These values were plotted as the ordinate against chromatogram
strip number as the abscissa in smooth line graphs. Smooth line graphs
were used to facilitate easy direct treatment comparisons.
RESULTS AND

CONCLUSIONS

Nitrogen and phosphorus in the same fertilizer band stimulated higher
order root development in soybeans in all single root experiments. Nitrogen alone had little or no effect unless salt injury to the apex of the secondary root had occurred. Phosphorus induced some root branching but
less than nitrogen and phosphorus together. Increased nodule development
found on the phosphorus fertilized roots may have promoted lateral root
development. The soybean root response to nitrogen and phosphorus applied
together is illustrated in figure 1.
A nitrogen over phosphorus fertilizer band separated by three inches of
unfertilized soil did not result in the same degree of root 'proliferation'.
This confirms earlier evidence (2) for the necessity for both nitrogen and
phosphorus in the fertilizer band for maximum root proliferation.
The effect of nitrogen and phosphorus fertilization on the growth promoting ability of the soybean root extract is illustrated in figures 2 and 3.
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Figure 2. Comparative response of soybean root tips and Avena coleoptile sections to concentrations of chromatographed extracts of soybean roots grown
at two levels of nitrogen and phosphorus.
239

IV.30
Similar results were obtained from experiments one and two but will not
be illustrated. Those root systems fertilized with higher levels of nitrogen
possessed more growth promoting ability in the Avena coleoptile test, and
more inhibition of growth in length of excised soybean root tips. The
activity per unit weight of roots was much greater than indicated in figures
2 and 3 since the nitrogen treatments resulted in smaller root systems
(table 2).
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Figure 3. Elongation response of Avena coleoptile sections to chromatographed
extracts of soybean roots grown at high and low levels of nitrogen or phosphorus.

The oat coleoptile test and the soybean root tip test responded in like
manner to physiologically active concentrations of synthetic indoleacetic
acid, and 1-tryptophan. However, the increased activity caused by higher
nitrogen levels in the root medium did not appear to be simply increased
production of a single growth substance. Extracts from roots grown on
high nitrogen levels consistently produced a growth response at higher
chromatogram strip numbers than did extracts from roots grown in low
nitrogen levels. That this shift in growth activity was not simply a case
of extra quantities of a single growth substance overflowing into the
higher numbered strips was indicated by color reactions of chromatograms
sprayed with Ehrlich's reagent (see table 2). Chromatogrammed extracts
from low level nitrogen fertilized roots gave a single purple spot in the
region of strip No. 3 but in higher nitrogen fertilized roots there was
considerable overlapping of different Ehrlich positive spots in this region
though a purple spot was identifiable at approximately the same Rf.
The Ehrlich reaction was yellow to yellowish-brown at slightly higher
Rfs in nitrogen fertilized root extracts. The presence of 1-tryptophan
was confirmed by co-chromatography in strip No. 3. The coleoptile elongation response to concentration of strip No. 3 in the bioassays used was
greater than that achieved with concentrations of synthetic 1-tryptophan
up to 10 micrograms/culture solution. Indoleacetic acid was not found in
any of the root extracts. The growth promoting substance in strip No. 4
was not identified. Further isolation and chemical tests on the unknown
are required to establish its identity.
The results of the chemical assays were not conclusive in that Ehrlich
positive spots overlapped in higher nitrogen and phosphorus fertilized
roots. However, the area and relative color intensity of all Ehrlich positive
spots in the strips, 3, 4, and 5 of developed chromatograms of highernitrogen fertilized-root extracts greatly exceeded the area of the Ehrlich
positive spots in low nitrogen-level-fertilized root extracts (see table 2).
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SUMMARY

Soybean secondary roots responded to localized placements of nitrogen
and phosphorus with increased lateral root development as was previously
found with corn. Nitrogen fertilizer-enhanced endogenous auxin content
was thought to be involved in this increased root branching. Soybeans were
grown a t varying nitrogen and/or phosphorus levels in expanded vermiculite,
and sand and t h e root systems extracted for auxin to evaluate this hypothesis.
Indoleacetic acid was not found in a n y of t h e root extracts. Growth
activity was associated with tryptophan. E x t r a c t s from roots grown a t
high nitrogen levels produced more growth activity than extracts of roots
grown a t low nitrogen levels. The increased activity associated with higher
nitrogen levels did not appear t o be simply increased production of t r y p tophan, b u t rather increased production of another growth active substance having a slightly higher Rf value in isopropyl alcohol: water solvent.
Growth activity in t h e Avena straight growth test, soybean root t i p test,
and Ehrlich positive spots on chromatographed extracts support this conclusion. The unknown substance gave a yellow color reaction with p dimethylaminobenzaldehyde.
RÉSUMÉ

Les racines secondaires du Soja réagissent sur les placements localisés
d'azote et de phosphore par un plus grand développement de racines latérales
comme il fut d'ailleurs constaté antérieurement pour le maïs. Les auteurs
sont partis de l'hypothèse qu'une plus haute teneur en auxine endogène,
stimulée par l'application d'engrais azotés, était responsable de cette plus
grande ramification des racines. Pour la vérifier, des plantes de Soja ont
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été cultivés à divers niveaux d'azote et/ou de phosphore dans des mélanges
de sable et de vermiculite éclatée, et des extraits de racines ont été préparés
dans le but d'y doser l'auxine.
On n'a trouvé de l'acide indol-acétique dans aucun extrait de racine.
L'activité de croissance était liée à la présence de tryptophane. Des extraits
de racines, cultivées à des niveaux d'azote élevés, accusaient une plus grande
activité de croissance que les extraits de racines, cultivées à des bas niveaux
d'azote. Cette plus grande activité, qui allait de pair avec des niveaux d'azote
plus élevés, n'était pas simplement due à une plus grande production de
tryptophane mais plutôt à une production accrue d'une autre substance de
croissance dont la valeur Rf était légèrement plus élevée en solution aqueuse
d'alcool isopropylique. Les essais suivants corroborent cette conclusion:
l'activité de croissance dans l'essai de croissance rectiligne de 1'Avena,
l'essai de la pointe radiculaire du Soja, et les taches positives de Ehrlich
sur les extraits chromatographies. La substance inconnue donnait une
coloration jaune avec le p-diméthylaminobenzaldehyde.
ZUSAMMENFASSUNG

Die Sekundärwurzeln von Soyabohnen reagierten auf lokalisierte Anbringung von N und P durch seitliche Wurzelentwicklung, ähnlich wie
früher mit Mais gefunden wurde. Man glaubte, dass man bei dieser erhöhten
Wurzelverzweigung mit einem durch N-Dünger vermehrten endogenen
Auxingehalt zu tun haben könnte. Soyabohnen wurden darum mit verschiedenem N- und/oder P-Niveau in einer Mischung von Sand und ausgedehntem Vermikulit gezüchtet; und dann wurden die Wurzelnetze um
die genannte Hypothese zu prüfen auf Auxin, extrahiert.
Indolessigsäure wurde in keinem der Wurzelextrakte gefunden. Wachstumsaktivität war mit Tryptophan verbunden. Extrakte aus Wurzeln bei
hohen N-Gehalten gewachsen, erzeugten grössere Aktivität als solche aus
Wurzeln auf niedrigem N-Niveau gewachsen. Die mit höherem N-Niveau
verbundene grössere Aktivität scheint nicht einfach eine erhöhte Tryptophanbildung zu bedeuten, doch eher eine vermehrte Bildung einer andern
wachstumsaktiven Substanz, welche einen etwas höheren Rf-Wert in
Isopropyl: Wasser-Lösung hat.
Wachstumsaktivität im regelrechten Avena-Wachstumsversuch, der
Soyabohnen-Wurzelspitzentest und positieve Ehrlichflecken auf chromatographischen Extrakten unterstützen diese Schlussfolgerung. Die unbekannte
Substanz gab mit p-Dimethylaminobenzaldehyd eine gelbe Farbreaktion.
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ROOT P E N E T R A T I O N AND D E V E L O P M E N T O F SOME FARM
CROPS AS R E L A T E D TO SOIL P H Y S I C A L AND CHEMICAL
PROPERTIES
by
J. B. FEHRENBACHER, P. R. JOHNSON, R. T. ODELL, and

P. E.

JOHNSON

(University of Illinois, Department of Agronomy, Urbana, Illinois, U.S.A.)
Root distribution of crops is dependent upon genetic character of the
plants, soil properties, and environmental factors such as climate.
Studies of the rooting patterns of adapted corn hybrids and adapted
soybean, alfalfa, red clover, and timothy varieties in various Brunizem,
Gray-Brown Podzolic, and Planosol soils at different fertility levels have
made possible the determination of the effects of some soil physical and
chemical properties on the soil-rooting volume of these crops under Illinois
climatic conditions.
LE 1. Classification and characteristics of some Illinois soils
ïreat soil group,
soil series, and
treatment
unizem
Flanagan
infertilized

Flanagan
fertilized
Muscatine
iertilized
Clarence
fertilized
ay-Brown Podzolic
Wartrace
iertilized
mosol
3isne
mfertilized
3isne fertilized
Huye*** fertilized
Weir unfertilized
Weir fertilized

Parent
material

Natural
drainage

Profile
permeability

Chemical characteristics
of plow layer (0-6 in.)
PH

Pi*

lbs/A
3 to 5 feet
of loess
over calcareous
loam till

Imperfect

P.*

K**

lbs/A lbs/A

Moderate

4.8

20

25

192

Loess

Imperfect

Moderate

,,

5.2
5.7

52
31

174
174

172
254

Clay till

Imperfect

Very slow

6.5

20

36

232

Loess

Well

Moderate

6.5

19

196

240

3 to 4 feet
of loess on
weathered
till

Poor

Very slow

Loess

Poor
Poor

Very slow
Very slow

»

-

4.9
6.3
6.0
4.5
6.1

18
22
64
16
79

18
192
200
17
110

98
276
300
172
270

,,

,,

"

P , test is a measure of the adsorbed (Aluminium) form of phosphorus.
P , test is a measure of the adsorbed plus the acid soluble (apatite-like) forms of phosphorus.
Total exchangeable potassium.
Huey has a solonetzic B horizon with over 15 % of the cation-exchange capacity occupied
by sodium.
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EXPERIMENTAL

Classification of the soils studied and some of their characteristics are
indicated in table 1. The solum of each of these soils, except Clarence, has
developed from Peoria loess of Wisconsinan glacial age. Clarence has
developed from clay till of Wisconsinan age.
Fertility levels on unfertilized plots varied widely because of differences
in native fertility and years of cropping.
Soil treatment on fertilized plots consisted of conventional plow-layer
applications of limestone, phosphate, and potash where needed, in amounts
sufficient to meet or exceed soil test requirements. In addition to plowlayer fertilization, deep tillage and deep fertilization have been studied on
Weir silt loam (5). Plots on Weir were in continuous corn, but all other
plots had definite rotations including grain crops and legume-grass meadow.
All seasons during which studies were made were near normal, except for
the somewhat dry years on corn (Cisne, 1952 and Flanagan, 1954), and
the wet years on meadow (Cisne, 1957 and Huey, 1958). In general, climatic
variations during normal seasons in Illinois are not sufficiently different
to greatly affect rooting habits of farm crops. All root samples were taken
when crops were in the early maturity stage.
Corn roots in Flanagan were sampled by a soil-root core method (2).
All other root samples were taken by removing large (4 inches x 12 inches
X depth) soil-root monoliths or tray samples (4), essentially using the
method of Weaver and Dar land (11). The soil was washed from the roots
and oven-dry root weights were obtained by soil horizons. Both methods
permitted direct measurement and inspection of root development in all
soil horizons.
Root weights of corn (except on Weir) were calculated on an acre basis.
Root weights of the other crops were not expanded to an acre basis.
Available water-holding capacity of the soils was calculated as acreinches of water held at tensions between 1/3 and 15 atmospheres (10).
RESULTS AND CONCLUSIONS

Effect of soil physical properties on root development
A comparison of the results of corn root studies on fertilized Muscatine,
Clarence, and Cisne (table 2 and figure 1) indicates that soil physical
properties such as structural development and bulk density have a pronounced effect on rooting habits of corn. Muscatine, a moderately developed, permeable, loess-derived soil that has a thick solum and favorable
structure, appeared to be the most nearly ideal medium for corn root
development. In the Muscatine, corn roots penetrated to a depth of 66
inches. Seventy-one percent of the roots were in the A1 horizon (0 to 10
inches). Calcareous loess occurred at a depth of 48 inches in the Muscatine
sampled. Although the calcareous loess lacked structural development,
it occurred at sufficient depth to be moist most of the season and, therefore,
was soft and penetrable to roots. Bulk density of the calcareous loess was
1.4, a value considerably lower than that of the clay till underlying the
Clarence soil.
In Clarence, corn roots penetrated to only 38 inches. Clarence, like
Muscatine, is a Brunizem, but it is a very slowly permeable soil with very
fine textured B and C horizons (3). The calcareous C horizon (parent
material) occurred at a depth of 35 inches, lacked structure, and had a
bulk density of about 1.6. Corn roots penetrated into the C only a few
inches along a few joints and fissures. The compact nature of the C horizon
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TABLE 2. Penetration and distribution of corn roots, corn yields, and available water-holding capacity in some Illinois soils.
Brunizem
Item

Soil
horizon

Flanagan
Not
fertilized

Calculated root weights
(lbs. per. acre inch.)
Calculated average root
weights (lbs./A. in.)
Calculated total root weights
(lbs./A.)
Depth of root penetration (in.)
Available water-holding
capacity to rooting depth
(acre-inches)
Corn yield (bu./A.)
Pounds of roots per bushel of
corn

A, or Ap
A, or A s
B, C and,
or D

GrayBrown
Podzolic

Planosol
Cisne

Muscatine

Clarence

Wartrace

Fertilized Fertilized

Fertilized

Fertilized

Not
Fertilized

Fertilized

32
36
28
7

48
36
30
13

142
28
16
3

166
90
21
9

224
196
34
17

67
9
3
1

248
49
15
6

29

31

30

46

65

19

44

1398
48

1846
60

2008
66

1758
38

3136
48

743
40

2647
60

10.5
6

12.8
79

17.4
81

6.4
55

17.1
70

11.7
20

17.3
75

21

23

25

32

45

37

35
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.MUSCATINE
«

CLARENCE
Fertilized

CISNE
*

CISNE
Unfertilized

Fig. 1. Corn roots from Muscatine, Clarence, and Cisne soils in 4- x 12- x 72-inch
trays under corn hills.
is conductive to poor aeration, and it appeared to be an effective barrier
to corn root penetration. Fifty-seven percent of the corn roots in Clarence
were in the Ap (0 to 6 inches) and an additional 15 per cent were in the A3
(6 to 9 inches) horizon.
The Cisne soil, a Planosol, has a well developed A2 horizon and a 'claypan'
B horizon beginning at about 17 to 20 inches depth. On the fertilized Cisne,
corn roots penetrated to a depth of 60 inches. The most highly leached
horizon, the A22, which was very gray and had well developed platy structure, showed the least root branching. Corn roots penetrated the 'claypan'
B horizon primarily along prismatic structural aggregate faces and branched
laterally along horizontal faces of blocky peds within each prismatic struc246
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tural unit. The increase in branching of corn roots in the B as compared to
the A2 horizon is best shown in the Cisne root panels in figure 1. A similar
rooting pattern was observed for soybeans in Cisne (figure 2). Sixty-six
percent of the corn roots in Cisne were in the Ap (0 to 7 inches) and about
12 per cent in the A2l (7 to 11 inches) horizon.
The Cisne had a bulk density of 1.36 in the B2 horizon and 1.55 in the B3
horizon. The D% horizon, the B of the Illinoian till paleosol, occurred at

SOYBEANS
Unfertilized

<

MEADOW
• Fertilized-— —»

Fig. 2. Soybean and meadow roots from Cisne soil in 4- x 12- x 72-inch tray
samples.
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a depth of 58 inches and had a bulk density of 1.68. This horizon lacked
structure and was not penetrated to any great extent by corn roots.
In Wartrace, a moderately permeable, loess-derived Gray-Brown Podzolic
soil, corn root development and branching were extensive and the roots
penetrated to 48 inches.
Total corn root weights per acre were higher in Wartrace than in the
Brunizems, but the root weights on Wartrace, because of sampling difficulties, are not as reliable as those on the other soils studied.
Effect of soil treatment on root penetration and development
Soil treatment affected corn root distribution and penetration, and also
corn yields less on the Brunizems than on the Planosols. On Flanagan, a
permeable, loess-derived Brunizem that is naturally high in available
potassium, applications of limestone and phosphate plus legume-grass
sod increased total corn root weights 450 pounds per acre, depth of root
penetration 1 foot, and corn yields from 66 to 79 bushels per acre (table 2).
On Cisne, an acid and highly weathered soil which is low in available K
and P, applications of limestone, phosphate, and potash, and legume-grass
sod increased total corn root weights 1900 pounds per acre, depth of root
penetration 20 inches, and corn yields from 20 to 75 bushels per acre (table 2
and figure 1). Complete fertilization also resulted in pronounced increases
in soybean root weights and depth of penetration, and in soybean yields
on Cisne (table 3 and figure 2).
Alfalfa and red clover nearly always fail to grow on unfertilized Cisne and
Huey soils, but with adequate limestone, phosphate, and potash applications, these crops made good growth and their roots penetrated the 'claypan'
B horizons of both soils. Alfalfa roots penetrated to a depth of 48 inches in
fertilized Cisne and to 38 inches in fertilized Huey. The depths of alfalfa
rooting on these poorly drained soils in the wet seasons of 1957 and 1958
were shallow in comparison to those on better drained soils (9) and in
drier climates (7) and (6). Red clover roots, like alfalfa roots, penetrated
to shallower depths in Huey, which has a solonetzic B horizon, than in
Cisne.
The red clover plant (one of the very few present) on the unfertilized
Cisne penetrated to a depth of 18 inches, whereas the red clover plants on
the fertilized Cisne penetrated to a depth of 32 inches.
The larger total root weight of meadow crops (table 3) on unfertilized
Cisne as compared to fertilized Cisne was due to the high proportion of
water grass on the unfertilized plot. Soil treatment had little effect on timothy roots.
The results discussed above were all obtained by conventional plow-layer
application of limestone and fertilizers. In a study (5) of deep tillage and
deep fertilization on a Planosol, Weir silt loam, deep tillage alone did not
influence corn root penetration during the first year, 1956. Complete fertilization increased corn root penetration from 42 inches on the untreated plot
to 64 inches on the plot where fertilizers were mixed to a depth of 36 inches.
Complete fertilization of the plow-layer has increased corn yields 52 bushels
per acre per year over no soil treatment for a 4 year period. However, deep
placement of fertilizers and deep tillage have not produced any additional
significant yield increases. In general, similar results with corn have been
obtained by others (1), (8), (12) in the midwest.
Available water-holding capacities of the soils to the rooting depths of
the different crops on the various plots studied are given in tables 2 and 3.
Under Illinois climatic conditions all of these soils are resaturated nearly
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TABLE 3. Soybean and meadow yields, root penetration and distribution, and available water-holding capacity in some Illinois
Planosols.
Soybeans
Item

Cisne

Soil horizon
Not
fertilized

Root weights (gm./4" X 12" X
depth) by soil horizons
Total root weights
(gms./4" X 12" X depth)
Depth of root
Soybeans
penetration (in.) Alfalfa
Red clover
Timothy
water grass & weeds
Available water-holding capacity
to rooting depth (acre-inches)
Yield (bu. or T. per A.)

A, or Ap
As,
B
C and, or D

Meadow
Cisne

Fertilized

Huey

Not
fertilized

Fertilized

Fertilized

3.62
.39
.43
trace

4.64
.36
.59
.02

11.24
2.31
.28

10.71
1.80
.79
.01

9.62
.87
1.33
.02

4.44
32

5.61
44

13.83

13.31

11.84

48 (3)*
32 (2)*
20 (1)*

38 (1)*
27 (7)*
15 (1)*

18 (1)*
22 (1)*
38
9.4
14

12.8
22

11.2**
0.5

14.0**
2.4

10.0**
Not
harvested

* Number of plants present in 4 " x 12" x depth tray sample indicated in parenthesis.
** To rooting depth of alfalfa on fertilized Cisne and Huey and to rooting depth of water grass and weeds on unfertilized Cisne.
Isa
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every year b y winter a n d spring precipitation, so t h a t these amounts of
water, assuming all of it is available, could be used during t h e summer
growing season. Soil-rooting volume or depth of rooting of t h e crops studied
varied widely on t h e different soils a n d various fertility levels. I n soils
having shallow rooting or low rooting volume, crops must depend more on
precipitation during t h e growing season a n d less on available soil water.
Greater soil-rooting volume also means a greater supply of nutrients for
growing plants.
The differences in corn rooting depth or rooting volume in t h e various
soils were closely associated with differences in corn yields on t h e fertilized
plots. Calculation of the pounds of roots per bushel of corn (table 2) indicated
t h a t in permeable Brunizems less roots were needed t o produce a bushel of
corn than in very slowly permeable Brunizems and Planosols.
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SUMMARY

Root studies of corn, soybeans, alfalfa, red clover, and timothy on Brunizem, Gray-Brown Podzolic, a n d Planosol soils in Illinois showed t h a t
proper soil fertilization increased root penetration a n d development a n d
crop yields. Increasing the soil rooting volume of crops increases the supply
of water a n d nutrients available t o plants.
Corn roots penetrated deeply in fertilized Brunizems (Flanagan a n d
Muscatine), and in Gray-Brown Podzolic (Wartrace) soils which h a d thick,
permeable solums, favorable structure, a n d medium bulk densities. Corn
roots did not penetrate t h e fine textured C horizon which occurred a t
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shallow depth, lacked soil structure, and had a high bulk density in Brunizems such as Clarence, even when fertilized.
Shallow rooting of crops on Planosols (Cisne, Huey, and Weir) was due
largely to low fertility. With proper fertilization, roots of all crops studied,
except timothy, penetrated and were well developed in the 'claypan' B
horizon.
RÉSUMÉ

Des études effectuées en Illinois sur l'enracinement du maïs, du soja, du
luzerne, du trèfle rouge et du timothée, sur des sols Brunizem et Gray
Brown Podsoliques, ainsi que sur des Planosols, ont montré qu'une fertilisation convenable du sol augmentait la pénétration et le développement
des racines ainsi que le rendement des récoltes. L'augmentation du volume
d'enracinement des cultures augmente les réserves en eau et éléments
nutritifs disponibles aux plantes.
Les racines de maïs pénétraient profondément dans des Brunizems
(Flanagan et Muscatine) qui avaient reçu des engrais, et dans des sols
Gray Brown Podsoliques (Wartrace) au solum épais et perméable, favorablement structurés et de faible densité apparente. Les racines de maïs ne pénétraient pas dans l'horizon C finement texture, dépourvu de structure et de
forte densité apparente, que l'on trouve àfaible profondeur dans les Brunizems
tels que le Clarence, même si ces sols avaient reçu des engrais.
L'enracinement peu profond des récoltes sur Planosols (Cisne, Huye,
et Weir) était surtout dû à leur faible fertilité. Les enracinements de toutes les
cultures, exception faite pour le timothée, pénétraient dans la couche indurée
argileuse de l'horizon B et s'y développaient bien, après une application
d'engrais adéquate.
ZUSAMMENFASSUNG

Bewurzelungsstudien mit Mais, Soyabohnen, Alfalfa, rotem Klee und
Timotheegras auf Brunisem, graubraunen podsolischen und 'Planosol'
Böden von Illinois zeigten, dass geeignete Bodendüngung das Eindringungsvermögen und die Entwicklung der Wurzeln, sowie die Ernteerträge zu
vermehren vermag. Vermehrung des Bewurzelungsvolums der Gewächse
erhöht die den Pflanzen zur Verfügung stehende Menge Wasser und damit
die Menge verfügbarer Nährstoffe.
Maiswurzeln drangen tief in gedüngte Brunisemböden (Flanagan und
Muscatine) und in die graubraunen podsolischen Böden (Wartrace) ein;
diese hatten dicke, durchlässige Oberböden, eine gunstige Struktur und mittelmässige scheinbare Dichte. Die Maiswurzeln drangen jedoch nicht ein
in den feinkörnigen C-Horizont, auch wenn dieser in geringer Tiefe lag, ihm
die gute Struktur fehlte und die scheinbare Dichte hoch war, wie z.B. in
Brunisem-Böden von Clarence, sogar wenn gut gedüngt.
Untiefe Bewurzelung der Gewächse auf Pianosolen (Cisne, Huey und Weir)
musste grösstenteils der geringen Fruchtbarkeit zugeschrieben werden. Mit
geeigneter Düngung drangen die Wurzeln aller Gewächse, mit Ausnahme
von Timotheegras, wohl gut ein und entwickelten sich gut bis in den s.g.
'Claypan' B-Horizont.
DISCUSSION

L. D. BEAVER: What is the pH of the Cisne subsoil?
J. B. FEHRENBACHER: The pH of the subsoil of the Cisne ranged from 4.8
to 5.4.
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A. FINCK: IS the length of the longest root the best criterion for root penetration when it is compared with yields?
J. B. FEHRENBACHER: In general, we used the average length of the longest
roots of corn as the best measure of root penetration when compared with
yields.
HARRY PAUL: I would be interested to know whether you carried out any
investigations on the depth of plowing and its influence on root penetration
and with what results.
J. B. FEHRENBACHER: We have an experiment on Weir silt loam (one of the
Planosols) in which neither deep plowing or mixing to 36 inches nor deep placement of fertilizers has given any significant yield increases over conventional
plowing and plow-layer applications of fertilizers on corn over a 4-year period.
There was no effect of deep tillage on corn root penetration the first year, 1956.
Conventional application of fertilizers on this soil has increased corn yields
52 bushels per acre per year over no soil treatment for a 4-year period, 1956 to
1959. Deep placement of fertilizers increased corn root growth and penetration
to some extent the first year. This work is referred to in the paper.
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THE INFLUENCE OF ORGANIC COMPOUNDS OF PETROLEUM
ORIGIN UPON THE GROWTH OF ROOTS AND CROP CAPACITY
OF AGRICULTURAL PLANTS
by
D. M. HUSEINOV

Insitute of Pedology and Agricultural Chemistry, Academy of Sciences of
Azerbaijan SSR
The experiments that were carried out by the scientific workers of the
different scientific-research institutions of Azerbaijan, have shown the
positive influence of industrial waste materials and fossils containing some
organic compounds of petroleum origin upon the growth, development
and crop capacity of agricultural plants.
The profound investigations have shown that in petroleum and the wastes
of petroleum industry there are some organic compounds which are the
growth stimulants of roots and the overground part of cultivated plants.
Our experiments that were carried out as far as in 1950 showed that
sodium salts of naphthenic acids, removed from petroleum industry wastes,
in small doses were the stimulants of growth and development of plants and
microorganisms.
The experiments were carried out both under laboratory and field conditions showing that the weak solutions of naphthenic acid obtained from
gasoline refining (acid number 249, specific weight 0.9736, molecular weight
208.7, with the chemical formula C^H^OJ intensified considerably the
development of the plant root system.
Table 1 contains the data proving the effect of different concentrations
of petroleum growth helping substance ('R.V.'),* heteroauxin (h), and
hybberellic acid (hy) upon the root growth of wheat.
BLÉ 1. (Grade of wheat — "Shark". The length of roots of I sprout, mm. Average data on
the basis of 5 repetitions).
Dates of Measurement
Experiment Scheme
Control (distilled water)
Solution " R V " 0.1 %
0.01 %
0.001 %
0.0001 %
Control ( distilled water)
Solution " h "
0.1 %
0.01 %
0.001 %
0.0001 %
Control (distilled water)
Solution " h y " 0.01 %
0.001 %
0.0001 %
0.00001 %

I.VI

2.VI

3.VI

4.VI

Increase
per 3 days

88
22
53
82
89
71
4
72
68
72
73
73
74
74
84

103
23
86
113
138
91
6
87
130
87
94
88
84
92
104

132
25
98
131
214
120
18
116
187
120
121
91
113
121
128

172
29
136
148
273
149
44
155
216
149
148
104
175
188
150

84
7
83
66
184
78
40
83
148
77
75
31
101
114
66

* 'RV' — the initial letters of the Russian words meanin g 'growth h slping
substance'.
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The data of Table 1 show that the root length of one sprout for the
period of 3 days increases by 184 and 114 mm., respectively, under the
influence of 0.0001 % solutions of the growth helping substance and hybberellic acid, while in the control the root length increase of one sprout is
84 and 75 mm.
The appreciable increase of root length with the use of heteroauxin is
observed in the case of 0.001 % solution, i.e. makes up 148 mm. with 78 mm.
in the control. In the case of 0.1 % the growth helping substance solutions
as well as heteroauxin, and 0.01 % solution of hybberellic acid, the marked
delay of root growth is observed.
The seeds of the winter wheat 'shark' (in hundreds) were kept during
6, 12, 24 hours in the solutions of the petroleum growth helping substance
(in quantity of 25 cm.3), and then these seeds were laid out on the humid
filter paper coming into contact with water (water-pipe) ; and in 20 days the
measurement of the root length was taken. The results obtained are given
in Table 2.
TABLE

2.

Exposure time of seeds in solutions
Experiment
Scheme
Control
Solution, " R V "
0.005 %
0.01 %
0.05 %

6 hr. root
length

change

12 hr. root
length

change

115

100

132

100

185

100

193
264
289

168
229
252

178
296
295

135
224
222

215
316
347

116
171
188

%

%

24 hr. root
lenght

changi

%

As it is seen from Table 2, the marked increment of the root length per
plant, as compared with the control, is observed in all the cases (6, 12, 24
hours of seed exposure in solutions), under the influence of weak solutions
of the petroleum growth helping substance (prepared with running water).
The experiment, carried out by means of winter wheat seeds wetting
with the solutions of petroleum growth helping substance (at a rate of
5 cm3, of solution 0,1 ; 0,2; 0,4 and 0,8 % per 100 grams of seed) before sowing,
showed the increase of root length and weight per plant; the root length
of one plant being increased by 8, 13, 39 and 22 %, respectively, while
the weight of roots — by 16, 41, 60 and 25 % as compared with the control.
TABLE

3. The effect of the petroleum growth helping substance upon the root grow

Experiment scheme
Control (distilled
water)
" R V " 0.0004 %
0.004 %

Root lenght of
I sprout
mm.
%
Cotton
28
38
40

100
136
145
Onion

Control
"RV"
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0.0004 %

150
400

100
266

Root length of
I sprout
mm.
%
Cucumbers
48
100
94
196
50
104
Winter wheat
30
100
87
293
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Table 3 contains the data, showing the effect the growth helping substance of petroleum origin has upon the root length of some cultivated plants.
As it is seen from the above-mentioned data (Table 3), under the influence
of weak solutions of the petroleum stimulant (naphthenic acids), the root
length of one plant increases: cotton — by 36 %, cucumbers — 96 %,
onion — 166 % and winter wheat — by 193 %, as compared with the control.
The experiments carried out by Sardarova, G. G. (22) showed the appreciable overall root weight increase of apple-tree seedlings under the influence of petroleum growth helping substance.
The overall root weight of one apple-tree seedling in the case of bringing
into soil 320 g. of petroleum growth helping substance per hectare constituted 5.15 g.; in the case with heteroauxin application (at the same rate
of 320 g./hectare) — 1.87 g., and in the control variant — 1.4 g.
The treatment of seedling roots before the sowing with weak solutions
of petroleum growth helping substance also gave positive results.
Gulacmedov, A. N. (17) also observed the marked stimulation of growth
of maclura, Eldaricum pine, gledichia and amorpha seedlings under the
influence of bringing into soil comparatively small doses (160—180 g./
hectare) of petroleum growth helping substance.
The numerous experiments carried out under laboratory conditions
showed that the weak solutions of petroleum growth helping substance
(RV) gave more coleoptile bends of oat sprouts (Went's method in Zöding's
modification) than heteroauxin ('h') and hybberellic acid ('hy').
3LE 4. The influence of petroleum and well-known growth helping substances upon the bends
of separate oat sprouts coleoptiles (average data in each experiment from 10 measurements).
Experiment Scheme
Control
Solution " R V " 0.02 %
0.002 %
0.0002 %
'ontrol
Solution " h "
0.02 %
0.002 %
0.0002 %
"ontrol
Solution " h y " 0.02 %
0.002 %
0.0002 %

Results from repeated experiments
I

II

III

IV

V

Average

1.6

1.8

1.7

1.8

1.9

1.9

10.5
11.7
11.6

11.2
12.2
11.6

12.3
10.8

13.0
11.3

13.0
10.4

12.0
11.3

1.5
6.5
7.1
6.5
1.2
8.5
7.8
8.0

8.6
1.2
6.4
7.3
7.5
1.0
7.7
7.8
7.1

9.3
2.3

7.4

1.9
8.9
8.1
6.7
1.0
7.4
8.4
7.9

10.7

9.7
7.4

9.7
1.7
8.4
7.3
6.8
1.1
7.9
8.0
7.7

7.8
6.7

—
7.9
7.8

—

—
—
—
—

8.0

—

From the data of Table 4 it is evident that the weak solutions of petroleum
growth helping substance give the bends in the range of 9.7°—12°, heteroauxin — 6.8°—8.4°, and hybberellic acid — 7.7°-8.0°.
Our investigations carried out in recent years have shown that a number
of organic acids removed from the petroleum industry wastes are the
stimulant of growth and development of agricultural plants.
The numerous experiments, having been conducted in Azerbaijan under
the field conditions, showed the increase of crop capacity of agricultural
plants under the influence of the petroleum growth helping substance
(1, 2, 9 - 1 5 , 17, 2 2 - 2 3 ) .
Under the field conditions, the effectiveness of the new growth helping
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substance was studied by means of bringing it into soil, both separately
and in the mixture with mineral fertilizers, by seed wetting and spraying
the plants with weak solutions (mainly, during the florescence period).
The field experiments reiteration is 3—6-fold, and the area of registered
allotments varies in the range of 50—250 m2.
In Table 5 there are data showing effectiveness of 'RV' brought into
soil in the mixture of mineral fertilizers.
TABLE

5. Average crop capacity data, centner/hectare
Variants of field experiments

Plants

Cotton

,,

Cabbage

,,

Tomatoes

,,

Aubergines
Tobacco
Tea leaf

»

NP
(control)

NP +
RV
SO g/h.

24.9
22.1

—

213
213
206
206
275

24.4
23.8
10.24
10.24

NP +
NP +
RV
RV
100 g/h. 200 g/h.

Increase

NP +
RV
300 g/h.

28.8
27.2

—
—
—
—
—

278

—

280

—
—
—

—
—
—
—
—
—
—
—

385

31.7

30.7

—

12.83

—
—

_
—

262

—

274

—
—
—
—
—

14.21

—

The
numb
" R V " of exf
rimen
%

from
c.

16
23
30
23
36
33
40
30
29
25
39

3.9
5.1
65
49
74
68
110
7.3
6.9

2.59
3.97

5
2
7
7
5
5
4
7
4
4
4

The data given in Table 5 show that the petroleum growth helping
substance in the mixture with mineral fertilizers appreciably increases the
crop capacity of agricultural plants under the different soil-climate conditions of Azerbaijan.
Table 6 contains average data of crop capacity from experiments carried
out in different soil-climate conditions of Azerbaijan, showing the effect
TABLE

6. Data of crop capacity, centner/hectare
Variants of field experiments

Plants
Cotton

,,
,,

Cabbage

,,
,,

Tomatoes

,,

Aubergines

,,

Tea leaf

,,
,,

Rice
Cucumbers

,,

Potatoes
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Control
(water)

Sol. RV
0.005 %

29.0
23.3
30.4

32.6

_

_
—

30.6

173
184
184
261
261
230
230

15.06
15.06
28.67
32.7
150
150
91

208

—
—

393

_

305

—

17.96

_
—
—

204

—
—

Sol. RV
0.01 %

—
—

217

Sol. RV
0.05 %

_
—

36.5

—
—

211

—
—
_
—

18.69

—
—
—
—
—

—

367

—
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—
—

39.92
42.0

—

210
110

Increase
from c.
3.6
7.3
6.1
35
33
27
132
106
75
25
2.9

3.63
11.25
9.7
54
60
19

The
number <
experiRV%
ments
12
31
20
20
18
15
50
40
32
11
19
24
39
28
36
40
20

6
2
7
5
4
4
4
4
2
2
6
6
9
3
5
5
5
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of plant spraying with the weak solutions 'RV' upon the crop capacity of
agricultural plants.
The data of Table 6 show the marked increase of cultivated plants crop
capacity under the action of plant spraying with the weak solutions (0.005,
0.01 and 0.05 %) of petroleum growth helping substance.
The experiments carried out under the production conditions of collective
and State farms of the Republic for the last three years also showed considerable increase of crop capacity of agricultural plants, under the influence
of the petroleum growth helping substance application.
The investigations conducted for the purpose of studying the influence
of petroleum growth helping substance on the animal productivity gave
positive results giving grounds for considering the possibilities of wide use
of this new growth helping substance in cattle-breeding (3—8) and medicine
(16, 18).
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SUMMARY

By our investigations it has been established t h a t the naphthenic acids
contained in petroleum industry wastes are the stimulants of plants growth.
The experiments have shown t h a t the naphthenic acids obtained from
gasoline refining give more coleoptile bends of oat sprouts, t h a n heteroauxin and hybberellic acid.
The numerous tests carried out in Azerbaijan have shown the crop capacity
increase (from 20 to 50 %) of vegetable cultures, cotton, tea and winter
wheat due to the application of petroleum growth helping substance (from
50 to 300 g./hectare) in the mixture with mineral fertilizers.
The analyses of plant and soil samples taken from the experimental
allotments have shown the increase of utilization coefficient of mineral
fertilizers brought into soil under the influence of small doses of naphthenic
acids.
RÉSUMÉ

Nos recherches ont établi que les acides naphténiques, contenus dans les
déchets de l'industrie pétrolière, stimulent la croissance des végétaux.
Des expériences ont montré que les acides naphténiques, obtenus lors du
raffinage de l'essence, affectent plus le coléoptile du germe d'avoine que
l'hétérauxine ou l'acide hibberellique.
De nombreux essais furent effectués en Azerbaïdjan, et ceux-ci ont montré .
que l'incorporation de cette substance de croissance dévirvée du pétrole
(à raison de 50 à 300 g/Ha) dans le mélange d'engrais chimiques normalement
appliqué, pouvait augmenter de 20 à 50 % le rendement en légumes, cotton,
thé et blé d'hiver.
Des analyses de plantes et d'échantillons de sol, prélevés sur les parcelles
expérimentales ont indiqué une meilleure utilisation des engrais minéraux,
suite à l'addition de faibles doses d'acide naphténique.

258

IV.32
ZUSAMMENFASSUNG

I n unseren Untersuchungen wurde festgestellt, dass die Naphtensäuren
welche in dem Abfall der Erdölindustrie vorkommen, Wachstumstimulantia
für Pflanzen sind.
Die Versuche zeigten dass die Naphtensäuren, aus der Gasolinraffinerie
herkünftig, mehr koleoptiele Bänder an Hafersprösslingen entwickeln als
Heteroauxin und Hybberellsäure.
Die zahlreichen Versuche in Aserbaidjan ausgeführt, ergaben eine Erhöhung der Ertragskapazität (von 20 bis 50%) der Futtergewächse, Baumwolle, Tee und Winterweizen durch Anwendung von 50 bis 300 g/ha aus
Erdöl gewonnener, das Wachstum fördernder Stoffe vermischt mit den mineralischen Düngemitteln.
Die Analysen von Pflanzen- u n d Bodenproben, den Versuchsstellen entnommen, zeigten Erhöhung des Ausnutzungskoeffizienten der mineralischen
Dünger unter dem Einfluss geringer Dosen von Naphtensäuren.
DISCUSSION

DAVID L. GRÜNES: Why did the organic compounds of petroleum origin
increase plant growth?
D. M. HUSEINOV: The organic compounds of petroleum origin increase plant
growth mainly because of the change of the microbiological process, the increase
of assimilable forms of phosphorite and nitrogen in the soil, the intensification
of plant's absorption of nutritive substances and partly by increase of physiological and biochemical processes.
F. FERNANDEZ: Would you care to explain the method of application of the
growth substances to the plants used in your experiment?
D. M. HUSEINOV: The method of application of the growth substance is
the following: we bring it into the soil, both separately and as a mixture with
mineral fertilizers, wet the seeds and spray the plants with weak solutions
mainly during the flowering.
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D I S T R I B U T I O N A N D ACTIVITY O F ROOTS IN R E L A T I O N
TO SOIL P R O P E R T I E S
by
R. L. Fox and

R. C. L I F P S

Nebraska Agricultural Experiment Station*
Frequent necessity for utilizing subsoil moisture and nutrients because
of drought has stimulated interest a t Nebraska in root distribution a n d
activity. This paper reviews some of the more recent investigations in
this area of study a t the Nebraska Experiment Station.
Early investigations reported soil moisture extraction b y alfalfa to a
depth of 30 feet (6) a n d utilization of water from water tables 20—30 feet
below the surface (1). Weaver and his students demonstrated the extensive
nature of the root systems of many crop and range plants (11).
Many early studies on roots treated the soil as a passive agent and root
distribution as a peculiar property of t h e plant species. This was a serious
over-simplification, as subsequent studies have demonstrated.
ROOT DISTRIBUTION AND SOIL PROPERTIES

The monolith method of securing root samples has directed our attention
to the intimate relationships existing between grass roots and the soils in
which they developed (5, 11). Extensive root development in some subsoils
suggested high activities a t considerable depths in the soil. Soil-profile
characteristics, measured under circumstances of non-uniform root distribution, suggested a relationship between deep rooting, extensive branching a n d a favorable supply of plant nutrients throughout t h e profile.
UTILIZATION OF SUBSOIL NUTRIENTS

The importance of subsoil nutrition was seen in t h e changing response
of alfalfa to lime a n d phosphorus fertilizer as alfalfa roots penetrated soil
material varying in calcium a n d phosphorus content. T h e essential feature
of the experimental soil was acid sandy material which covered loessial
material more adequately supplied with nutrients, especially calcium (2).
During the first growing season, yields of unlimed alfalfa were only 33 percent as great as yields of limed alfalfa. Yields of unlimed alfalfa subsequently
improved and b y the third year were equal to the yields of limed alfalfa
(Table 1). A similar trend was obtained with respect to phosphorus. I m proved growth of unlimed or nonfertilized alfalfa corresponded to root
penetration of the loess. As time progressed the surface soil became less
acid, exchangeable basic cations increased b u t soluble P decreased greatly
(Table 2). Evidently nutrient cations were redistributed in the soil profile
via the root system.
SOIL MOISTURE EXTRACTION

Roots of wheat and corn m a y penetrate to considerable depths if the
soil environment is favorable. Winter wheat roots penetrated a moist
loessial soil in Central Nebraska as deep as three feet during the autumn (7)
* Journal paper no. 1050. The second author is presently Agronomist for
United States Steel Corporation.
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TABLE 1. Response of alfalfa to phosphorus fertilizer and lime during a time of
root proliferation.*)
Relative yield of alfalfa from
Year of
Production

Depth of root
penetration, feet

1
2
3
4

3
>5
>5
>5

Unlimed Plots,
(% of limed
plots)**)

Nonphosphated
plots (% of P
fertilized plots)***)

33
79
102
97

75
92
94
108

-

*) Acid sand to a depth of 3 feet with loess below. Loess was often
calcareous at a depth of 5 — 6 feet.
**) Plots were limed to pH 6.5.
***) 320 lbs./A P a 0 6 applied before seeding.
TABLE 2. Changes in the pH, phosphorus and cation status of unlimed and non
phosphated surface soil (0 — 6 inches) as influenced by alfalfa growth.
Soil was 3 feet of acid sand over loess.*)
Year of
soil
sampling

Cumulative
Alfalfa yield,
T./A.

pH

1950
1953
1955
1957

0
7
15
20

5.4
5.6
5.9
6.1

Soluble
P**),
ppm
32
22
17
12

Exchangeable cations,
m.e./lOOg.
Ca

Mg

K

H

2.5

0.4

0.4

2.8

2.8

1.2

0.6

2.6

*) All values are means of 4 check plots. Organic matter increased 0.15 %
during the first five years.
**) Extracted with 0.25 N HCl + 0.3 N NH.F.
and were observed as deep as 13 feet in J u n e , four weeks before harvest.
W i t h adequate nitrogen, appreciable moisture was extracted to a depth of
8 feet.
A comparison was made of root distribution and moisture extraction
b y corn roots in two sandy soils. Roots penetrated one soil more than 8 feet
and almost completely extracted readily available soil moisture to a depth
of 6 feet (Fig 1). Soil bulk density was about 1.5 to a depth of 7 feet. At a
nearby location corn roots were not found below 6 feet and readily available
soil moisture extraction at the dent stage was not complete to 4£ feet.
Soil bulk density below 4£ feet was 1.76 (8). The deeply penetrating root
system was associated with lower bulk density, more soluble soil phosphorus
and higher soil organic matter.
ROOT DISTRIBUTION OF SUBIRRIGATED ALFALFA

Studies of root distribution of subirrigated alfalfa disclosed root proliferation near the water table (3). Roots occurred in s t r a t a a n d pockets
of fine sand and silt while adjacent pockets of moist, coarse-textured material
were essentially devoid of roots. Since no physical barrier was evident, the
availability of nutrients, especially phosphorus in the silt was suggested
as a major factor influencing root development.
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Fig. 1. Soil moisture extraction in relation to corn root distribution. No rain
of consequence was received during the 58 days which preceded taking these
samples. Samples taken Aug 22 — 23 when the corn was in the dent stage.
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Root samples were secured from terrace soils having water tables 8—12
feet below the surface (3). At these locations, alfalfa yields were almost
independent of rainfall. Considerable root development near the water
table suggested the importance of this zone as a source of nutrients and
water.
DEPLETION OF SOIL PHOSPHORUS

The need for emphasis on sub-surface nutrition, when sub-surface moisture is being utilized, was demonstrated by a study of phosphorus depletion
by alfalfa from the soil surface to a water table (9). Three zones of root
activity were indicated on soils having water tables deeper than 10 feet:
1. Intense root activity in the surface soil apparently associated with
precipation;
2. Less intense, but probably more constant root activity in the capillary
fringe, a zone above the water table.
3. Low activity from a zone of low moisture availability between the
surface soil and the capillary fringe.
ROOT ACTIVITY BY TRACER TECHNIQUES

Soils with shallow water tables (10 feet or less) held water at relatively
low tension throughout most of the year. Methods were developed for
evaluating root activity at various depths in these soils using tracer techniques. Two tracers, P 32 and stable Sr, were used on a soil having a water
table at 8 feet. Radioactive phosphorus is particularly useful for short
term experiments because of its mobility in plants, its ease of detection and
non-mobility in the soil. Longer term studies dictate the use of long halflife or stable isotopes. Stable strontium was selected because of economy,
its similarity to calcium and the large amounts which could be added to
the soil without adversely influencing plant growth. The method of placement involved drilling 36 lj-inch holes to the desired depth in plots 3 feet
square (10). Dry P 32 tagged super-phosphate (0.42 miUicuries per hole)
or SrCl2.6 H 2 0 (0.48 g. per hole) was placed in the bottom of each hole
through a plastic tube after which the holes were filled with soil. The
terminal growth of alfalfa was sampled at frequent intervals for P or Sr
analysis. Strontium and P 32 uptake, which served as a measure of root
activity at each depth of placement, is presented in Table 3.
TABLE 3. Alfalfa root activity as indicated by Sr and P 32 sorption in relation

to depth, CaC0 3 and exchangeable sodium of the soil.
D e p t h of
Placement
(feet)

0.5
1.0
2.0
4.0
6.0
8.0

CaCOj
/o

0.0
0.0
0.5
4.1
3.1
4.0

Exchangea b l e Na+
% of t o t a l
cations

0.3
9.7
23.5
30.6
15.2
2.9

T i m e of a c t i v i t y m e a s u r e m e n t
A u g u s t 12

A p r i l 30
Sr*)

pS2**\

ppm
49
22
16
9
-5
11

17.2
1.1
0.1
0.1
0.2
0.5

%

Sr

pa a

ppm
49
34
18
20
12
42

°/
/o
28.2
27.0
8.1
2.8
4.9
8.6

*) Strontium content of terminal growth of alfalfa corrected for naturally
occurring Sr in untreated alfalfa.
**) Percentage of phosphorus in terminal growth of alfalfa derived from the
tagged fertilizer.
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Three zones of root activity are indicated in Table 3: (a) surface zone
where activity was high in the spring b u t decreased in relative importance
during the dry weather of summer and fall, (b) zone of minimum activity
in an unfavorable chemical environment (high sodium) between 2 and
4 feet and, (c) zone of secondary activity in moist soil above the watertable.
Tracer techniques were used to characterize alfalfa root activity in a
loessial, terrace soil with a water table about 12 feet below the surface (4).
Table 4 presents some of the outstanding features of the study. Root
activity (Table 4, footnote *) in the surface soil decreased from 88 per
cent in early spring to 19 per cent of the total activity as the soil became
dry in late summer and fall. Roots in the cold capillary fringe, constituting
3 per cent of the total root weight, contributed 5 per cent of the total
activity a t the beginning of the growing season. A big increase in root
activity in the capillary fringe accompanied a temperature increase of
about 10° F . during the growing season. On Sept. 23, these roots accounted
for 62 per cent of total root activity. At t h a t time, the root activity index
for the capillary fringe was 78 times greater t h a n for the surface soil.
TABLE 4. Zones of alfalfa root activity as incidated by radioactive phosphorus
tracers, in relation to soil temperature, oxygen and moisture and root
weight. Values are means for three or more samples within each zone.
Soil Zone
Property
measured

Dry
1.2-7 ft.

Intermittently
Moist 0 - 1 . 2 ft.
Apr. 29

Sep. 23

Root activity* )
(% of total)
88
19
Root weight
72
(% of total)
Root act. Index
1.2
0.3
(AI)**)
Soil Temp. (F°)
56
60
Oxygen (%)
19
18
Available Soil Varied from 8%
Moisture
to none

Apr. 29
7

Continually
Moist 7 - 1 2 ft.

Sep. 23 April 23 Sep. 23
19
25

0.8
0.3
51
63
18
18
No available
moisture for
most of the
season

5

62
3

1.7
20.7
47
56
15
17
10 — 20 % available moisture
at all times

*) Root activity was determined by plotting the percentage of phosphorus
derived from the fertilizer at each placement depth. Smooth curves were drawn
through these points. The area under these curves was determined graphically
and assigned a value of 100 %. Root activity in segments of the profile, also
determined graphically, were expressed as % of the total activity.
4. 4.T A /AT* Root activity (% of total)
M V D
**) Root activity Index (AI) = =;—
. , / ,„/— . . ..
'
J
\ i
Root weight (% off total)
The very decided shift in the center of root activity from the surface
zone to the capillary fringe probably was not because of any considerable
decrease in absolute root activity in the whole of the surface zone. The
percentage of P derived from fertilizer placed on the soil surface decreased
greatly with extreme soil dessication. However, the percentages of P
derived from the tagged fertilizer remained relatively constant after J u n e
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10 (26 ± 3 % for the 4 inch depth of placement). Instead, the shift seems
to be related to a very large increase in absolute root activity in the capillary
fringe. For example, the average amount of phosphorus derived from fertilizer placed at any depth in the capillary fringe was 0.04 % of the total on
April 22. The corresponding value on Sept. 23 was 17.4 %.
The pattern of alfalfa root activity, as revealed by Sr uptake, is shown
for two sampling dates in Fig. 2. Sr was placed in the soil one year prior
to sampling for activity measurements.
— • — ^ - ^ ^
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t% OF TOTAL)

A
52

B
80

1
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1
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1

3

BOH 1.5
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•
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Fig. 2. Alfalfa root activity as indicated by the amount of strontium taken up
from various depths of placement in a subirrigated soil. The total area under
each curve was considered 100 % activity.
Alfalfa root activity, as revealed by Sr uptake (Fig. 2), was greater at
the beginning of spring growth 32
than at first bloom. These data contrast
with one-season studies using P (spring applied) which indicated a progressive increase, with time, in the activity of roots near the watertable
(Table 4). This apparent discrepancy may be the result of alfalfa root
activity during the dormant season. Ten feet below the soil surface, maximum
soil temperatures were recorded about mid-Oct. and minimum soil temperatures in late April. Thus, alfalfa became dormant at a time of most
favorable deep-soil temperature and first cutting alfalfa was growing
during a time when soil temperature 10—12 feet below the surface was at a
minimum for the year. These findings indicate the possibility of nutrient
absorption during the dormant season. The relatively high activity of
deeply penetrating roots vary early in the spring revealed by Sr uptake may
be a reflection of off-season root activity. The possibility of carry-over of Sr,
accumulated during the previous growing season, can not be eliminated,
however.
265

IV.33
LITERATURE

CITED

1. BURR, W. W., The storage and use of soil moisture. Nebraska Agr. Exp.
Sta. Res. Bui. 5 : (1914).
2. Fox, R. L., and R. C. LIPPS, Influence of soil profile characteristics upon the
distribution of roots and nodules of alfalfa and sweetclover. Agron. Jour. 47 :
361—367, (1955).
3. Fox, R. L., and R. C. LIPPS, Subirrigation and plant nutrition I. Alfalfa
root distribution and soil properties. Soil Sei. Amer. Proc. 19: 468—-473,
(1955).
4. Fox, R. L., R. C. LIPPS, A. W. MOORE and H. F . RHOADES, Soil fertility

practices for aflalfa production in the central Platte Valley. Nebraska Agr.
Exp. Sta. Bul. 4 4 4 : (1958).
5. Fox, R. L., J. E. WEAVER and R. C. LIPPS, Influence of certain soil-profile
characteristics upon the distribution of roots of grasses. Agron Jour. 4 5 :
583—589, (1953).
6. KIESSELBACH, T. A., J. C. RÜSSEL and A. ANDERSON, The significance of

subsoil moisture in alfalfa production. Jour. Amer. Soc. Agron. 2 1 : 241—268,
(1929).
7. KMOCH, H . G., R. E. RAMIG, R. L. F o x and F. E. KOEHLER, Root develop-

8.
9.
10.
11.

ment of winter wheat as influenced by soil moisture and nitrogen fertilization. Agron. Jour. 4 9 : 20—25. (1957).
LINSCOTT, D. L., Root distribution and moisture utilization by corn grown
on fertilized and nonfertilized Thurman loamy sand and on irrigated
Hastings silty clay loam. University of Nebraska, M.Sc. Thesis, (1957).
LIPPS, R. C , and R. L. Fox, Subirrigation and plant nutrition I I . The
utilization of phosphorus by alfalfa from the surface soil to the water table.
Soil Sei. Soc. Amer. Proc. 2 0 : 28—32, (1956).
LIPPS, R. C , R. L. Fox, and F . E. KOEHLER, Characterizing root activity of
alfalfa by radioactive tracer techniques. Soil Sei. 8 4 : 195—204, (1957).
WEAVER, J. E., and R. W. DARLAND, Soil-root relationships of certain
native grasses in various soil types. Ecol. Monog. 1 9 : 303—338, (1949).
SUMMARY

The importance of deeply penetrating roots h a s been demonstrated
b y studies of plant root distribution, moisture extraction a n d nutrient
utilization. Methods were described for estimating root activity using radioactive a n d stable isotopes. Subirrigated alfalfa roots below a depth of 7
feet were shown t o contribute more than 60 % of t h e total root activity
during t h e a u t u m n when t h e surface soil was d r y and subsoil temperatures
relatively high.
RÉSUMÉ

Cette communication montre l'importance de l'enracinement profond par
l'étude de la distribution radiculaire, de l'extraction de l'eau par les racines
et de leur absorption d'éléments nutritifs. Des méthodes sont décrites, utilisant des isotopes radioactifs et stables, pour estimer l'activité radiculaire.
Il fut trouvé que dans une luzernière irriguée en profondeur, les racines situées
à plus de 7 pieds de profondeur prenaient à leur compte plus de 6 0 % de
l'activité radiculaire globale pendant l'automne quand le sol de surface était
sec tandis que la température d u sous-sol était relativement élevée.
ZUSAMMENFASSUNG

Die Bedeutung tief eindringender Wurzeln wurde durch Studien von
Pflanzenbewurzelung, Feuchtigkeitsaufnahme u n d Nährstoffausnutzung
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demonstriert. Es wurden Methoden zur Schätzung der Wurzeltätigkeit mittelst radioaktiver und stabieler Isotopen beschrieben. Von unten her bewässerte Alfalfawurzeln mehr als 7 Fuss tief erwiesen, dass sie während des
Herbstes wenn der Oberboden trocken war und die Untergrundtemperaturen verhältnismassig hoch, zu mehr als 60% der totalen Wurzeltätigkeit
beitrugen.
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SOME FACTORS AFFECTING FERTILIZATION OF PADDY SOILS
by
N. L. GALVEZ*

Over half a century of rice production in the Philippines have repeatedly
demonstrated that paddy soils have been and will always be the main
producer of rice because of their relatively high natural fertility. This can
still be increased with the judicious use of fertilizers, otherwise fertilization
of paddy soils may not increase or even decrease the yield of rice. Since paddy
fields have been cultivated at least twice a year for the last fifty years
without manuring, the application of almost any fertilizer would produce
an immediate and high response but it has not always been the case (Galvez,
et al. 1956). These conflicting results suggest that some factors affecting the
efficacy of fertilizers have been overlooked in their use; hence the present
paper.
FERTILITY LEVEL OF PADDY SOILS

Paddy soil is characterized by its ability to hold irrigation water, by the
presence in abundance of blue-green algae and by its symbiotic relationship
with rice plants under submerged condition. Submerged soils do not have
the normal process of circulation and exchange of air between the atmosphere and the soil. This occasionally established a root zone of low oxygen
tension, high concentration of carbon dioxide and products of anaerobic
activities (Ponnamperuma 1955). The fertility level of paddy soils is asscociated with the degree of puddling as indicated by the response of rice (Annual
Report 1958). In this connection it has been observed that, in areas where
rice lodged easily, lodging could be minimized by not thoroughly puddling
the soil. Apparently the physical properties of soil, like the movement of soil
air and solution which has been adversely affected by working the soil while
wet, have very insinignificant role in the growth and development of rice
plants. This observation corroborates the assertion of De Geus (1954) that
the presence of oxygen in the soil is of less importance in wetland rice growing as the crop is adapted to submerged soil conditions.
Paddy soils are more highly weathered than upland soils (Galvez 1936)
and have higher fertility level than non-paddy soils as may be seen in table 1.
This may be partly attributed to submergence and puddling of soils causing
the slow but continuous solubilization of phosphorus and potassium reserve
in paddy soils, the amount being 0.22 i 0.03 per cent and 0.10 ± 0.03 per
cent, respectively (Galvez 1936). Unpublished data of the Department of
Soils show that the amounts of root soluble P 2 0 5 and K 2 0 per 100 grams soil
of non-submerged soils were 1.19 mg. and 27.49 mg. whereas those of submerged were 3.08 mg. and 53.24 mg., respectively. The decay of straws,
predominantly under anaerobic condition, contributes to the fertility of
paddy soils. An average paddy soil produces per hectare from 4.2 to 18.5
tons straw containing 1.13 per cent N, 0.16 per cent P 2 0 5 and 1.79 per cent
K 2 0. By natural location, paddies during the rainy season are benefited by
occasional surface runoffs loaded with silt, clay and organic matter. Irrigation water loaded with decomposed and actively decomposing organic and
inorganic matter is another factor which helps maintain the relatively high
* Head, Department of Soils, College of Agriculture, University of the
Philippines.
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TABLE 1. Fertility of paddy and upland soils.
Fertility
Yield of unfertilized soilca vans/Ha.*
Analyses
pH
% organic matter
Available nutrients
ppm P
ppm K
Ca m.e./lOO g
Mg m.e./lOO g
CEC m.e./lOO g
Reserved nutrients
Soluble in 10 % HCl (%)
Insoluble in 1 0 % HCl (%)

Paddy soil

Upland soil

68.51

30.88

6.11
3.15

5.76
1.71

31.63
215.82
17.36
9.53
35.93

14.23
206.60
12.21
5.32
32.20

26.04
61.09

18.96
71.06

* I cavan = 44 kg.
fertility level of paddy soils. Irrigation water used in the paddy soils in Bay
and Calauan, Laguna, has an average pH of 7.9 and contains 500 ppm
dry matter consisting of organic and inorganic matter, 0.40 ppm P and 7
ppm K. Soils in these regions do not response to fertilization during the
wet season (Annual Report 1958).
Paddy soil profile, in addition to the existence of hard pan in the zone of
deposition at a depth of about 60 cm. below the surface is recognized to have
two distinct plant foraging horizons, namely the oxidizing and the reducing
which determine the fate of fertilizer elements particularly nitrogen (Mitsui
1954). The oxidizing horizon is about one cm. thick over the reducing zone
with a depth of about 15 to 50 cm. In the first horizon nitrate nitrogen is the
most stable whereas ammonium nitrogen is readily converted into nitrate
nitrogen, which is leached into the reducing layer, denitrified and lost as a
nitrogen gas. The proper application of ammonia nitrogen should be made
in the reducing horizon where it is most stable. Placement of ammonium
sulfate at a depth of about 30 cm. below the surface showed an increase in
yield of 8 per cent more than the surface application (Annual Report 1955).
Factors Affecting Nitrogen Fertilization of Paddy Soils
The results of the fertility research on paddy soils from 1954 to 1959
are highly suggestive that the potentiality of many major paddy soils in
the Philippines can be increased through the application of nitrogen alone
although the increase in yield was inconsistent, i.e. 65 per cent of the total
number of experiments showed highly profitable response, 24 per cent no
response and 11 per cent a negative response. On the other hand, the application of phosphorus or potassium produced an increase in yield which is
suggestive that the paddy soils studied so far contain adequate amounts of
phosphorus and potassium for rice production (Galvez, et al. 1957).
For this reason, the present paper will deal only with the factors affecting
the efficacy of nitrogen fertilizer in paddy soils.
Weeds
Since weeds are better forager for nutrients than crops and also serve as
breeding places for pests and diseases, fertilizer application should be made
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only after weeding. Weed removal is equivalent to an application of about
30 kg. nitrogen or three bags of ammonium sulfate per hectare. Weeds
cause yellowing of the leaves and stunted growth and marked i eduction in
number of tillers of rice plants. Where no weeding has been done at all,
complete destruction of crops may result particularly in fields heavily
infested with weeds.
Santos, et al. (1-8-60,780) reported that weeded paddy fields produced more
than the unweeded fields and that the increase in yield was associated with
number of weeding operations.
Mud Depth
Every centimeter layer of soils is a potential source of nitrogen. Naturally
soils with deep mud would provide rice plants larger volume of soils and likewise larger amount of nitrogen than soils with shallow mud. Eight croppings
of soils in lysimeter tanks in the U.P. College of Agriculture have consistently demonstrated that tanks with deeper mud produced higher yield than
ones with shallow mud and that the former showed lower response to fertilization than the latter (Annual Report 1956—1958). It has been observed
that the application of nitrogen fertilizers to paddy fields with deep mud,
0.5 to 0.75 meters deep, caused early lodging of rice plants during the wet
season. Early nitrogen application during the wet season may be dispensed
with in fields with deep mud but never in soils with shallow mud (0.25 m.
deep. )
Time of Application
The early application of the full nitrogen rate has been observed to favor
the dark green succulent growth of the plants during the tillering stage.
This increases its susceptibility to lodging even before booting. Being a
cereal, rice always tends to absorb all the available nitrogen for its growth
and development at the expense of the amount of nitrogen necessary for
grain production (Nelson 1957). Split application, one third of the nitrogen
rate at the time of planting and two-thirds twenty days before booting
will ensure sufficient amount for both vegetative growth and grain formation.
On the more fertile soils, there is enough nitrogen for early vegetative growth
and only the late application is necessary. Since the nitrogen from compost,
animal manures or green manures has first to be mineralized before it could
be absorbed by the plant, it should be plowed under at the time of land
preparation. Nitrogen from ammonium sulfate should be used for late
application.
Soil Type
The seven soil types used in the present study have all been developed
from alluvial deposits and have been under cultivation for the last fifty
years. Their pH values, (one soil to one water ratio) table 2, are within the
optimum pH range for rice, 5.0—6.5, (Grist 1955 and Jacob et al. 1958).
Pilar clay loam with an original productivity of 95.8 cavans per hectare,
table 2, tends to decrease its productivity by 1.8 per cent with the application of only 30 kg. N per hectare. As the hectareage yield is already over
that of a normal average yield of 60 cavans it may be stated that under the
condition of the experiment, Pilar clay loam as indicated by the yield of
Tjeremas is adversely affected by the use of fertilizers and should therefore
not be fertilized. On the other hand, Maligaya clay loam producing only
47.5 cavans per hectare is highly favored by the use of fertilizer. The first
30 kg. N gives an increase of 7.6 per cent and the second 30 kg. N, 13.3 per
cent. Pili series with an original productivity of 71.1 cavans per hectare
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TABLE 2. Effects of soil type on paddy soil fertilization with Tieremas rice variety
as indicator.

Location

Lamao,
Bataan
Maligaya,
Nueva Ecija
Pili, Camarines Sur
Iloilo
College

Origin- Increment in
Percent al mean yield in %
organic yield
matter
1st 30 2nd 30
Cav/Ha kg. N kg. N

Soil type

T*

Pilar CL
Maligaya
CL

2

6.30

1.59

95.8

-1.8

3

6.50

1.74

47.5

7.6

13.3

Pili Series
Sta. Rita
CL
Calumpang CL

2
1

5.51
5.55

4.35
1.57

71.1
70.8

3.8
3.7

-12.5
15.1

14

6.00

2.85

61.7

-2.4

-5.4

PH

* Number of plot test.
hardly responds to the use of fertilizer. The first 30 kg. N produces only
3.8 per cent increase whereas the second 30 kg. N, a decrease of 12.5 per cent.
Sta. Rita clay loam, with an original productivity almost equal to t h a t
of Pili series, shows response to fertilization. The first 30 kg. N causes an
increase of 3.7 per cent and the second 30 kg. N, 15.1 per cent. Calumpang
clay loam, on the other hand, is adversely affected b y the application of
fertilizers as shown b y the decrease in yield of Tjeremas. The first 30 kg. N
lowered the yield b y 2.4 per cent and the second 30 kg. N, b y 5,4 per cent.
From these results, it m a y be asserted t h a t soil type with an organic m a t t e r
content of about 3 per cent and a producing capacity of about 70 cavans
Tjeremas per hectare would hardly be benefited b y the use of fertilizers. On
t h e other hand, soil type with an organic m a t t e r content and yield per
hectare lower than 3 per cent and 60 cavans, respectively, m a y be favored
b y the application of fertilizers.
Season
During the dry season Calumpang clay loam with an original yield of 60,4
cavans Milfor has increased its yield with the application of nitrogen (Table
3). The first 30 kg. N brought an increase of 7.6 per cent and the second
TABLE 3. Effect of season on paddy soil fertilization with Milfor rice variety
as indicator on Calumpang clay loam
Season

Wet
Dry

T*

14
14

* Number of plot test.
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Increment in yield in
per cent

Original
Mean yield
Cav/Ha.

1st 30 kg. N

2nd 30 kg. N

65.7
60.4

5.6
7.6

-9.9
18.6
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30 kg. N, 18.6 per cent. It may be mentioned in this connection, that the
grain during the dry season are robust and plump.
On the other hand, during the wet season, only the first 30 kg. N increased
its original yield of 65.7 cavans by 5.6 per cent. The second 30 kg. N decreased the yield by 9.9 per cent. This may be explained by the early lodging
of Milfor with the second 30 kg. N application. If it did not lodge, the yield
would have been increased. The rice stand was good before the top-dressing
with ammonium sulfate was made. It was found that the lodged plants
produced panicles with many underdeveloped and empty grains. Umali, et
al. (1956) have shown conclusively that lodging of rice plants before maturity causedappreciable reduction in yield.
The relatively higher efficiency of nitrogen during the dry season may be
attributed to the more number of sunshinehours and lesser amount of
rainfall during the dry season than during the wet season.
During the dry season, the plants received 9.1 cm. rainfall and 562 sunshine-hours from booting to maturity whereas during the wet season, the
plants enjoyed 68 cm. rainfall and only 455 sunshine-hours during the same
growing periods. (Data furnished by the Department of Agricultural
Engineering, Weather Station, College of Agriculture, U.P. 1950—1959).
Rice Variety
It is apparent in table 4 that rice variety affected the efficiency of nitrogen
application in paddy soil. Tjeremas, a lodging rice variety planted in Maligaya clay loam and with an original mean yield of 47.5 cavans per hectare,
increased its yield with the rates of nitrogen fertilization. The first 30 kg. N
gave an increase of 7.6 per cent and the second 30 kg. N, 13.3 per cent.
TABLE

4. Effect of rice variety on paddy soil fertilization (Maligaya CL).

Rice variety

Tjeremas
Wagwag
Tjahaya

T*

3
4
3

Increment in yield in
per cent

Original
Mean yield
Cav/Ha.

1st 30 kg. N

47.5
31.4
47.8

7.6
23.1
16.3

2nd 30 kg. N
13.3
20.5
10.0

* Number of plot test.
On the other hand, Wagwag, a medium lodging rice variety with an original
yield of only 31 cavans per hectare, tended to diminish its increase in yield
with the second 30 kg. of nitrogen. Tjahaya, also a lodging rice variety and
with an original yield of 47.8 cavans, showed trend of results parallel to that
of Wagwag.
Distance of Planting
Paddy soil, like upland, would give optimum yield only when the plant
population is adequate for its fertility. Shorter distance of planting limits
the tillering capacity of rice whereas lower plant population which is obtained by wider distance of planting favors the production of tillers.
Table 5 shows the effect of the distance of planting on the efficacy of
fertilizer in paddy soil. The original mean yield at three different spacings
indicates that it is associated with the distance of planting. The 15 x 15 cm.
spacing produces the highest yield of 63.3 cavans per hectare whereas the
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50 X 50 spacing, t h e lowest yield of 44.8 cavans. Santos, et al. (1-8-60, 678)
reported parallel trend of yields of I n t a n rice variety. Closer spacings, 5, 10
and 20 centimeters in rows, 40 cm. apart showed higher yields t h a n 30 a n d
40 cm. spacings. The yields of t h e closer spacings were 27, 21 and 16 cavans
per hectare more t h a n t h e wider spacings, 30 and 40, which produced
almost identical yields.
TABLE 5. Effect of distance of planting on paddy soil fertilization with Thailand
rice variety as indicator (Calumpang CL) (After Cruz & Tilo 1956)*.
Distance of
planting
cm.

Original
mean yield
Cav/Ha.

15 x 15
25 x 25
50 x 50

63.3
60.1
44.8

Increment in yield in per cent
1st 30 kg. N 2nd 30 kg. N
-6.8
1.8
17.9

-13.0
3.2
21.6

3rd 30 kg. N
-26.3
5.5
36.3

* Average of 4 replications.
The interaction, however, between spacing and fertilization produced
result quite different from what is expected.
At the distance of planting, 15 X 15 cm., t h e yield of Thailand decreased
with t h e increasing rates of nitrogen application. This trend of result m a y be
attributed to t h e relatively heavier lodging on the plants at closer spacings
t h a n a t wider distancing (Cruz, et al. 1956). The decrements were 6.8 per
cent for t h e application of t h e first 30 kg. N , 13.0 per cent for t h e second
30 kg. N and 26.3 per cent for the third 30 kg. N. A t a distance of 25 X 25
cm., t h e yield tended to increase with t h e rate of nitrogen application. The
50 X 50 cm. spacing was most highly favored b y the application of fertilizer.
This m a y partly be due to the relatively greater amount of sunshine received
b y t h e individual tiller plant arising from the wider spacing. The first 30
kg. N gave a n increase of 17.9 per cent; the second 30 kg. N, 21.6 per cent
and the third 30 kg. N, 36.3 per cent. At t h e 50 X 50 cm. spacing there
was no lodging. Since there were relatively more tillers a t t h e 25 x 25 cm.
and 50 x 50 cm. spacing, than at 15 X 15 cm. spacing, it m a y be asserted
t h a t t h e tillers of Thailand rice variety could stand heavier nitrogen
application t h a n t h e main stems.
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SUMMARY

Weeds should be removed before applying fertilizers. Soil type, depth of
mud and rice variety tend to influence the efficacy of nitrogen fertilizers in
p a d d y soils. Split application of 30 to 60 Kg. nitrogen, one-third a t time of
planting a n d two-thirds, twenty days before booting is suggested for paddy
rice. The one-third nitrogen application a t planting m a y be omitted during
the wet season.
Dry season fertilization with relatively higher number of sunshine-hours
gives higher a n d more consistent increases in yields t h a n the wet season
with lower number of sunshinehours.
Wider distance of planting increases the efficiency of fertilization whereas
narrower spacing tends to decrease it.
Rice varieties, which would stand heavy fertilization, should be used in
p a d d y soil fertilization.
RÉSUMÉ

Il importe d'enlever les mauvaises herbes avant d'appliquer les engrais
chimiques. Le type de sol, l'épaisseur de la couche boueuse et la variété de
riz ont leur effet sur l'efficacité des engrais azotés appliqués a u x rizières.
I l est suggéré d'y appliquer une quantité totale de 30 à 60 Kg d'azote p a r H a
en deux fois, dont un tiers lors du repiquage et deux tiers 20 jours avant
l'épiage. Le tiers d'azote prévu pour le repiquage peut être omis en saison
humide.
L'application d'engrais en saison sèche, relativement plus riche en
heures ensoleillées, donne des augmentations de rendement plus élevées
et plus conséquentes que l'application en saison humide moins ensoleillée.
Un repiquage à des intervalles plus larges augmente l'efficacité de l'engrais, tandis qu'un repiquage à des intervalles plus rapprochées la diminue.
Les variétés de riz retenues pour la culture en rizière enrichie par engrais,
devraient être capables d'en supporter des doses élevées.
ZUSAMMENFASSUNG

Vor Anwendung von Düngemitteln muss das Unkraut entfernt sein.
Bodentyp, Tiefe der Schlammschicht, sowie die Reis-Varietät beeinflussen
die Auswirkung von Stickstoff-Düngemitteln in Paddiböden. Geteilte
Anwendung von 30 bis 60 kg N, ein Drittel beim Auspflanzen u n d zwei
Drittel, 20 Tage bevor Auswuchs der Bestückung wird für Paddireis empfohlen. Die ein Drittel N-Anwendung beim Auspflanzen kann während der
Regenzeit fortgelassen werden. Düngung während der Trockenzeit mit
einer verhältnismässig höheren Zahl von Sonnenscheinstunden gibt höhere
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und zuverlässigere Ertragserhöhungen als solche während der Regenzeit
mit weniger Sonnenscheinstunden.
Weitpflanzen erhöht die Auswirkung der Düngung, während Engpflanzen
dazu neigt, jene zu vermindern. Bei der Paddibodendüngung muss man
Reisvarietäten benutzen welche eine kräftige Düngung vertragen können.
DISCUSSION

SHRAWAN BOKDE: I t seems to me that the total rainfall during the wet and
dry seasons was adequate for the paddy crop. However, the frequency of the
rainfall during the later period of paddy crop may be more important.
I would like to know if any information has been obtained in this respect
as regards the increase in the efficacy of fertilizer use for paddy.
N. L. GALVEZ: The frequency of the rainfall during the dry season would
hardly be a factor in the efficacy of the fertilizer because the paddy soil is
adequately supplied with irrigation water during the dry season crop.
C. K. N. NAIR: We have widely adopted in India, the socalled 'Japanese
method' of paddy with wider spacing and heavy fertilizer applications. Results
from both our experimental and bulk-production trials are in complete agreement with these presented here by Prof. Galvez. However, the Chinese have
claimed yields of the order of 7000 lbs per acre or more from applications of
up to 24 tons of chemical fertilizer per acre and seed rates which are extraordinarily high. Could Prof. Galvez throw some light on these reported results from
China ?
N. L. GALVEZ: I am sorry I can't explain the reported results from China.
The amount of chemical fertilizers is extraordinarily high. The 24 tons application per acre will surely kill the plants.
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R E S U L T S O F SOIL F E R T I L I T Y S T U D I E S W I T H
LOWLAND R I C E IN CAMBODIA
by
Ho

TONG L I P , E A SITECK AND S. C.

LITZENBERGER*

INTRODUCTION

In Cambodia, a good rice crop means a happy year because it constitutes one of the main sources of income or livelihood for Cambodian
farmers. About 80 per cent of the five million inhabitants are directly concerned with this major food crop.
The Direction of Agriculture within the Ministry of Agriculture has for
m a n y years devoted itself to helping improve rice yields throughout the
country. Special attention has been given to the paddy soils in the central
alluvial plains of Cambodia.
Fertilizer, variety, and spacing tests with rice have been conducted in
the past and currently some practical applications are being made by farmers
in their own fields. These pilot farmers demonstrate that modern techniques
are not beyond the capabilities of the Cambodian farmers. The greatest
effort has been made to simplify these newer methods in the beginning and
to use local products, by-products or wastes as fertilizer materials.
The present paper is concerned with fertilizer tests conducted since 1956
by the Cambodian Division of Agronomy in cooperation with the United
States Operations Mission to Cambodia (International Cooperation Administration) under the Agronomy Development Project.
MATERIALS AND METHODS

From the geological point of view, Cambodian soils can be divided into
three broad groups: alluvial-colluvial, basaltic and sandstone. Both the
basaltic and alluvial-colluvial soils in Cambodia are of fine texture and
their soil classes belong to the clays. The sandstone soils are classified
as loams. The gravel or laterite content is highest for the basaltic soil,
intermediate for the sandstone soil, and lowest for alluvial soil.
Chemically the Cambodian soils show the following comparative properties (table 1):
Decreasing acidity — basaltic soil > sandstone soil > alluvial soil.
Nutrient content — basaltic soil > alluvial soil > sandstone soil.
Exchange capacity — basaltic soil > alluvial soi I > sandstone soil.
In low-lying areas there are wide-spread marshes and swamps which are
periodically covered b y water. The clay content is highest in these areas
and sometimes there may be found an accumulation of sulfur. In the upper
layer, recent alluvium is either now being flooded annually or it has been in
very recent years. Old or ancient alluvium is now beyond the reach of floods,
t h a t is, it is located some distance back from the present river courses. The
old alluvium has been subjected to relatively long periods of weathering and
* Respectively, Chief and Soil Chemist, Division of Agronomy, Cambodian
Ministry of Agriculture and Agronomy Advisor, Division of Agriculture,
United States Operations Mission to Cambodia of the International Cooperation
Administration Phnom Penh. Cooperative investigations by the Direction of
Agriculture of the Cambodian Ministry of Agriculture and the U.S. Operations
Mission to Cambodia.
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TABLE 1. Some properties of different alluvial-colluvial soils of Cambodia.
(Taken from Physical and Chemical Properties of Cambodian Soils. The Scientific Reports of the Agricultural Expedition
to Cambodia, Part II, March, 1959. The Hyogo University of Agriculture, Sasayama, Hyogo, Japan).

Marshes
6 means
Recent alluvium 29 means
Old alluviums
9 means
Mean for 47
alluviums
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3.4

47.0
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5.6

5.9

3.39

9.94 0.09

0.63

7.2

1.09

23.08 7.09

33.65 0.016 0.003 0.005

4.8

43.9

C.L.

5.7

5.2

2.80

10.29 0.12
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8.0

1.62

26.31 8.36

31.77 0.057 0.013 0.009

3.5
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C.L.
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3.60
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0.83
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1.43
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4.2
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C.

5.7

5.1

2.65

10.61 0.11
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8.2

1.57

25.12 6.58

25.01 0.040 0.012 0.008

'Laterite or iron concretions'.
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the under-layers contain concretions of iron. The top soil has a low content
of A1203 and a high Si0 2 : A1203 ratio.
All experiments were conducted by personnel of the Direction of Agriculture under field conditions in accordance with accepted statistical designs.
The size of all plots was 5 x 5 meters and the border effects were eliminated.
Varieties used were those adapted by the farmers to the region where the
trials were located. The locally collected farm manure and green manure
obtained from Eupatorium odoratum, (a perennial weed extensively growing
in areas newly cleared of forests throughout Cambodia) were applied at the
respective rates of 5 and 20 tons/ha about 15 days before transplanting.
Fertilizer was applied at plowing depth or, in the case of the farmer, just
before transplanting in the soil, and well mixed by harrowing. The approximate chemical analyses on a dry basis of E. odoratum leaves and stems have
been determined as follows: moisture — 7.62 per cent, organic matter —
83.84 per cent, ash — 8.55 per cent, nitrogen — 2.62 per cent, phosphorus
— 0.292 per cent and potassium — 2.025 per cent.
The chemical fertilizers used were obtained from the United States and
except as indicated, were ammonium sulfate, treble superphosphate and
muriate of potash. Es-Min-El, a commercial mixture of essential minor
elements (manganese, copper, zinc, iron, magnesium, boron and traces of
other elements) was used at the rate of 60 kilograms per hectare.
EXPERIMENTAL RESULTS

The experimental results obtained in Cambodia during the four years,
1956—1959, with mostly organic and inorganic fertilizers are summarized in
table 2. The results are classified by region (Battambang Northwest, Kandal
Central, Siemreap North Central and Prey Veng-Svay Rieng Southeast); by
experiment; or by treatment combination. The summary results reported
are expressed in percentage with the check value equal to 100. The original
value of the check and the number of observations in each total, as well as
the L.S.D. at the 5 % level, are also included.
Battambang
Two types of experiments, an NPK test and a lime test, were conducted
on the acid, more fertile, finer-textured or clay to clay loam soils of northwestern Cambodia near Battambang during 1956—1958.
NPK Test, 1956 and 1957. Low inorganic nitrogen (30—0—0) effectively
increased grain yields by 26 %, but the addition of an equal amount of
phosphate (30 —30—0) was even better, increasing the yield to 37% more than
the check. Yielding not significantly different were the 30—30—0,30—60—0,
60—60—0 and 30—-30—30 treatments, although the latter two formulations
yielded slightly better than the former. Phosphate alone was not effective.
The N X P interaction was not significant.
Lime Test, 1958. In a single trial at the rate of 1100 kg./ha, lime
was found to be beneficial in increasing grain yields. With lime added to
the water, grain yields (111.45 % of check) were better than when the lime
was mixed with the soil (108.01 % of check).
Kandal
Three different types of trials — an NPK test, a farm manure-NP test,
and a source of N test — were conducted near Phnom Penh during 1957
and 1958 on the acid, lower fertility, coarser-textured or sandy loam to
sandy soils of Central Cambodia.
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NPK Test, 1957. Phosphate alone was effective in increasing grain yields
at the low level (0—30 —0) to the extent of 159 % of the check. When the same
rate of N was combined with it (30—30—0) yields were increased significantly
to 215 % of the check. The 30—30—30 combination was not significantly
superior although the yields were higher. This suggests little or no effect of K
in this instance as the source was potassium sulfate rather than potassium
chloride. The most limiting factor was P. It was immediately followed by N.
The N x P interaction was significant at the 10 % level.
Farm Manure and NP Test, 1957. Farm manure applied at 10 tons/ha
at three locations approximately doubled grain yields (1.964 tons/ha) and
appeared to be equivalent to 30—30—0. The latter averaged 1.731 tons/ha.
When farm manure was combined with N and P, the increased yield (2.358
tons/ha) was not significantly different. The untreated check averaged
0.941 tons per hectare.
Sources of N Test, 1958. Urea, sulfate and chloride forms of ammonium,
were compared in a source of N test in 1958. Combined with P (0—30—0), N
sources generally had a beneficial effect on grain yield. Ammonium chloride
and urea were better than ammonium sulfate. High rates of N depressed the
grain yield especially in the absence of P. The plants were unthrifty and
exhibited extensive physiological leaf blighting and spotting.
Siemreap
The most extensive fertilizer trials have been conducted near Siemreap
where the soils like those of Kandal and Svay Rieng-Prey Veng are acid,
coarser-textured, and of low fertility. During the four year period 1956—1959,
comparative trials were conducted with various combinations of organic and
inorganic fertilizers and lime.
NPK Test, 1956 and 1957. Although non-significance was found to exist
in the analysis of variance, a comparison check versus other treatments gave
P significant at the 1 % level. The treatment results in general show that
fertilizers did have an effect and follow the same general pattern obtained
in the 1958 and 1959 trials where the best mineral fertilizer treatments
were those containing N, P and K.
NPK, Es-Min-El and Organic Residue Test, 1958. This extensive experiment was a split plot design. The main-plots, or organic amendments,
compared with no organic amendment were the application of 5 tons/ha of
farm manure and 20 tons/ha of Eupatorium odoratum. Twelve subplots, or
inorganic fertilizer combinations, were compared. Interaction between main
plots and subplots was not found significant. Eupatorium as a green manure
was found to be superior to farm manure having produced an average of
2.760 tons of grain/ha as compared with 1.507 and 1.035 tons/ha for the
farm manure and the untreated check, respectively.
The summary table shows only the effect of the different mineral treatments. Details in analysis indicate that 20 tons/ha of Eupatorium alone
were better than the best results obtained with mineral treatments alone,
and not different from the best mineral fertilizers and farm manure combination. The highest yielding chemical treatment alone (60—30—30 or 30—30—30
plus 60 Es-Min-El) gave yields of 1.713 tons/ha. The 30—60—30 was not
significantly different. With the 5 tons/ha of farm manure, the highest
yielding treatment 60—30—30 averaged 2.113 tons/ha of grain. Potassium
was found effective at the 1 % level. The effects of N and P were not consistent, probably because of K being a limiting factor.
During 1959 it was possible to study the residual effects of the NPK,
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TABLE 2. Lowland rice grain yields resulting from fertility tests on some alluvial-colluvial soils of Cambodia.
Siemreap

Fertilizer
Element
Applied

None
N
P

NP

NPK
N P K Es-Min-El

Eupatorium

Lime

Fertility
Level
Compared" 1

O
L
H
L
H
LL
HL
LH
HH
LLL
HLL
LHL
LLLH
VL
L
H
H"
VH
VL
VL"

LSD 0 8
Mean Yield of
Check (tons/ha)
N o . of o b s e r v a t i o n s
included in yield

1956 &
1957

1959

1958

NPK
Test
(%)

NPK
Test
(%)

Liming
Test
(%)

100
132

100
103
101
105
115
109
107
113

100

139
156
162
157
195

Battambang

NPK
Residual
Test"
(%)
100
98
88
119
108
117
117
128

R a t e of
Applying
Eupatorium
(%)
100

122
124
142*
132*

115
135*
125*
124*

1956 &
1957

1958

NPK
Test
(%)

Liming
Test
(%)

Prey
VengSvay
Rieng

Kandal
1958
1957
Source of N T e s t

1958

100
126*

NPK
Test
(%)

NPK
Test
(%)

Ammonium
Sulfate
(%)

Ammonium
Chloride
(%)

Urea
(%)

100
104
60

100
136
106

100
108
88

108
94

117
127

118
143

45

100
79

100
95

113

132

159*

137*

132

215*

143*
150*
149*

132
135

232*
259*
180*

230*

49

45

45

0.720

0.720

0.720

4

4

100

163
230*
352*
405*

N.S.

22

92
98
N.S.

0.695

1.780

1.575

1.107

0.987

2.127

9

4

9

3

36

24

26

70

18

108*
112*
3
5.240
4

42
0.845
15

0.773
9

4

* Significantly better than the check, which is equal to 100 % .
01

Levels of application per hectare:
(1) Elements — L, Low or 30 kg and H, High or 60 kg.
(Example: LLL = 30—30—30 or the respective number of kilograms of N, P 2 0 6 and K a O applied per hectare).
(2) Eupartorium — VL, very low cr 5 tons/ha; L 10 tons/ha; H, 20 tons/ha and VH, 40 tons/ha.
(3) Lime — VL, very low or 1,100 kg/ha.

*' Added to water.
c)

Original fertilizer applications were made in 1958 and the results reported are those with the second crop.
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Es-Min-El and organic fertilizer experiment put out in 1958. Of the
twelve different chemical treatments compared, only two, the 30—60—30
and 30—30—30 plus 60 Es-Min-El formulations, yielded significantly
more than the check; i.e., 42% and 32% more than the check. The 60—30—30,
30—30—30 and 30—60—0 dosages yielded 22 to 28 % more than the check
although they were not significant. The check yielded 1.107 tons/ha. Neither
the K nor the organic residues had any residual effects.
Lime Trial, 1958. As shown in table 2, no significant differences were
observed with lime being incorporated into the soil or applied in the water
although the pH of the water application treatment had been changed
from 6.2 to 7.8.
Lime plus Eupatorium Trial, 1959. The addition of one ton of lime to
Eupatorium in a single trial with six replications did not significantly
effect grain yields of rice although the yield differences were slightly in
favor of liming. With lime, the average yield of grain was 3.980 tons and
without 3.653 tons/ha.
Eupatorium-Rate of Application, 1959. Four rates of applying Eupatorium as green manure (5, 10, 20 and 40 tons/ha) were compared. Of the
rates yielding significantly more than the check, the least effective dosage
was 10 tons/ha. It yielded 2.28 tons/ha or 230 % of the check. The 5-, 20and 40-ton rates respectively yielded 1.613, 3.480 and 4.013 tons/ha. The
optimum yield was reached at the 20 tons/ha application.
Eupatorium-Method of Application, 1959. Two additional methods of
applying Eupatorium ((1) applied on surface after plowing and (2) in water
15 days after transplanting) were compared with the 20-ton rate/ha applied
just before plowing and turned under to a depth of 15 cm. The resulting
differences in grain yield were not significant. All three treatments yielded
well or between 3.69 and 3.93 tons/ha.
Prey Veng-Svay Rieng
Fertilizer trials in this area were conducted at five locations during
1958 and involved chemical fertilizers (N, P and K) and farm manure
combined with P.
NPK Test, 1958. Only the 30-30-30 treatment was effective, averaging
180 % of the check. The treatments involving P and NP yielded 32 to 35 %
more and N alone yielded 21 % less than the check.
Farm Manure and P Combined, 1958. The application of only one
ton/ha of farm manure increased grain yields by 45 % and with an addition
of 30 kg/ha of P by 51 %. Phosphate alone consistantly gave the lowest
yield (9 % lower than check); however, it was not significantly different
from the check. The yield of the untreated check was 1.046 tons.
CONCLUSIONS

The soils tested can be ranked as follows in a decreasing order to their
ability to respond to chemical fertilizers: Battambang > Kandal > Prey
Veng-Svay Rieng > Siemraep. Highest grain yields on both major soil
types were obtained with a combination of chemical and organic fertilizers
and except where flooding could not be controlled or where sources of
chemical fertilizer material inhibited proper utilization of the applied
nutrient, increased average grain yields were obtained with 30 to 60 kilo
rates per hectare each of N and P and 30 kilos of K.
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On the fine textured soils of Battambang, response to N appeared most
limiting; similarly, P in combination with N responded almost as well, fn
general, the treatment 30—30—0 was sufficient although K was very slightly
beneficial. The addition of 1100 kg/ha of lime to the soil or water significantly increased yields. Lime applied to water gave better results than when
applied to the soil.
In one major experiment, the presence or absence of K under severe
flooding determined whether or not the transplants survived. Plantings not
receiving K produced very poor stands. Increases with farm and green
manure on fine-textured soils have been observed also in the case of coarser
types; however, no comparative data are available.
On the low fertility, coarser-textured soils, such as at Siemreap, grain
yields have been consistently increased to 3 to 3.5 times that of the check
with the addition of 20 tons/ha of green manure. In contrast, farm manure
at 5 tons /ha has been responsible for yield increases up to 50 %. In some
instances, yields were lower than the untreated check and only with combined chemical amendments, especially N and P, were the deficiencies
corrected. Farm manures et 10 tons/ha doubled grain yields and approximated increases obtained with the 30—30—0 treatment in the Kandal area.
For the poorer soils, high rates or levels of complete fertilizers were
needed to have best response. The highest yielding chemical fertilizer
treatment was 60—30—30. Based on one residual study made in 1959 at
Siemreap, it was shown that only P gave a residual effect.
As a source of nitrogen on coarse textured soils, ammonium sulfate was
found to be inferior to ammonium chloride and urea. Ammonium sulfate
treatments, except when included in balanced fertilizers, often resulted in
physiological leaf blighting, root injury and subsequent lower yields. Urea
and ammonium chloride in the presence of P and K eliminated these symptoms. Lime added to either the soil or water was not effective in increasing
grain yields although the pH of the water on the plots which had the lime
added to the water was increased from 6.2 to 7.8.
ABSTRACT

Battambang. The more fertile, finer-textured or clay loam soils of Battambang responded readily to the application of N fertilizers. Nitrogen appeared
to be the first limiting factor. No data are available for levels of N alone
higher than 30 kg/ha of N. Higher rates of N would undoubtedly increase
lodging. Phosphate combined with N increased grain yield. In general,
the 30—30—0 treatment gave increased yields although K was slightly
deficient.
Liming was found beneficial in clay soils. Lime applied to water gave
significantly better results than when incorporated into the soil.
Kandal. In this area, P was the first limiting factor because ammonium
sulfate alone caused physiological leaf blighting and root injury. Nitrogen
and P had beneficial effects with N X P interaction significant at the 10 %
level. A minimum formulation of 30—30—0 would be required if only chemical
fertilizers are applied.
Farm manure at 10 tons/ha. doubled grain yields and approximated increases obtained with the 30—30—0 treatment. Combining farm manure with
N and P at the lower level did not significantly increase grain yields. Higher
rates of fertilization were not compared although increased yields no doubt
could be obtained.
Siemreap. The soils in this area appeared to be the poorest. High rates
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or levels of complete fertilizers were needed to give best response. Highestyielding chemical fertilizer treatments compared were 60—30—30 or
30—30—30 plus 60 kg/ha of Es-Min-El. The 30—60—30 rate was not
significantly different. Based on a residual study made in 1959 of the
1958 NPK test, it was shown that only P had a residual effect.
Green manure obtained from Eupatorium odoratum growing as a weed on
nearby waste lands had a very good effect in increasing grain yields and was
the most economical. The best treatment was 20 tons/ha although higher
yields were obtained with higher rates compared. Either applying the green
material before plowing or 15 days after transplanting was equally satisfactory. With the 20-ton rate, both vegetative growth and tillering were
greatly increased. On an average, 3 to 3.5 times more grain has consistently
resulted from the application of E. odoratum. In contrast, farm manures
have been responsible for yield increases up to 50 %. In some instances,
especially during 1959, yields were lower than the check and only with combined chemical amendments were the deficiencies corrected. Thus, for
optimum use of farm manures in these poorer soils, complete chemical
fertilizers are required. This can be readily seen with the results from the
1958 and 1959 tests at Siemreap; namely,

Treatment
Untreated check
5 tons farm manure/ha
5 tons farm manure plus 30—30—30
5 tons farm manure plus 60—-30—30
5 tons farm manure plus 60—-60—60

Grain Yield in tons/ha
1958

1959

1.035
1.507
1.777
2.113

1.530
0.980
1.840
2.340

As source of nitrogen, the sulfate form, i.e., ammonium sulfate, was
found harmful, especially at the higher rates. This was also true, but
to a lesser degree, for the ammonium chloride and urea forms in the absence
of P. In the presence of P the depressing effects of the sulfate and urea
forms were improved, but not entirely eliminated. The treatments receiving
the chloride form of N (ammonium chloride) exhibited no physiological leaf
blighting and spotting as did the sulfate. On the other hand, they were not
entirely normal. Most terminal foliage was yellowish and the top leaves
erect. This same condition has been observed on similar soils at other
locations where the chloride form of ammonium has been used as a source of
nitrogen.
Observations made to date on coarser textured soils of Cambodia indicate
that ammonium sulfate used with equal quantities of available P and K
produced normal plants devoid of physiological blighting and leaf spotting
normally associated with the addition of ammonium sulfate alone.
Dime was not found to be limiting for rice production in this area.
Prey Veng-Svay Rieng. The soil fertility in this area was sligtly better
than that of Siemreap. The plants responded to a lower level of complete
fertilizers. In general, it is believed that the conclusions drawn for Siemreap
also apply to this area. Precise information is limited and additional work
is necessary.
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SUMMARY

Extensive field experiments were conducted cooperatively b y the Divisions of Agriculture, ICA and the Cambodian Ministry of Agriculture
during 1956—59 with lowland rice on two low humic gleys. These soil types
represent about 90 % of the rice growing area of Cambodia with about
25 % normally being planted on the more fertile fine textured soils (Battambang) and about 65 % on the low fertility coarser-textured soils (Siemreap,
Kandal and Prey Veng-Svay Rieng). Trials were variously conducted with
chemical fertilizers, forms and rates of organic amendments — green manure
(Eupatorium odoratum) and farm manure and liming.
RÉSUMÉ

De 1956 à 1959, les Divisions d'Agriculture, I.C.A., et le Ministère de l'Agriculture du Cambodge ont conduit de nombreuses expériences en champ
avec riz de marais sur deux sols à gley, faiblement humiques (low humic
gley). Ces deux types de sols sont représentatifs de 90 % environ de la région
agricole du Cambodge. Normalement, 25 % du riz environ est planté sur les
sols à texture fine plus fertiles (Battambang) et 45 % environ sur les sols à
texture grossière moins fertiles (Siemreap, Kandal, et Prey Veng-Svay
Rieng). Les divers essais concernaient les engrais chimiques, les formes et les
taux d'ammendements organiques, les engrais verts (Eupatorium
odoratum),
le fumier de ferme et le chaulage.
ZUSAMMENFASSUNG

I n den J a h r e n 1956—1959 wurden ausführliche Feldversuche, in Zusammenarbeit mit den Landwirtschaftsabteilungen, dem ICA, und dem
Landwertschaftsministerium von Kambodja, für die Tieflandreiskultur auf
zwei tief gelegenenen humosen Gleiböden durchgeführt. Diese Bodentypen
vergegenwärtigen etwa 90 % des reisbauenden Gebietes von Kambodja;
davon werden 25 % normal bepflanzt auf den mehr feinkörnigen fruchtbareren Böden von B a t t a m b a n g , und etwa 65 % auf den mehr grobkörnigen,
weniger fruchtbaren Böden von Siemreap, Kandal und Prey Veng-Svay
Rieng. Verschiedene Versuche mit chemischen Düngern, mit verschiedenen
Formen und Mengen organischer Zugaben, Gründüngung (Eupatorium odoratum), Farmdünger, sowie auch Kalkung wurden ausgeführt und beschrieben, somit die Schlussfolgerungen zu welchen man kam.
DISCUSSION

C. K. N. NAIR: Eupatorium odoratum is a noxious weed in many parts of
southern India. We have tried to use this weed as a green manure for paddy
as well as for some other crops. I would like to know more about the method
and time of application of Eupatorium to paddy, as our results have indicated
that direct application to soil is not as good as the application of compost made
out of Eupatorium.
E. A. SITECK: In Cambodia, Eupatorium odoratum is known as 'invading
weed'. This local name indicates how fast and how embarassing this weed is.
In our works at Siemreap:
1. The soil used has the laboratory number:
Soil of Kok Patry Siemreap:
C.E.C./m.e. 23.44
no. 125 (laboratory number)
a O : 5.4
pH j H
depth 0-—25 cm
KCl : 4.8
Exch. CaO 1.07
. . . . / Exchange 4.01 degree sat. Ca % 4.56
gravel .1
acidity | h y d r o l y t i c 1 0 34
.. . , I(CaO
.016
sand 27.
available
-p n
nn9
silt 41.
N % .07
(2NHCI) g g
;0g
C % .66
clay 32.

{
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2. The material used was Eupatorium odoratum about just before flowering
stage, the plants were cut into small pieces and applied:
a. on surface after plowing;
b. in water 15 days after hand planting;
c. just before plowing and turned under to the depth of 15 cm.
All three treatments yielded well or between 3,69 and 3,93 tons/ha.
No work on composting of Eupatorium odoratum has been done exclusively
in Cambodia and the application of Eupatorium odoratum was restricted to rice
fields in very poor areas.
HARRY PAUL: Have you measured the total uptake of N, P and K for a rice
crop and if so, what are the amounts? Secondly, have you measured NH 4 and NO a
in fresh rice soils and tried to relate these figures to analysis of the foliage in
order to predict the possibility of obtaining responses from nitrogen, phosphorus
and potassium.
E. A. SITECK: 1. It was not possible for reason of organization to measure the
total nutrient uptake by rice plants.
2. Only quick Morgan tests of soil have been done; field observations of
plants, however, were recorded carefully during the whole growth period.
SHYAW AN BOKDE: YOU have indicated the N x P interaction being significant at 10 p.c. level (in your tables of yields of paddy). Usually, it is a t
least 5 p.c. statistical significance that is considered adequate for the field tests.
If you consider 10 % statistical level of probability for significance as sufficient, I would like to know the reasons please. Secondly, is this small increase
in the yield of importance from the standpoint of economics to make recommendations to the farmers?
E. A. SITECK: Concerning fertilizer recommendations we adopt the 5 %
level of probability as a rule, but concerning planning of future experiments
an interaction N x P significant at the level of 10 % could not be completely
ignored. We have indicated it in our table of yields only as supplementary
information.
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THE BENEFITS OF LIMING ACID LATERITIC RICE SOILS OF
CEYLON
by
F. N. PONNAMPERUMA

Department of Agriculture, Ceylon
The mineral rice soils of the low country wet zone of Ceylon are strongly
acid in reaction and deficient in bases. The adjoining highland is invariably
ferruginous laterite. The productivity of these soils is low. Also the physiological disease of rice known as 'bronzing' occurs frequently on these soils.
The results of investigations reported elsewhere (11, 12) showed that:
(i) symptoms very similar to those of bronzing were associated with a
high concentration of ferrous iron in the soil solution; and (ii) lime prevented
the appearance of these symptoms. Lime as an amendment for acid la- '
teritic lowland rice soils was therefore tested on an imperfectly drained
strongly acid clay loam at the Rice Research Station, Panagoda.
The soil had the horizon sequence, A1 pg/A12 g/Bg/BG/G, after Kanno's
notation (4) and the following chemical analysis:
4.4
PH
4.35 per cent
Organic matter
Nitrogen
0.17 per cent
Total exchangeable bases
0.72 m.e./100 gm.
Cation Exchange Capacity
7.10 m.e./lOO gm.
Available P 2 0 5
12.5 ppm.
(Olsen)
Available Si0 2
32 ppm.
Free Fe 2 0 3
1250 ppm.
The levels of lime were 0, 3 and 6 tons slaked lime per acre. The plots
were pegged out but not separated by ridges. Lime was applied in April:
1956, only. The following fertilizer mixture was applied every season:
Ammonium sulphate
100
Concentrated superphosphate
50 lb./acre
Muriate of potash
50
Rice was grown on these plots for six seasons in succession with the results
shown in Table 1.
BLÉ 1. Mean yields of rough rice in lb. 1acre.
Slaked lime
(tons/acre)

0

3

6

S.E.

Mean
response
to 6 t o n s

2093
1789
1297
2415
1638

2332
2259
1624
2498
1849

2829
2594
2019
2755
2056

46
83
101
133
179

736
805
722
340
418

Season
April
Oct.
April
Oct.
April
Oct.

'56
'56
'57
'57
'58
'58

—
—
—

Sept.
Mar.
Sept.
Mar.
Sept.
Mar.

'56
'57
'57
'58
'58
'59

The responses to lime were very highly significant and linear in the range
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0—6 tons per acre during the first three seasons for which the yields are
available. A yield increase of over 700 lb. rough rice per acre was obtained
for three seasons in succession for one application of lime at 6 tons per acre.
The changes in pH value of the soil are shown in Table 2.
TABLE

2. pH values of the dry soil at the beginning of each season
Slaked lime in tons/acre
Season

April 1956*
October 1956
April 1957
October 1957
October 1958

0

3

6

4.4
4.9
4.9
4.8
4.9

6.5
5.9
5.2
5.1
5.0

7.6
6.6
5.9
5.4
5.3

* Two weeks after liming.
The decline in pH of the limed plots is due partly to loss of calcium by
leaching and partly to diffusion and mass movement of calcium from the
limed to the adjoining unlimed plots which were not separated by ridges.
In view of the linear response to lime in the range 0—6 tons per acre a
fresh experiment was laid down with an additional level of lime, viz, 9 tons
per acre. The results are summarized in Table 3.
TABLE

3. Mean yields of rough rice in lbs. Iacre in four-level liming trial.

Slaked lime
(tons/acre)
Season
April 1957
October 1957
April 1958
October 1958

0

3

6

9

S.E.

Mean
response
to 6 tons

1458
1017
2171
2153

1693
2029
1969
2797

2111
1978
1996
2949

1385
1874
2056
2783

69
202
129
115

653
1007
-175
796

Slaked lime at 9 tons per acre was injurious in the first two seasons. The
responses to 6 tons per acre slaked were 653, 1007, and 796 lb. per acre
rough rice during the first, second and fourth seasons respectively. In the
third season there was no response to lime, probably because of unfavourable
weather.
In view of the marked and sustained benefits of lime on the strongly
acid lateritic lowland rice soils at Panagoda, liming experiments were set
down in farmers' fields, on sites chosen at random, in an area where the
soils were moderately well drained to imperfectly drained strongly acid
lateritic clays and loams after Kanno's terminology (5).
Lime and Nitrogen experiments.
These experiments were designed to test (a) the value of lime as a soil
amendment for acid lateritic lowland rice soils and (b) whether the benefits
of liming were a nitrogen effect.
The factorial combinations of 0 and 6 tons per acre slaked lime with
0 and 40 lb. N per acre as ammonium sulphate were studied over a basal
1'Sti
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dressing of 95 lb. per acre concentrated superphosphate and 100 lb. per
acre muriate of potash in randomized blocks of 4 plots replicated at
13 random locations in farmers' paddy fields in a 60 square mile area.
The limed plots were characterized by their deep green colour, profuse
tillering, vigorous growth, and heavy panicles. The lime plus N plots lodged
badly. Lime in the absence of N unerringly gave an increase in yield at
every one of the 13 locations. The mean response to 6 tons per acre lime in
the absence of fertilizer N was 920 lb. rough rice per acre. The response to
40 lb. per acre fertilizer N in the absence of lime was a non-significant increase of 142 lb. rough rice per acre. Lime plus fertilizer N gave a significantly lower yield than lime alone. The mean treatment yields are shown in
Table 4.
TABLE

4. Mean yields of roughricein Ib.jacre
Nitrogen in lb./acre

Slaked lime
(tons/acre)

0

0
6

S.E.

40

1868
2788

2010
2452

83

These results suggest that: (i) lime is a fruitful amendment for strongly
acid lateritic lowland rice soils; (ii) fertilizer N is unnecessary during the
season of liming; and (iii) the response to lime cannot be associated with
only increased mineralization of soil nitrogen.
Lime and Phosphate Experiments
Liming of acid soils increases the availability of phosphorus. Whether
increased availability of phosphorus is one of the benefits of liming acid
lateritic lowland rice soils was investigated.
A 3 X 2 factorial experiment with 0, 4 and 8 tons per acre ground coral
limestones and 0 and 40 lb. P 2 0 5 per acre as rock phosphate replicated 12
times in farmers' fields, revealed highly significant responses of 450 and
607 lb. per acre rough rice to 4 and 8 tons per acre ground limestone,
respectively. There was no significant response to phosphate nor a significant lime x phosphorus interaction. The results are shown in Table 5.
TABLE

5. Mean yields of rough rice in lb. per acre
Ground limestone (tons/acre)

PA
lb./acre
0
40

0

4

8

2073
1911

2473
2412

2703
2596

S.E.
100

The results of this experiment suggest that: (i) the benefits of liming
cannot be duplicated by 40 lb. P 2 0 5 ; and (ii) phosphate fertilizer is superfluous during the season of liming.
Forms of lime experiments
Forms of lime were investigated (a) to determine the best form of lime
for lowland rice soils and (b) to obtain more information on the mechanism
of the action of lime.
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Slaked coral lime, ground coral limestone and ground dolomite at a
lime equivalent of 6 tons per acre slaked lime were tested at 14 random
locations over a basal dressing of 40 lb. P 2 0 5 and 50 lb. K 2 0 per acre. The
results were as follows:
TABLE

6. Mean yields and response to forms of lime

Form of lime

Mean yield of rough
rice (lb./acre)

Mean
response

No lime
Slaked coral lime
Ground coral limestone
Ground dolomite

2445
3151
2930
2763

706
485
318

S.E.

72

All these forms of lime gave highly significant increases in yield. Slaked
lime was significantly superior to ground coral limestone which in turn
was significantly superior to ground dolomite.
The superiority of slaked lime is no doubt due to its strong chemical
nature and extreme fineness of particles. It could also be due to the peptizing
action of slaked lime on soil organic matter on which Japanese workers
(4, 8) lay so much emphasis. But that this effect is relatively unimportant
under Ceylon conditions may be inferred from the fact that even in the
fourth season from the first slaked lime application the response to lime
remains undiminished (vide Tables 1 and 2).
Mechanism of the action of lime
The increase in yield brought about by the application of lime to acid
lateritic lowland rice soils may be attributed to:
(i) decrease in concentration of ferrous iron in the soil solution;
(ii) decrease in the concentration of organic acids formed during the
anaerobic decomposition of organic matter;
(iii) decrease in concentration of C0 2 ;
(iv) increased supply of Ca & Mg;
(v) increased supply of N and P;£
(vi) increased availability of Si0 2 ;
Decrease in concentration of Fe + 2 . Although a pH near neutrality favours
the reduction process in a submerged soil, it prevents the build up of a
high concentration of ferrous iron. This is shown in Table 8.
TABLE

8. Changes in concentration of Fe +a in the soil solution from a submerged
acid lateritic soil.

Days from submergence
Slaked lime
(tons/acre)
0
3
6

0

30

90

120

F e +2 in ppm

PH
4.4
5.9
6.7

60

0.3
0.3
0.3

7.3
0.5
0.3

40
37
32

122
48
26

243
80
45

Excess iron is toxic to rice (1, 11). The decrease in concentration of
ferrous iron is one of the benefits of liming.
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Decrease in concentration of organic acids. I t is not known to what extent
organic acids present in the soil inhibit growth. B u t in solution culture
certain organic acids are known to be injurious to rice (7).
A high p H favours the destruction of organic acids with the formation
of CH 4 and C0 2 (1).
Decrease in concentration in C0 2 . A decrease in concentration of C 0 2
is favourable to the growth of rice because C 0 2 in concentrations exceeding
15 per cent is toxic to rice (3). The decrease in concentration of C0 2 m a y
be attributed to (i) the diluting effect of CH 4 from the decomposition of
organic acids at high p H and (ii) to the lowering of the concentration of
the species 'H 2 C0 4 ' at high p H value according to the equilibria,
H2C03

^

H" + H C 0 ' 3

HCO' 3

^

H ' + CO" 3

Increased supply of Ca & Mg. This is probably one of the chief benefits
of liming, for strongly acid lateritic soils are extremely deficient in bases.
A dressing of 6 tons of slaked coral lime per acre supplies approximately
9,500 lb. CaO and 200 lb. MgO per acre. Lockard (6) reports amelioration
of 'penyakit merah' b y the supply of Ca, N and P.
Increased supply of N and P . Lime accelerates the mineralization of
organic nitrogen and phosphorus under anaerobic conditions because a
p H near neutrality favours the activity of anaerobic bacteria. The peptizing
action of a high p H on soil organic m a t t e r is another reason advanced b y
Japanese workers (4, 8) for the benefits of liming. This explanation, however,
does not account for (a) the long term effects of lime and (b) the effect of
carbonate forms of lime.
Increased availability of silica. Lime favours the reduction of a submerged
soil. As reduction proceeds silica is released (9) probably from ferri-silica
complexes. Five to thirty per cent increases in yield have been reported
from J a p a n b y the application of silica (10).
Practical significance of liming
About 200,000 acres of paddy soils in the wet zone of Ceylon are strongly
acid lateritic soils likely to respond to liming. Assuming an average increase
of 10 bushels per acre per season, an extra two million bushels of rough
rice per season for at least four seasons m a y be expected b y liming once at 6
tons per acre. This increase represents about four per cent of Ceylon's total
annual rice production.
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SUMMARY

Liming of acid lateritic lowland rice soils in Ceylon has given striking
increases in yield. One application of slaked lime a t 6 tons per acre gave an
increase of over 700 lb. rough rice per acre per season for four seasons in
succession on a n imperfectly drained acid lateritic clay loam. I n farmers'
fields average responses as high as 920 lb. rough rice per acre were obtained
on similar soils. Nitrogen and phosphorus fertilizers appeared to be superfluous in t h e season of liming. T h e responses t o forms of lime a t a lime
equivalent of 6 tons per acre Ca(OH) 2 , during the season of liming, were in
the following descending order of magnitude: slaked lime, ground coral
limestone, a n d ground dolomite. T h e optimum level of lime was about
6 tons ground limestone per acre on t h e strongly acid lowland rice soils
of t h e low country wet zone of Ceylon.
RÉSUMÉ

Le chaulage des sols de rizière, acides et latéritiques, du Ceylon, a donné
lieu à des augmentations de rendement très marquées. Une application de
6 tonnes de chaux éteinte à l'acre a donné une augmentation de plus de 700
livres de paddy à l'acre pendant 4 saisons successives sur une argile limoneuse
latéritique mal drainée. Chez les fermiers, des augmentations allant jusque
920 livres/acre furent obtenues sur des sols similaires. Les engrais azotés
et phosphatés s'avéraient superflus en saison de chaulage. La réaction sur
différents composés calcaires, pour une valeur en chaux équivalente à 6
tonnes de Ca(OH) 2 à l'acre, au cours de la saison de chaulage, indiquait les
ordres de grandeurs décroissants suivants: chaux éteinte, corrail moulu
et dolomie moulue. Le niveau de chaulage optimal était d'environ 6 tonnes/
acre de calcaire moulu pour les sols de rizière très acides de la région basse
humide du Ceylan.
ZUSAMMENFASSUNG

Kalkung saurer lateritischer Tiefland-Reisböden in Ceylon h a t erhebliche
Ertragserhöhungen gegeben. Aus einem mangelhaft drainierten sauren
lateritischen tonigen-Lehm lieferte eine Anwendung von gelöschtem Kalk
zu 6 Tonnen pro acre eine Ernteerhöhung von über 700 Ib. ungeschältem
Reis pro acre per Saison und das während 4 Saisonen hintereinander. Auf
Feldern der Pflanzer wurden auf ähnlichen Böden mittlere Resultate bis
zum 920 Ib. ungeschälten Reis pro acre erreicht. N - u n d P-Düngung
während der Kalkungssaison erwies sich als überflüssig. Die Ergebnisse
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verschiedener Kalkformen, equivalent mit 6 Tonnen Ca(OH) 2 pro acre,
stellten sich in folgende Reihe: gelöschter Kalk, gemahlener Korallenkalkstein, und gemahlener Dolomit. Auf den stark sauren Tiefland-Reisböden,
der Tiefland-nassen Zone von Ceylon war das Kalkoptimum etwa 6 Tonnen
pro acre gemahlener Kalkstein.
DISCUSSION

JOHN F. FLEMING: D O you know the per cent of sulfur in the soils tested?
Do these fields become dry during the year?
F. N. PONNAMPERUMA: 1. No. 2.

Yes.

R. E. KALCKMANN: Which technique was used for Fe determination?
F. N. PONNAMPERUMA: Iron was determined in the soil solution by the
o-phenantroline method.
B. V. VENKATARAO: DO you not think that six tons of lime is too high?
Is it going to be economic for the farmers to adopt this high dose?
F. N. PONNAMPERUMA: Our recommendation to farmers is six tons per acre
ground limestone for strongly acid, fine textured soils. This rate of lime rises
the pH to about 7. Liming at this rate is economically sound but the widespread
adoption of the practise will be dependent on a subsidy or easy credit facilities.
A. A. NIKITIN: Is there a definite relationship in your studies between the
amount of lime per acre and the available iron?
F. N. PONNAMPERUMA: NO quantitative relationship has been established
between pH and ferrous iron in a complex system like a reduced soil. Analyses
of soil solutions from soils kept submerged in pots indicate that as the p H
increases, the concentration of ferrous iron decreases markedly.
HARRY PAUL: From what you have said, the responses obtained from lime
were most outstanding. This being so, could you say what symptoms were
shown on the leaves indicating toxicity of iron? Secondly, what was the amount
of available manganese in the soil before and after the addition of lime? What
were the amounts of NH 4 and NO s in the fresh wet soil?
F. N. PONNAMPERUMA: The symptoms of iron toxicity are, briefly: 1. reddish
brown discoloration of the older leaves which begins a t the tip and extends along
the leaf margins, 2. drying up of the older leaves with time; 3. a high proportion
of chaff; and 4. coarse dark brown roots.
The concentration of manganese in the soil solution was low and not appreciably
affected by pH. Nitrate was absent in the soil. The concentration of
NH, + in the soil solution was of the order of 20 ppm. These observations relate
to a greenhouse study of the soil on which the experiment was conducted.
A. MARIAKULANDAI: In a similar laterite soil with p H 5 in Pottambi, Malabar
in India, we were able to get the pH and yield with 3.000 pounds of lime treatment to the levels you got in Ceylon with six tons of lime in your experiment.
We led green manure in combination with lime to effect this. Could it be possible
for you to bring down your levels of six tons and nine tons of lime by combining
the treatment with green manure?
F. N. PONNAMPERUMA: Lime and green manure may give the same increase
as lime alone at a higher level. We have not investigated this problem in Ceylon.
B U I - H U U - T R I : 1. Do the strongly acid 'lateritic soils' you mentioned have
hardened lateritic pans in their profile? If they have, how deep is the lateritic
layer, near the surface or in the subsoil? 2. How long does the beneficial effect
of lime last after the initial applications? 3. Is it practical and economical for
the farmers to use lime at the level you mentioned? 4. Is there any effect (at
least indirect) of lime on the quality of rice?
F. N. PONNAMPERUMA: 1. The term 'lateritic' was used to describe a soil with
the following characteristics:
a. a low pH; b. a low cation exchange capacity; c. 1 : 1 lattice clay; d. the
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presence of iron and aluminium oxides. The soils are not laterite soils. 2. The
beneficial effects of lime were noticeable even in the fourth year after liming.
The duration would depend largely on drainage conditions. 3. Liming of rice
soils under Ceylon conditions is economically sound, but the farmer may not be
able to afford the initial capital outlay. State assistance is necessary. 4. There
were no noticeable changes in the quality of the rice. I t is probable that the
calcium content increased.
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E F F E C T O F P A R T I C L E SIZE AND R A T E O F APPLICATION O F
DOLOMITIC L I M E S T O N E ON SOIL p H AND G R O W T H O F A L F A L F A *
by
J. R. LOVE, R. B. COREY and

C. C. OLSEN**)

Since calcific and dolomitic limestone are only slightly soluble even
under acid conditions, the rate at which soil acidity is neutralized is dependent to a considerable extent on the amount of effective surface contact between limestone particles and the soil solution. This effective surface
contact is determined b y the size of the individual limestone particles
(the finer the particle size, the greater the surface area per unit weight)
and by the ability of the particles to react as individuals rather than aggregates, which is a function of the degree of mixing with the soil. Numerous
experiments have been designed to determine the relative efficiencies of
various particle size fractions of limestone. The majority of these studies
have been conducted in the greenhouse under controlled moisture and
temperature conditions and where the lime was hand-mixed with the
soil (1, 4, 9)***. Those carried out under actual field conditions have dealt
mainly with calcific limestone fractions and/or with crops more acid tolerant
t h a n alfalfa (2, 5, 6, 8). This experiment was designed to determine the
relative efficiencies of various particle size fractions of dolomitic limestone
on the basis of their ability to neutralize soil acidity and promote the
growth of alfalfa under field conditions.
EXPERIMENTAL

PROCEDURE

The soil at the experimental site which is located on the Wood County
Hospital Farm, Marshfield, Wisconsin, has been classified as Withee silt
loam, an imperfectly drained Gray-Brown Podzolic, with an initial p H of
5.0 + 0.1. I n the spring of 1957, various rates of five size fractions of
dolomitic limestone were applied b y hand to plots 15 X 20 feet and twice
disked into the soil prior to plowing. The size fractions consisted of finer
than 100 mesh, 6 0 - 1 0 0 mesh, 4 0 - 6 0 mesh, 2 0 - 4 0 mesh, and 8 - 2 0 mesh.
(The mesh sizes are based on U. S. Standard screens and designate the
number of openings per linear inch. The first number in each fraction designation refers to t h a t screen through which the particles pass and the
second to the screen on which they are held.) The amounts of the five
fraclions applied were: < 100 mesh (1, 2, 4, 6, 16, and 32 tons per acre);
6 0 - 1 0 0 mesh (1, 2, 4, 6, and 16 tons per acre); 4 0 - 6 0 mesh (2, 4, 6, a n d
16 tons per acre); 20—40 mesh (2, 4, 6, 16 and 32 tons per acre); and
8—20 mesh (6,16 and 64 tons per acre). All treatments were replicated three
times and randomized within three blocks. The limestone fractions contained 19.4 % Ca and 12.5 % Mg and had a neutralizing value of 100 % CaC0 3
equivalent.
* Contribution from the Soils Department, University of Wisconsin, Madison.
Published with the permission of the Director of the Wisconsin Agr. Exp. Sta.
This work was supported in part by a grant from the Wisconsin Aglime Producers
Association. The authors wish to thank the Allis Chalmers Manufacturing
Company, Milwaukee, Wis., for the use of their facilities for separating the
limestone size fractions.
** Associate Professors and Instructor in Soils, respectively.
*** Jorgensen, J. R., M. S. Thesis, Michigan State University, East Lansing
1957.
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Oats were grown the first year and harvested for grain. After removal
of the straw, the plots were worked twice with a field cultivator and then
plowed. In the spring of 1958 the entire experimental area was fertilized
with 500 pounds per acre of 0-10-30 fertilizer, disked once, and seeded
to inoculated Vernal alfalfa and oats, the latter cut for grain and the
straw removed. Composite soil samples consisting of 20 cores to plow depth
were taken 1 month, 1 year, 2 years, and 3 years after the lime was applied.
These samples were analyzed for pH potentiometrically using the watersaturated paste method. The alfalfa was harvested in three cuttings and
yields in terms of dry weights were calculated.
RESULTS AND CONCLUSIONS

Effect of dolomitic limestone fractions on soil pH. The effects of various
rates of dolomitic limestone fractions on the pH of Withee silt loam after
various equilibration times are given in table 1. It will be noted that no treatment raised the pH of the plow layer to 6.5 during the first month after liming.
In fact, in only two treatments (16 and 32 tons of < 100 mesh fraction per
acre) did the pH of the plow layer get above 6.0 in the first month. A
comparison of the average pH of the check plots at the 1 month and 1 year
sampling dates reveals a fairly sharp, unexplained rise during this interval.
Thus the standard or reference pH for the 1, 2, and 3 year sampling dates
has changed from the initial 5.0 ± 0.1 to approximately 5.2 ± 0 . 1 . Taking
these differences into account, it can be seen that the major change in
TABLE 1. Effect of various rates of dolomitic limestone fractions on the pH of
Withee silt loam after various equilibration times.
Fraction
(mesh size)
60-100
< 100
20-40
40-60
60-100
< 100
20-40
40-60
60-100
< 100
8-20
20-40
40-60
60-100
< 100
8-20
20-40
40-60
60—100
< 100
20-40
< 100
8-20

Soil p H *

Rate
Tons/acre

1 mo.

1 yr.

2 yr.

3 yr.

0
1
1
2
2
2
2
4
4
4
4
6
6
6
6
6
16
16
16
16
16
32
32
64

4.96
5.05
5.09
5.04
5.12
5.18
5.44
5.07
5.29
5.35
5.66
4.98
5.17
5.29
5.33
5.73
5.41
5.35
5.56
5.70
6.17
5.71
6.38
5.56

5.18
5.33
5.31
5.39
5.52
5.64
5.58
5.54
5.72
5.85
5.96
5.28
5.66
5.81
5.95
6.19
5.66
5.99
6.10
6.21
6.45
6.26
6.77
5.83

5.23
5.52
5.50
5.70
5.82
5.94
5.97
6.01
6.21
6.29
6.40
5.78
6.15
6.40
6.48
6.59
6.24
6.50
6.63
6.73
6.97
6.68
7.01
6.68

5.30
5.55
5.55
5.91
6.05
6.03
6.03
6.22
6.31
6.43
6.47
6.10
6.40
6.50
6.60
6.61
6.47
6.71
6.81
6.82
6.98
6.76
6.93
6.68

* Each value represents the average of 3 replicates.
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soil reaction from the < 100 mesh treatments took place within the first
month after the lime was applied and that very little, if any, change in
pH occurred in these plots after the second year, even at the very high
rates. On the other hand, it will be noted that much of the change in soil
pH for the medium to coarser fractions took place in the interval between
the first and second years and that the pH on these plots continued to
reflect an upward trend up to three years of equilibration. Since the lime
was applied a year in advance of the alfalfa and therefore was reworked
by all subsequent tillage operations, it is felt that the continuing increase
in pH for the coarser fractions over the first two years was due, at least
in part, to the periodic mixing operations. The importance of thoroughly
mixing ground limestone with the soil has been previously discussed by
Longenecker and Merkle (3).
Relative efficiencies of various dolomitic limestone fractions. By plotting
the data presented in table 1 for all sampling dates in the manner illustrated
in figure 1 for the second year sampling date, the amount of a particular
limestone fraction that must be applied to produce a given rise in pH over
a specified period of equilibration may be calculated. With these rates it
is possible to calculate the relative efficiencies of the dolomitic limestone
fractions from the following formula:
Tons of reference fraction * required
•n , ,.
,,• •
,
to produce a given
change in soil pHxlOO
5
Relative efficiency of a given = —-^—
r—;
;—
, , r—^—
o n s 0I a
lven
fraction
*
S
fraction needed to effect
the same change in soil pH
TABLE 2. Relative efficiency of various dolomitic limestone fractions as affected
by reference pH and time of equilibration under field conditions.
Fraction
(mesh size)

pH 6.0

pH 5.5
1 mo. l y r .

2 yr.

3 yr.

1 yr.

2 yr.

pH 6.5
3 yr. 2 yr.

3 yr.

(where < 1 0 0 fraction at 3 years equilibration for each pH level = 100)
8-20
20-40
40-60
60-100
< 100

3
5
8
14
40

9
29
53
67
67

27
77
83
100
100

100
100
100
100

11
16
28
48

21
50
72
85
93

54
80
100
100
100

13
28
53
67
90

24
55
73
92
100

15
31
59
74
100

24
55
73
92
100

(where < 100 fraction in each column = 100)
8-20
20-40
40-60
60-100
< 100

6
11
21
36
100

14
44
79
100
100

27
77
83
100
100

100
100
100
100

24
33
59
100

22
54
78
91
100

54
80
100
100
100

The relative efficiencies calculated for the various dolomitic limestone
fractions based on soil pH are given in table 2. In the upper portion of the
table, the reactivity of each fraction at each sampling time is compared with
the reactivity of the < 100 fraction after 3 years of equilibration at each
reference pH. Values for all fractions and sampling dates at each reference
* For all relative efficiencies calculated in this study, the <100 mesh size was
used as the reference fraction.
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pH are not given because, in some cases, the curves obtained by plotting pH
vs tons per acre of fraction applied would have required excessive extrapolation to intersect the reference pH line. The relative efficiencies obtained
emphasize the increased reactivity of all fractions with time, especially
the increased reactivity of the coarser fractions relative to the < 100. This
is further illustrated in the lower portion of table 2 where the relative
efficiencies are based on the reactivity of the < 100 fraction at each sampling
date and at each reference pH. These data show very clearly the steady rise
in effectiveness of the coarser fractions relative to the < 100 fraction with
time.

»I—ft—I

1

1

1

Q

15

2

3

I

1

1

1

I

;

4

6

8

12

16

I

|

i

.

24

32

48

64

AMOUNT ADDED (tons/acre)
(log scale)

Figure 1. Effect of various rates of dolomitic limestone fractions on the pH of
Withee silt loam after 2 years of equilibration under field conditions.
A comparison of relative efficiencies for the various fractions at the
same sampling dates but different reference pH's shows that the coarser
fractions are relatively more effective the lower the reference pH. In other
words, when compared to the < 100 fraction, the coarser fractions are
relatively more efficient at raising the pH from 5.0 to 5.5 than from 5.0
to 6.0 and are also more efficient at raising the pH from 5.0 to 6.0 than
from 5.0 to 6.5.
An interesting observation with regard to the lower portion of table 2
is the almost identical relative efficiencies for the five fractions determined
at pH 6.0 after 2 years and pH 6.5 after 3 years of equilibration and the
fairly good agreement of these values with those determined at pH 5.5
after one year of equilibration.
The relative efficiencies reported in table 2 agree well with some of the
relative efficiencies of dolomitic limestone fractions determined in the
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TABLE 3. Comparison of relative efficiencies of various dolomitic limestone
fractions calculated from data obtained in greenhouse and field studies.
Greenhouse Study (4)

Field Study (table 2)

Greenhouse Study*)

Fraction
(mesh size)

Relative
efficiency

Fraction
(mesh size)

Relative
efficiency

Fraction
(mesh size)

Relative
efficiency

4-8
20-30
40-50
60-80
<100

5
35
53
80
100

8-20
20-40
40 — 60
60-100
<100

15
31
59
74
100

8-20
20-40
40-60
60-100
<100

13
27
55
78
100

*) Jorgensen, J. R., M. S. Thesis, Michigan State University, East Lansing, 1957
greenhouse as can be seen in table 3. The relative efficiencies calculated
at p H 6.5 after 2 years of equilibration (table 2) are compared with relative
efficiencies determined under greenhouse conditions at p H 6.56 after 10
months of equilibration in a silt loam soil (4) and a t p H 6.50 after 68 days
in a sandy loam soil *. Although the times of equilibration differ widely,
the close agreement of the relative efficiencies of the respective fractions
TABLE 4. Effect of various rates of dolomitic limestone fractions on yield of alfalfa
under field conditions, 1959.
Yield jf Dry Matter (lbs. /acre)*

Fraction
(mesh size)

Rate
tons/acre

PH
7/59

1st cut

0
1
1
2
2
2
2
4
4
4
4
6
6
6
6
6
16
16
16
16
16
32
32
64

5.23
5.52
5.50
5.70
5.82
5.94
5.97
6.01
6.21
6.29
6.40
5.78
6.15
6.40
6.48
6.59
6.24
6.50
6.63
6.73
6.97
6.68
7.01
6.68

690

60-100
<100
20-40
40-60
60-100
<100
20-40
40-60
60-100
<100
8-20
20-40
40-60
60-100
<100
8-20
20-40
40-60
60-100
<100
20-40
<100
8-20

1590
1520
1450
2080
2380
2780
2480
2940
3280
3170
1450
2240
2650
2990
3290
2700
3240
3060
3150
3375
3280
3310
3310

2nd cut

3rd cut

Total

670

940

1560
1670
1650
2030
2130
2040
1990
1950
2010
1860
1810
1950
2110
2200
2000
1860
2130
2110
2130
2210
2220
2170
2380

1650
1480
1430
1630
1650
1570
1670
1740
1720
1790
1650
1650
1860
1820
1790
1690
1840
1670
1650
1585
1820
1840
1860

2300
4790
4660
4540
5740
6150
6380
6140
6640
6990
6820
4910
5840
6610
7010
7100
6260
7220
6850
6920
7170
7300
7310
7560

*) Each value represents the average of three replicates.
* Jorgensen, J. R., M. S. Thesis, Michigan State University, East Lansing
1957.
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in the three experiments indicates that the reaction of the limestone particles
has progressed to about the same stage. Differences in initial pH, lime
requirement, temperature, moisture, and mixing could all contribute to
variation in rate of reaction and thus to the variation in equilibration times.
From a practical point of view, the relative efficiencies shown in table 2
indicate that even under conditions of good mixing a finely ground limestone
( < 100-mesh) is required if a rapid increase in soil pH is desired.
However, a coarser product may be very nearly as effective if the coarsest
particles are less than 20-mesh and if the limestone is allowed to react
with the soil for a period of a few years. This emphasizes the importance
of applying ground limestone well in advance, at least one year, of any
crop which requires a near neutral soil reaction.
Effect of dolomitic limestone fractions on yield of alfalfa. The effects of
various rates of dolomitic limestone fractions on the yield of alfalfa are
shown in table 4. The variation in yield among replicates was quite high,
primarily because of weed infestation and slight variations in water relationships within the plot area. The rainfall in June, July, and August
was considerably below normal, and the yields from the second and third
harvests were limited by lack of water. As a result, differences in yield due
to treatment were small for these harvests, and slight variations in water
storage or infiltration within the plot area resulted in considerable variations
in yield. One of the blocks had an especially bad infestation of quackgrass
(Agropyron repens) which contributed to the yield and caused the yields
in that block to be significantly higher than those in the other two blocks.
TABLE 5. Sequential Analysis of Treatment Means for Total Yield of Alfalfa.
Fraction
(mesh size)
Check
20-40
<100
60-100
8 — 20
40-60
20-40
20-40
60-100
8-20
<100
40-60
40-60
<100
40-60
60-100
60-100
60-100
<100
<100
20-40
20-40
<100
8-20

Rate
(tons/acre)

_
2
1
1
6
2
6
4
2
16
2
6
4
4
16
16
4
6
6
16
16
32
32
64

T o t a l Yield
(lbs. /acre)
2300
4540
4660
4790
4910
5740
5840
6140
6150
6260
6380
6610
6640
6820
6850
6920
6990
7010
7100
7170
7220
7300
7310
7560

*) Any two means not attended by the same line are significantly different
at the 5 % level. Any two means attended by the same line are not significant
at the 5 % level.
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In general, the yields obtained were a function of the soil p H , t h e correlation coefficient being a highly significant 0.78 (w = 72). A sequencial
analysis (7, P . 251) was run to determine the significance of the yield
differences among the various treatments, and t h e results are presented
graphically in table 5. At t h e 5 % level, all of t h e lime treatments were
significantly higher than the check plots. I n the treated plots, t h e yields
tended to fall into three groups: a low range including one ton per acre of
60—100 and < 100, 2 tons per acre of 20—40, and 6 tons per acre of 8—20;
an intermediate range including 2 tons per acre of 40—60 and 60—100
and 4 and 6 tons per acre of 20—40; and a high range including all of t h e
other treatments.
No a t t e m p t was made to calculate relative efficiencies based on yield
because of the variation, b u t inspection of the d a t a indicates t h a t they
would be higher than the relative efficiencies based on p H .
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SUMMARY

A field experiment designed to determine t h e relative efficiencies of
various size-fractions of dolomitic limestone in raising the p H of the soil
and increasing the yield of alfalfa led to the following conclusions:
1. Relative efficiencies based on soil p H are influenced by time of equilibration of the lime fractions with the soil. Finely ground limestone ( < 100
mesh) reacts rapidly with t h e soil compared to t h e coarser fractions, b u t
with increasing equilibration time t h e coarser fractions approach t h e
effectiveness of the < 100 fraction.
2. Relative efficiencies based on soil p H are influenced by the magnitude
of t h e p H change used for comparing the fractions. (The p H change is a
function of the initial p H and the reference p H used for comparison.)
The coarser fractions show higher efficiencies relative to t h e < 1 0 0 fraction
the lower the reference p H .
3. The relative efficiencies determined in this field study agree well
with those determined in greenhouse experiments.
4. The effects of the various fractions on t h e yield of alfalfa were determined primarily b y their effects on the soil p H . Correlation of soil p H
with alfalfa yield gave a highly significant correlation coefficient of 0.78
(n = 72).
299

IV.37
RÉSUMÉ

Une expérience en champ a été conduite dans le but de déterminer
l'efficacité relative de différentes fractions granulométriques de calcaire
dolomitique broyé pour augmenter le p H du sol et le rendement du luzerne.
Elle a permis de tirer les conclusions suivantes:
1. Les efficacités relatives vis as vis du p H du sol sont influencées par le
temps qui est nécessaire pour atteindre un équilibre entre les particules du
calcaire et le sol. Le calcaire très finement divisé ( < 100 mesh) réagit
rapidement avec le sol comparativement aux fractions plus grossières,
mais quand on prolonge le temps de contact, l'effacacité des fractions grossières se rapproche de celle des fractions fines ( < 100 mesh).
2. Les efficacités relatives, vis à vis du p H du sol sont influencés par
l'étendue des modifications de p H que l'on utilise pour comparer les fractions. (Le changement de p H est une fonction du p H initial et du p H de
référence que l'on utilise pour comparer.) Plus bas le p H de référence, plus
élevées seront les efficacités relatives des fractions grossières par rapport
à la fraction < 100 mesh.
3. Les efficacités relatives déterminées en champ concordent bien avec
celles obtenues par des expériences en serre.
4. Les effets des différentes fractions sur le rendement en luzerne étaient
déterminés en premier lieu par leur effet sur le p H du sol. La corrélation
du p H du sol avec le rendement en luzerne donnait le coefficient de corrélation très significatif de 0.78 (w = 72).
ZUSAMMENFASSUNG

Ein Feldversuch angelegt um den vergleichsmässigen Einfluss von
dolomitischem Kalkstein in verschiedenen Korngrössen auf die Erhöhung
des p H des Bodens und auf die Vermehrung des Ertrages von Alfalfa
festzustellen, führte zu folgenden Schlüssen:
1. Nach der Erhöhung des p H zu urteilen, wurde der Erfolg der verschiedenen Kalkanwendungen durch die Zeit zur Einstellung des Gleichgewichts deutlich beeinflusst. Feingemahlener Kalkstein ( < 100 Maschen)
reagiert im Vergleich zu den gröberen Fraktionen schneller, aber mit
zunehmender Zeit zur Gleichgewichtseinstellung nähert sich die Auswirkung
der gröberen Fraktionen jener der < 100 Fraktion.
2. Erfolge der Kalkung am Boden-pH abzulesen, werden durch die
Grösse der pH-Änderung, zum Vergleich der Fraktionen benutzt, beeinflusst. (Die pH-Änderung ist eine Funktion des Anfangs-pH und des bestimmten p H welches man zum Vergleich angenommen h a t ) . Die gröberen
Fraktionen zeigen stärkere Wirkung im Vergleich zu der < 100 Fraktion,
je niedriger das als Endziel erwünschte p H ist.
3. Die relative Auswirkung in diesem Feldversuch bestimmt, kommt
gut überein mit derjenigen im Gewächshaus erreicht.
4. Der Effekt der verschiedenen Fraktionen auf die Alfalfa-erträge wurde
in erster Linie bestimmt durch deren Effekt auf das Boden-pH. Die Korrelation des Boden-pH mit dem Alfalfa-ertrag ergab einen höchst bedeutenden
Korrelationskoeffizient von 0.78 (n = 72).
DISCUSSION

M. STELLY: The statement is that 32 and 64 tons of dolomitic limestone
did not result in overliming and that the pH resulting was not higher than 7.0.
It is not clear whether or not the effect of overliming was based on the resulting
pH value or on some field yields under ordinary soil fertility conditions. Please
comment.
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S. R. LOVE: Stelly, your question is well taken. I could make the statement
that 32 and 64 tons/acre of dol. Is. fractions did not cause overliming injury
on this acid G-B Podzolic soil because the growth of alfalfa on the plots receiving
these treatments was as good as the best yields obtained in this study-similarly
with the total N as determined by Kjeldahl method.
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CHANGES IN SOIL BASE STATUS INDUCED BY RATES OF GROUND
DOLOMITIC LIMESTONE OVER A FIVE YEAR PERIOD *
by
W. W.

MOSCHLER**

Soil pH and base relationships were studied in nine soil types in Virginia
for a five year period following the application of lime. Ground dolomitic
limestone, composed of 55 % CaC03 and 44 % MgC03, was applied at
rates of 0, 1, 2, 4, and 8 tons per acre in 1954 to plots established on private
farms. The dolomite was crushed so that 95 % was smaller than 10 mesh
and 50 % was smaller than 100 mesh. The landowners continued to cultivate
and crop the experimental areas with the same practices used on the fields
in which they were located, except that no additional lime was applied.
For the sake of brevity, one soil type from each of three physiographic
regions is reported in this paper. They are Sassafras sandy loam from the
8
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Figure 1. Change in soil pH with time after application of 8 tons per acre of
dolomitic limestone on three soil types.
* Contribution from the Virginia Agricultural Experiment Station, Blacksburg, Virginia.
** Assistant Professor of Agronomy.
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Atlantic Coastal Plain, Tatum silt loam from the Piedmont Plateau, and
Dunmore silt loam from the Limestone Valley. Parent materials of the
three soils are marine sands and clays, micaceous sericite schist, and cherty
dolomite, respectively.
The soils were sampled at 1/2, 1, 2, 3, 4 and 5 years after dolomite
application. Exchangeable Ca, Mg, and K were extracted with normal
ammonium acetate and determined on a Model DU Beekman Photometer
with flame attachment. PH values were determined on a Model G pH meter,
using a 1 to 1 soil to water ratio and a half hour equilibration period.
Exchangeable H was determined by the triethanolamine method (4).
Exchangeable Al was determined by leaching with normal NaCl and
developing the color by the method of Jones and Thurman (1).
RESULTS AND

CONCLUSIONS

The speed and magnitude of pH change in the three soils is shown in
figure 1. The rates of reaction were similar. No further pH increase occurred
on Sassafras sandy loam after two years and only small increases on Tatum
and Dunmore. Increase in pH occurring during the second year was only
slightly less than that for the first year.
Higher pH values occurred on Sassafras, the lightest textured soil of
the group, throughout the five year period. An apparent trend for the
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Figure 2. Change in soil pH with time after application of four rates of dolomitic
limestone on Sassafras sandy loam.
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Sassafras to decline in pH, coupled with a slight continuing increase for
the heavier soils, indicate a tendency for all three soils to reach approximately the same value.
The effect of the rate of application on soil pH is illustrated in figure 2.
Essentially the same type of response is apparent from the several rates,
differing only in magnitude. The greatest effect per ton of lime was exerted
at the lower rates, since that of the higher rates was not proportional to
the rate. Decline in pH after the fourth year was approximately at the
same rate, irrespective of rate applied.
A summary of chemical changes in the three soils after five years is
shown in table 1. The soils behaved similarly despite a rather wider range in
texture. A given quantity of limestone resulted in pH values and percent
base saturation of approximately the same magnitude. The lowest values
occurred on Dunmore silt loam, a soil with a silt and clay content approximately three times that of Sassafras and a base exchange capacity approximately twice as great. Good correlation was found between soil pH and
percentage base saturation. An increase in base saturation averaging
approximately 2.6 % per 0.1 increase in soil pH was found. This contrasts
with a figure of approximately 5 % quoted by Lyon, Buckman, and Brady
(2). The exchangeable Ca and Mg content of Dunmore silt loam was nearly
twice that of Sassafras, at approximately the same pH.
BLE 1. Soil pH and base status of three soil types five years after application of four rates of
dolomitic limestone.
ite of
Lme

ons/

Change

Exchangeable cations
me/100 g.
Soil
pH

ere

Ca

Mg

K

H

Cation* Exchan- Percent cent base
exchange geable
base
saturaAl
capacity
satution per
me/100 g. me/100 g. ration
0.1 change in pH

Sassafras sandy loam (75.0% sand, 18.8 % silt, 6.2 % clay).
0
1
2
4
8

5.28
5.70
6.23
6.84
7.20

0.84
1.12
1.66
2.26
2.40

0.20
0.25
0.49
0.89
1.04

0.14
0.14
0.14
0.16
0.16

5.06
4.54
3.54
2.75
1.97

6.24
6.05
5.83
6.06
5.57

0.21
0.16
0.04
0.06
0.01

18.9
24.6
39.3
54.6
64.6

1.35
2.77
2.51
2.78

15.9
27.5
48.1
53.4
57.7

2.27
2.86
3.78
1.03

Tatum silt loam (35 % sand, 42.3 % silt, 22.7 % clay).
0
1
2
4
8

5.18
5.69
6.41
6.55
6.87

0.94
1.70
3.34
3.54
3.30

0.29
0.65
1.08
1.45
1.64

0.36
0.34
0.52
0.40
0.36

8.41
7.09
5.33
4.70
3.90

10.00
9.78
10.27
10.09
9.20

0.74
0.27
0.03
0.01
0.01

,

Dunmore silt loam (23.6 % sand, 59.0 % silt, 17.4 % clay)
0
1
2
4
8

5.57
5.84
6.15
6.66
6.98

1.84
2.22
2.72
3.58
4.00

0.46
0.98
1.42
2.02
2.30

0.23
0.26
0.23
0.19
0.24

10.40
8.82
7.91
6.75
5.43

12.93
12.28
12.28
12.54
11.97

0.36
0.15
0.04
0.07
0.03

19.6
28.2
35.6
46.2
54.6

3.18
2.39
2.08
2.62

By summation of Ca, Mg, K, and H.
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Exchangeable Al was reduced to a relatively low level in all three soils
b y t h e addition of two tons of limestone. I n a field experiment on T a t u m
silt loam, exchangeable Al in t h e soil was associated with t h e yield of alfalfa,
since no significant yield increase was found beyond t h e one ton per acre of
lime rate (3). Longevity of t h e alfalfa was improved b y higher rates,
however.
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SUMMARY

Changes in soil p H and base status of three soil types in Virginia were
studied for a five year period following t h e application of four rates of
dolomitic limestone. T h e three soils behaved rather similarly despite
considerable range in texture. Reaction was essentially complete after
two years. Percentage base saturation increased an average of approximately 2.6 per 0.1 increase in soil p H . Exchangeable Al was reduced t o
relatively low levels b y two tons of dolomite per acre. Silt loam soils contained approximately twice t h e content of exchangeable Ca a n d Mg as
sandy loams a t approximately t h e same p H level and percent base saturation.
RÉSUMÉ

Les variations du p H et de la saturation en bases de trois types de sol
de Virginie ont été étudiées pendant une période de cinq années consécutives
à l'application de quatre doses différentes de calcaire dolomitique. Quoique
leurs textures varièrent dans une très large mesure, les trois sols se comportaient de façon fort similaire. La réaction était pour ainsi dire complète
après deux années. Le pourcentage de saturation en bases augmentait en
moyenne d'environ 2.6. pour chaque augmentation de 0,1 de p H du sol.
L'aluminium échangeable tombait à un niveau très bas après adjonction
de 2 tonnes de Dolomie par acre. Les sols limoneux contenaient environ
deux fois a u t a n t de Ca et de Mg échangeable que les limons sablonneux pour
des p H et des saturations en bases similaires.
ZUSAMMENFASSUNG

Auf drei Bodentypen von Virginia wurden Änderungen des p H u n d der
Basensättigung studiert während 5 J a h r e folgend auf die Anwendung von 4
Rationen von dolomitischem Kalkstein. Die drei Böden verhielten sich
ziemlich gleichartig, obwohl sie in der Textur erheblich auseinander liefen.
Die Reaktion war nach zwei J a h r e n wesentlich vollständig. Der Prozentsatz
der Basensättigung erhöhte sich im Mittel u m ungefähr 2.6 per 0 . 1 % Zun a h m e des Boden p H . Austauschbares AI wurde durch 2 Tonne p r o Acre
Dolomit bis auf relativ niedrigem Niveau zurückgebracht. Schiufflehmböden
enthielten annäherend zweimal soviel austauschbares Ca u n d Mg als
sandige Lehme bei ungefähr demselben p H und demselben % Basensättigung.
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DISCUSSION

H. KICK: In all lime applications there was only a change in the amount of
exchangeable Ca, Mg, H and Al, but not in K. Is it possible?
W. W. MOSCHLER: In none of the 12 soils examined has exchangeable K
in the soil increased, nor has acid soluble phosphorus. Small increases could have
occurred and been absorbed by crops. Soil wise — no.
KIRK LAWTON: "What were the predominant types of clay minerals present
in the soils included in your liming studies?
W. W. MOSCHLER: Tatum soil—vermiculite and kaolinite about equal. Significant amount of illite present in coarse clay fraction. Sassafras soil — slightly
more vermiculite than kaolinite present. Dunmore soil — vermiculite predominates, followed by kaolinite and illite.
JOHN AXLEY: HOW did you mix the limestone with the soil at the initiation
of the experiment? What was the sampling depth used in obtaining soil for
chemical analysis ?
W. W. MOSCHLER: Mixed by discing initially. Thereafter, the landowners
continued to plow and cultivate as usual. Samples 0—6" depth taken •—• representing plow layer.
DENNIS R. KEENEY: What procedure was used.to determine exchangeable
aluminium ?
W. W. MOSCHLER: Soil leached with weak NaCl or KCl (NaCl in this case).
Al determined colorimetrically with eriochrome black. Memory fails but method
is published in the literature — will send method reference upon request.
F. SCHEFFER: You write in your paper: two years were required by all soils
for maximum reaction. What do you mean by maximum reaction?
W. W. MOSCHLER: By maximum reaction is meant the number of years
required by the soil to reach the highest pH after lime was applied. For example,
pH was higher after two years than after one year. However, it did not increase
beyond that point after 3, 4 or 5 years.
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N I T R O G E N AFFECTS T H E R E L A T I V E A V A I L A B I L I T Y O F SOIL
A N D F E R T I L I Z E R P H O S P H O R U S TO P L A N T S
by
D. L.

GRÜNES*)

U.S. Department of Agriculture, Mandan, North Dakota, U.S.A.
There are m a n y possible mechanisms for the marked effect of N on
increasing the availability of P to plants, a n d a detailed discussion has
been presented in a recent review article (3). The following biological
effects were discussed: root area and absorbing capacity; efficiency of
P absorption b y unit root surfaces; the effect of the NH 4 + ion; stage of
growth — plant nutrient u p t a k e functions; and the effect of N on plant
metabolism and on the ability of roots to abscrb P . Chemical effects discussed were salt effects and p H effects.
Additional publications have since appeared studying root development
in fertilizer bands (1), and band volume, N and P concentration, and
plant nutrient composition (2).
EXPERIMENTAL

PROCEDURE

The surface 7 inches (6 inches for the Williams loam) was sampled from
six locations in North Dakota. In addition, the 7- to 21-inch layer was
sampled from the Gardena loam. The Gardena loam subsoil (Gardena loam 2 )
and the Huff loam contained 6.0 and 2.7 percent CaC0 3 equivalent respectively, while the other soils contained no free CaCO s .
Soil equivalent to 2812 g. on the oven-dried basis was placed in cylindrical cans 15.2 cm. in diameter and 17.3 cm. high. Spring barley was
seeded in rows 12.0 cm. long and 3.2. cm deep and thinned to eight plants
per can after emergence. Fertilizer bands were 8.3 cm. deep and 3.2 cm.
t o the side of the seed. After harvest, soil was sampled to include t h e
original fertilizer bands. The area sampled was 12.0 cm. long, 1.9 cm.
wide, and included the depth from 5.7 to 10.8 cm. The fertilizer treatments
are shown in table 1. Fertilization rates were 26.2 ppm. P (52.4 pounds
P per acre) and 100 ppm. N (200 pounds N per acre). The same number of
milliequivalents of N a N 0 3 and Na 2 S0 4 were used. The concentrated superphosphate (—20 mesh) was labeled with radioactive P**. In the mixed
treatments the fertilizers were thoroughly mixed with the soil. Three
replications were used. The plants were grown in the controlled lighttemperature plant growth chamber at Mandan at 24° C. the first 20 days,
and at 27° C. for the remainder of the growth period. Sixteen hours of light
and 8 hours of darkness were used. The soils were watered daily and brought
to moisture equivalent twice weekly. At the early heading stage the plants
were clipped near the soil surface, oven-dried at 70° C., and weighed.
RESULTS AND CONCLUSIONS

Placement of N with the P fertilizer bands.
Band applications of N with the concentrated superphosphate increased
the relative proportion of roots in the P fertilizer band (5). This undoubt*) Soil Scientist, Western Soil and Water Management Research Branch, Soil
and Water Conservation Division, Agricultural Research Service.
**) The Fertilizer Investigations Research Branch of this Division supplied the
radioactive concentrated superphosphate.
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edly contributed to the observed increased absorption of fertilizer P by
plants, resulting from the N addition.
TABLE

1. Fertilizer treatments used in a growth chamber experiment with barley.

Treatment letter
A
B
C
D
E
F
G
H
M
N
O
X

Fertilizer treatment*
NH4N03
NH4N03
(NH 4 ) a S0 4
(NH 4 ) a S0 4
NaNO s
NaN03
Na 2 S0 4
Na 8 S0 4
NH4N03
(NH 4 ) 2 S0 4
NaN03
No N

Band
Band
Band
Band
Band
Band
Band
Band
Mixed,
Mixed,
Mixed,

With P
Opp. P
With P
Opp. P
With P
Opp. P
With P
Opp. P
P Band
P Band
P Band
P Band

* "Band Opp." means banded on opposite side of plants from the phosphorus
band. "Mixed" means completely mixed with soil.
The addition of (NH4)2S04 with bands of P fertilizer also lowered the soil
pH and increased the relative absorption of fertilizer P by the barley (5).
The lower pH could have brought more P into solution in the band of P
fertilizer. The acidic N fertilizer may also have slowed down the reversion
of soluble P fertilizer to a more insoluble form. The lower pH may also have
brought more P into solution from the reaction product of the soil with the P
fertilizer.
Experiments have also been reported (3) indicating that salts can affect
the solubility of soil and fertilizer P by mechanisms not necessarily involving
changes in soil pH.
Placement of N not necessarily with the P fertilizer bands.
The addition of N increased the top growth and total P absorbed by the
plants, as well as the relative absorption of fertilizer P(5). On Gardena
loam surface soil a linear relationship was observed between the proportion
of total plant P coming from the fertilizer, and the total P absorbed. This
was so even though some of the N placements were in positions other than
with the P fertilizer bands.
The relationship between soil P and total P absorbed, by the barley plants
in the growth chamber experiments, is shown in the top part of figure 1.
(All soil P figures include the 1.3 mgm. P contained in the eight barley seeds.)
The linear correlation coefficient (r) is nonsignificant. The regression line
shows little increase in soil P absorbed, with increase in total P absorbed.
Treatments X, G and H were the treatments receiving no N (see table 1).
By contrast, N markedly increased the amount of P absorbed from the
band of concentrated superphosphate (see figure 1, bottom).
In the same growth chamber experiment, the effect of adding NaN0 3 in a
band on the opposite side of the plants from the P band was studied with
seven soils. The NaN0 3 generally increased the relative absorption of
fertilizer P (5, figure 2). Figure 2 of the present paper indicates that while N
consistently increased the absorption of fertilizer P, soil P absorbed was not
consistently increased. The greatest increase in soil P absorbed occurred on
the manured Cheyenne fine sandy loam soil which contained a very high
amount of NaHC0 3 soluble P (22.9 ppm.).
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Figure 1. Relation between total P absorbed by barley growing on Gardena loam
surface soil, and the absorption of soil and fertilizer P.
Yuen and Pollard (9) have also indicated that in pot culture experiments
with Italian rye grass, N additions promoted the absorption by plants of
added fertilizer phosphate, but not that of difficultly soluble native soil
phosphate.
Reasons were discussed in previous publications (3, 5) as to why the
addition of N should increase the relative absorption of banded fertilizer P,
when N was added in positions other than in contact with the band of fertilizer P. It was believed that the primary reason was that the banded P
fertilizer was better able than the soil to maintain its concentration of
solution P, following the absorption of P by plants. Therefore, if N increased
the size of plants and absorption of total P, then the N-fertilized plants
would be expected to contain a higher proportion of fertilizer P.
Inspection of figure 1 (top) of the present publication indicates that
there appears to be little increase in soil P absorbed as the total P absorbed
increases. In figure 2 (top) it can be seen that while the total amount of
soil P absorbed increased following the addition of N on some of the soils,
the opposite was true for some of the other soils.
So it appears that for some soils an additional explanation is needed for
the increase in relative absorption of fertilizer P following the addition of N.
It may be that N in some way affected the plant metabolism, and that
this has resulted in the increased relative absorption of fertilizer P. A
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Figure 2. Relation between total P absorbed by barley and the absorption of
soil and fertilizer P. (C.F.S.L.! = Cheyenne fine sandy loam; C.F.S.L. 2 =
Cheyenne fine sandy loam (manured); G.L. t = Gardena loam, 0—7"; G.L.2 =
Gardena loam, 7 — 2 1 " ; U.L.S. = Ulen loamy sand; W.L. = Williams loam;
H.L. = Huff loam).
discussion of some possible effects of N on plant metabolism is presented in
reference (3) and is developed further in the following sections.
Hagen and coworkers (6, 7, 8) have discussed the absorption of P in terms
of binding mechanisms of plant roots. The ion absorption equations can be
written as follows:
k,
R + P outside ^ P R

k.
PR ^

R' + P inside

K
where R represents a root binding mechanism or compound; P , the phosphorus ion; P R , the labile intermediate; k, the rate constant for each
reaction.
Breakdown of the labile intermediate results in the uptake of ions into
the system. The rate constants of association and dissociation, k x and k 2 , of
the intermediate, P R , are large with respect to the rate constant k 3 , of the
breakdown of the intermediate; k 4 is negligible. Separate binding mechanisms
Ra+ and Rb+ are designated for H 2 P 0 4 ~ and H P 0 4 — , respectively.
Hagen and Hopkins (7) believed t h a t most of the P was absorbed b y
mechanism Ra+ at high solution P concentrations, while most of the P was
absorbed b y mechanism Rb+ at low solution P concentrations.
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I n the present paper it is shown t h a t t h e addition of N markedly increased
the absorption of fertilizer P, while not consistently increasing the absorption
of soil P . Perhaps t h e effect of t h e added N was to increase either the number
or activity of t h e Ra+ binding mechanisms, or to stimulate the release of P
from labile intermediate PRa+. This would result in an appreciable increase
in P absorption from t h e high concentrations of fertilizer P adjacent to t h e
fertilizer band.
I t is also possible t h a t the added N m a y either have not increased, or
have decreased t h e number or activity of t h e R b + binding mechanisms. T h e
added N could also have depressed the release of P from t h e labile intermediates, P R b + . Such effects could result in decreased absorption of P from
the lower P solution concentrations present in the soil.
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SUMMARY

I n an experiment with barley in a controlled light-temperature plant
growth chamber the additoin of N fertilizer markedly increased t h e proportion of t h e total plant P coming from the fertilizer.
. The effect of N on increasing t h e relative absorption of banded fertilizer
P appears t o be associated with increased t o p and root growth, increased
total absorption of P , a n d decreased soil p H .
RÉSUMÉ

Dans une expérience sur orge dans une chambre de croissance à lumière et
température contrôlées, l'addition d'engrais azotés augmentait considérablement la proportion du phosphore végétal originaire de l'engrais.
L'effet de l'azote sur l'accroissement de l'absorption relative d u phosphore
originaire de la bande d'engrais, semble être lié à une croissance accrue du
stipe et des racines, à une absorption de phosphore total plus grande et à
u n p H du sol moins élevé.
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ZUSAMMENFASSUNG

In einem Versuch mit Gerste in einem auf Licht und Temperatur kontrollierten Gewächshaus erhöhte die Zugabe von N-Dünger die Menge des
von der ganzen Pflanze aufgenommenen P aus dem P-Düngemittel.
Die erhöhende Wirkung des N auf die relative Absorption von markiertem
Düngemittel-P scheint zasammenzulaufen mit erhöhtem Wachstum der
Spitzen und der Wurzeln, mit erhöhter total-Absorption von P und Erniedrigung des Boden-pH.
DISCUSSION

HARRY PAUL: Did you examine the soil solution for phosphorus and if so,
what were the results before and after the addition of phosphorus?
DAVID L. GRÜNES : Yes, we found that phosphorus fertilization increased the
phosphorus in solution.
C. G. LAMM: The answer to the question: why fertilizer -P uptake is affected
by nitrogen can be given as follows: Added labelled P-fertilizer, constituting
a minor part of soil-P, will to a certain extent become fixed in the soil. A set
of reactions will start trying to equilibrate the fertilizer-P with soil-P so that the
ratio between the different soil-P fractions before addition of P will become
reestablished after addition of P. This reestablishment is not reached in your
experiments and therefore a higher proportion of fertilizer-P is present in a
labile pool than of the soil-P. Addition of nitrogen will activate uptake of P in
a given time (by geometrical reasons) and a higher proportion of fertilizer-P
in the plant will be the result.
DAVID L. GRÜNES: The last statement of Dr. Lamm is correct if a band of
fertilizer P is better able than soil P to maintain the soil solution P concentration,
following P absorption by plants. Then if N increases yields and total P absorbed by plants, the percentage of the plant P derived from the fertilizer will
be greater in the N fertilized plants.
N. M. NIMGADE: D O you think mixing rockphosphate and (NH 4 ) 2 S0 4 together would increase the relative absorption of phosphorus ? I feel certain that
mixing sulphur with rockphosphate would do the better job.
DAVID L. GRÜNES: Rock phosphate is most effective when finely ground and
well mixed with acid soils, medium to fine in texture, and high in organic matter.
Per unit weight, sulphur should be more effective than ammonium sulphate in
increasing soil acidity, and should thus be more effective in increasing the P
availability of rock phosphate to plants. Nitrogen should also be added if a
nitrogen deficiency exists.
R. L. COOK: When does fertilizer phosphorus become soil phosphorus?
If the phosphorus content of a soil is raised to a high level by heavy application
of fertilizer, will your conclusion then hold?
DAVID L. GRÜNES: Most of the fertilizer P is probably dissolved 2-—3 days
after application, with a subsequent reversion to less soluble forms. If high
rates of P fertilizer are thoroughly mixed with the soil, the addition of N fertilizer would probably not change the per cent P absorbed from a P fertilizer
band by plants. Howeveri if plants growing on P fertilized soil increased in
growth following the addition of N, the absorption of both soil and fertilizer P
by the plants should be increased.
KONRAD MENGEL: I think that the higher uptake of P in the plot with N
is in the first place due to the higher yield of this plot. The higher production
of organic matter effected by a better nitrogen supply resulted in a better uptake
of applied P. That means the higher uptake is first of all a metabolic effect.
DAVID L. GRÜNES: A metabolic effect of N on the plants does indeed appear
to be a t least partly responsible for the increase in P absorption following N
application. A suggested metabolic effect is discussed in the paper.
SHANTI S. KHANNA: I would like to know the status of available K in the
soil studied? I would also like to know whether you carried out any plant
composition study?
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DAVID L. GRÜNES: The soils studied were high in exchangeable K, and in
other experiments no growth response to applied K was measured. We did not
perform K analyses on these plant samples, but did determine the soil and
fertilizer P absorbed.
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ROLE OF ORGANIC MATTER IN SOIL FERTILITY
by
N. R. DHAR

Allahabad Univesity, India
Although organic matter exists in all soils its true function remains
unexplored. J. B. Abbot of U.S.A. stated as follows:
'If all accumulated soil wisdom of a hundred generations of master farmers
were boiled down to just three sentences, one of these sentences certainly
would be: provide for regular and frequent replenishment of the supply of
organic matter in the soil'.
Moreover Sir E. John Russell has unequivocally declared that artificial
fertilizers lead to soil deterioration not only in continuous cropping but in
rotations as well.
From our experiments with organic matter, we have come to the conclusion that all types of organic matter containing carbohydrates, celluloses, lignins, fats etc. when mixed with soil undergo slow oxidation on
the soil surface liberating energy. This energy of oxidation can fix atmospheric nitrogen and enrich the soil from the nitrogen point of view even in
the dark. Moreover, our experimental results show that sunlight or artificial
light is appreciably absorbed by a mixture of soil and organic matter and
is readily utilised in increasing nitrogen fixation in the soil and improving
its nitrogen status. In our experiments we have used not only molasses,
soluble carbohydrates, glycerol, but we have also used cellulosic materials
like straw, leaves, grass, water hyacinth, compounds containing lignin like
saw dust, peat, lignite, bituminous coal etc. in nitrogen fixation. In most
of our experiments we have obtained nitrogen fixation of the order of 10
to 25 mgms of nitrogen fixed per gram of carbon oxidised in the dark.
Whilst in presence of light the fixation becomes double of that taking place
in the dark. In presence of calcium phosphates the nitrogen fixation is
greatly enhanced.
In our researches we have used soils from India, Sweden and France and
obtained similar results. Using an Allahabad soil the following results
were obtained:
Allahabad soil + wheat straw

Period of
exposure in days

Light

Dark

0
90
150
180
0
90
150
180

Organic
carbon

Total
nitrogen

Carbon
oxidised

%

%

%

0.7356
0.5358
0.4762
0.4365
0.7356
0.5866
0.5417
0.5241

0.0492
0.0533
0.0544
0.0553
0.0492
0.0507
0.0511
0.0513

0.1998
0.2094
0.2991
0.1490
0.1939
0.2115

Nitrogen
fixed lbs
per acre

117.6
43.7

Efficiency
(nitrogen
fixed
per gram
of carbon
oxidised)
20.8
20.6
20.6
10.6
10.1
10.2
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Allahabad soil + wheat straw + 0.1 % P 2 0 6 as Ca 3 (P0 4 ) 2

Light

Dark

0
90
150
180
0
90
150
180

0.7356
0.4924
0.4181
0.3740
0.7356
0.5513
0.4851
0.4652

0.0492
0.0566
0.0588
0.0602
0.0492
0.0522
0.0532
0.0534

0.2432
0.3175
0.3616
_
0.1843
0.2506
0.2704

—
215.2
—
—
—
90.0
—

30.9
30.3
30.6
—
16.3
16.0
15.8

Efficiency

22.4
26.5
27.5
—
13.8
15.3
16.0

Allahabad soil + Cow dung
exposure in d a y s

Light

Dark

0
60
120
180
0
60
120
180

Organic
carbon

°/
/o

1.7262
1.5077
1.3411
1.2120
1.7262
1.5230
1.4248
1.2647

Total
nitrogen

Carbon
oxidised

/o

/o

Nitrogen
increase
%

0.0942
0.0990
0.1044
0.1083
0.0942
0.0970
0.0988
0.1015

0.2185
0.3851
0.5124
—
0.2032
0.3014
0.4615

0.0048
0.0102
0.0141
—
0.0028
0.0046
0.0073

Allahabad soil + Cow dung + 0.25 % P 2 0 5 as Tata basic slag.
(Containing 8 % P 2 0 6 ).

Light

Dark

0
60
120
180
0
60
120
180

1.7125
1.0373
0.9489
0.9232
1.7125
1.3713
1.2974
1.2277

0.0925
0.1208
0.1249
0.1279
0.0925
0.0984
0.1010
0.1030

0.6752
0.7641
0.7893
—
0.3412
0.4151
0.4848

0.0283
0.0321
0.0354
—
0.0059
0.0085
0.0105

, ,
41.9
42.0
44.8
—
17.5
20.3
21.7

With a Swedish soil collected from the Royal College of Agriculture compound,
the following results were obtained:

Period of
exposure in d a y s

Organic
carbon

Total
nitrogen

/o

/o

Nitrogen
increase
%

Efficiency:
nitrogen
in m g p e r
g r a m of C
oxidised

0.8735
1.0845

0.0186
0.0262

21.3
28.4

0.6321
0.8532

0.0084
0.0128

13.3
15.0

Carbon
oxidised
%

Swedish soil + Sucrose
Light
Dark

0
150
300
0
150
300

2.3568
1.4833
1.2723
2.3568
1.7247
1.5036

0.1470
0.1656
0.1682
0.1470
0.1554
0.1598

Swedish soil + 0.25 % P 2 0 6 as Gafsa r o c k p h o s p h a t e + sucrose
Light
Dark

0
150
300
0
150
300

2.3568
1.4132
1.1518
2.3568
1.6787
1.4612

0.1470
0.1862
0.1992
0.1470
0.1608
0.1658

0.9436
1.2050

0.0392
0.0522

41.5
43.4

0.6781
0.8956

0.0138
0.0188

20.3
21.0

IV.40
FIXATION OF NITROGEN BY WATER HYACINTH (Eichhornia crassipes)
It is well known that water hyacinth, which grows abundantly in India
and other warm countries, is a great menace. But we have observed that
this material containing 2.86% CaO, 1% MgO, 5.32% K 2 0, 0.676 % P 2 0 6 ,
41.9 % C and 2.39 % N when mixed with soil can fix atmospheric nitrogen
more in light than in the dark and the nitrogen fixation is increased by
adding basic slag. Water hyacinth mixed with basic slag is being used as a
manure in different parts of India in rice production.
In order to explain the mechanism of nitrogen fixation in the soil as
recorded in the foregoing pages, we have postulated that the energy obtained in the oxidation of a carbohydrate like glucose (C a H 12 0 6 -f- 60 2 =
6C0 2 + 6H 2 0 + 676 K.Cal.) is adequate to break up a grain molecular
weight of water (H 2 0 + 112 K.Cal = H -f- OH) into atomic hydrogen
which readily reacts with molecular nitrogen forming ammonia on the soil
surface at the ordinary temperature. The OH radicle formed oxidises the
energy materials in the soil. It is well known that the mechanism of photosynthesis in the plants is explained from the same point of view.

Nitrogen loss from soils on adding nitrogenous fertilizers
We have observed that when a concentrated solution of ammonium
sulphate is mixed with a concentrated solution of sodium nitrite, there is
copious evolution of nitrogen gas specially when the pH of the mixture is
feebly acidic.
For a number of years we have been carrying on extensive research work
on the slow oxidation of ammonium salts and other nitrogenous compounds
by air in presence of soil etc. We have observed that with ammonium sulphate and other ammonium salts, there is a loss of about 60 % of nitrogen,
more in light than in dark. We have ascribed this loss in the nitrification of
nitrogenous compounds in soil at ordinary temperature to the formation
and decomposition of the unstable substance, ammonium nitrite.
Our experimental results show that this loss of nitrogen is checked by
adding organic matter, calcium phosphates etc. Consequently organic
matter not only fixes nitrogen in soils but also prevents nitrogen loss from
land fertilised by artificial fertilizers.
From a study of the sources of the supply of nitrogenous compounds for
world crop production, it appears that chemical technology can contribute
7 million tons, legumes 5 million and precipitation approximately 5 to 10
million tons to the world soils. But for producing 1200 million tons of food
materials to feed the world population of 2850 million human beings, at
least 100 million tons of fixed nitrogen are necessary. Moreover approximately 100 million tons of nitrogen are also needed to produce the world fodder
and fibre.
Experimental results show that organic materials like cane sugar, cow
dung, wheat straw, lucerne, municipal wastes undergo slow oxidation in
air when mixed with soil, as the amounts of carbonaceous compounds
decrease with lapse of time and increase of nitrogenous compounds take
place. The energy set free in these slow oxidations is utilized in fixing the
nitrogen of air on the soil surface. When these systems are illuminated by
sunlight or artifical light, the light energy is partially absorbed and is
utilized in increasing the nitrogen fixation. In all these experiments, therefore, the nitrogen fixation is much greater in light than in the dark although
the numbers of Azotobacter, total bacteria and fungi are always much
smaller in light than in the dark. In presence of calcium phosphates, rock
phosphates, basic slags, the fixation of nitrogen is much greater. Hence for
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improving soil fertility and humus, it is always desirable to plough in cattle
manure, straw, leaves, legumes, grass sods, green manures, municipal
wastes, sewage sludge and other organic wastes in world soils mixed with
basic slag or phosphate rocks for fixation of atmospheric nitrogen and humus
status and supply of available nitrogen, phosphate and potash, trace elements and improve the physical properties of soils and their lime retention
capacity. This source of nitrogen is of considerable importance to world
crop production. It appears that the fertility of the prairie lands of the
world is due to the fixation of atmospheric nitrogen by the slow oxidation
of grass aided by sunlight.
When nitrogenous fertilizers and manures are added to land, they undergo
nitrification and in this process the unstable substance, ammonium nitrite
is formed and it decomposes (NH 4 N0 2 = N2 + 2H 2 0 + 718 KCal). This is
the chief cause of the lower recovery of nitrogen in crop production than
those of phosphate and potash. Moreover in composting plant and animal
products, there is marked nitrogen loss due to the same reason. But on
adding basic slag, phosphate rocks, superphosphates to the composting
materials, marked nitrogen fixation more in light than in the dark has been
observed. Ordinary composts contain 0.5 to 1 per cent total nitrogen,
whilst phosphated ones have 1.6 to 2.4 per cent total nitrogen.
In the incubation of straw at 35° for three months, marked nitrogen
fixation takes place and is increased by adding phosphates. Moreover in
phosphate rich soils, nitrogen fixation by the slow oxidation of the carbonaceous compounds of the humus has been observed. Hence a greater utilization
of all types of organic matter and cheap phosphates is bound to improve
soil fertility all over the world and it is absolutely necessary to raise the
phosphate status of world soils. Both organic matter and phosphates
stabilize proteins and decrease nitrogen loss. There is no doubt that this
type of nitrogen fixation aided by sunlight and phosphates is the chief
source of nitrogenous compounds in the soils of the worldIt appears that humus acts as a protector of nitrogenous fertilizers, which
produce better crops in humus rich soils. In India it has been observed
that 100 lbs of nitrogen added as ammonium sulphate produces 1,000 lbs
of cereal grains, whilst in Rothamsted and in other temperate countries
where the humus status is much better than in India, the cereal production
is about 1,300 lbs to 1700 lbs under the same condition.
SUMMARY

Experimental results show that the chief function of organic substances
like sugars, straw, leaves, sawdust, grass, etc. when plowed in the soil is
to fix atmospheric nitrogen on the soil surface and to protect the nitrogenous
compounds present in the soil or added to it just as carbohydrates preserve
the body proteins. Moreover this nitrogen fixation which is the chief source
of the world soil nitrogen is increased by sunlight or artificial light absorption and by addition of calcium phosphates. A mixture of straw and
basic slag can fix nitrogen markedly and produce excellent crops. In these
experiments, it has been discovered that the numbers of azotobacter, total
bacteria and fungi are smaller in light than in the dark, but the nitrogen
fixation per gram of carbon of the carbonaceous compounds oxidised is
much greater in light than in the dark.
Similarly in the composting of plant materials, both light absorption and
calcium phosphates markedly fix atmospheric nitrogen and the total nitrogen of the phosphated composts is double of that of ordinary composts.
These experiments have been confirmed by G. Bjalfove of Uppsala and
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others and increased crop production has been obtained in England, Sweden
and India by straw and basic slag.
For producing the total amounts of food, fibre and fodder, in the whole world
approximately 200 million tons of nitrogen are needed. Only 7 million tons of
nitrogen are supplied by the chemical nitrogen industry. Legumes provide
5 million tons. Rain, snow, etc. contribute about 5 million tons. Hence the
soil nitrogen is still the main supplier of the world crops and organic matter
which is always produced by photosynthesis aided by sunlight and calcium
phosphates is making this demand of soil nitrogen replenishment.
It seems likely that the fertility of world prairie lands is caused by the
fixation of atmospheric nitrogen due to the slow oxidation of the organic
materials in grasses aided by sunlight absorption.
All nitrogenous compounds when applied undergo slow oxidation, forming
the unstable substance ammonium nitrite, which readily breaks up into
nitrogen gas and water (NH 4 N0 2 = N2 + 2H 2 0 + 718 KCal) thus the
recovery of nitrogen is of the order of 25 to 50 per cent of the nitrogen applied
in cultivation. Organic matter retards this nitrogen loss.

RÉSUMÉ

Des résultats expérimentaux ont montré que la fonction princpiale des
substances organiques, sucres, paille, feuilles, sciure de bois, herbe) que
l'on enfouit dans le sol, est de fixer l'azote atmosphérique à la surface du sol,
et de protéger les substances azotées présentes dans le sol ou y ajoutées,
comme les hydrates de carbone conservent les protéines du corps. En outre,
cette fixation, qui est la principale source de l'azote du sol dans le monde,
est favorisée par l'adsorption de lumière solaire ou artificielle, et aussi par
adjonction de phosphates de calcium. Un mélange de paille et de scories basiques peut être la cause d'une fixation marquée d'azote et produire des
excellentes récoltes. Dans ces expériences il a été trouvé que les nombres
d'Azotobactéries, de bactéries totales et de champignons étaient plus petits
en milieu illuminé qu'en milieu obscur. Par contre, la quantité d'azote fixée
par gramme de carbone des matières organiques oxydées était beaucoup plus
grande en milieu illuminé qu'en milieu obscur.
Il en est de même lors de la préparation de composts à partir de matières
végétales : la lumière et les phosphates de calcium contribuent tous les deux
de façon marquée à la fixation de l'azote, et la teneur en azote total des
composts phosphatés est le double de celle des composts ordiniares. Ces
expériences ont été confirmées par G. Bjalfove d'Uppsala et par d'autres,
et des augmentations de récolte ont été obtenues en Angleterre, en Suède et
en Inde après application de paille et de scories basiques.
Pour assurer la production totale mondiale de nourriture, fibres et fourrages, 200 millions de tonnes d'azote sont nécessaires. L'industrie chimique
de l'azote n'en fournit que 7 millions, les légumineuses en apportent quelques 5 millions, les pluies et les neiges aussi quelques 5 millions. L'azote du
sol reste donc la principale source pour les récoltes du monde et la matière organique, toujours produite par photosynthèse, assure la reconstitution des
réserves en azote du sol, aidée par la lumière solaire et la présence de phosphates de calcium.
Il semble probable que la fertilité des sols de prairie du monde est due
à la fixation d'azote atmosphérique, grâce à l'oxydation lente des matières
organiques des graminées et avec l'aide de la lumière du soleil.
Toute matière azotée, incorporée au sol, subit une lente oxydation, et
donne lieu à du nitrate d'ammonium, composé peu stable qui se décompose
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aisément en azote gazeux et en eau. (NH 4 NO 2 = N 2 + 2 H 2 0 -f- 718
KCal). Ceci fait que 25 à 50 % seulement de l'azote appliqué sont utilisés
par les plantes. Les matières organiques diminuent ces pertes d'azote.
ZUSAMMENFASSUNG

Experimentelle Ergebnisse zeigen, dass die Hauptfunktion organischer
Stoffe, wie Zucker, Stroh, Blätter, Sägespäne, Grass, usw. wenn diese im
Boden untergepflügt werden, die Festlegung atmosphärischen Stickstoffes
an der Bodenoberfläche ist, und ferner die Beschützung der im Boden vorhandenen oder zugefügten N-Verbindungen, ebenso wie Kohlenhydrate die
festen Eiweisse festlegen. Ausserdem wird diese N-Festlegung, welche die
Hauptquelle des Boden-N der ganzen Welt bedeutet, noch verstärkt durch
die Absorption von Sonnenlicht oder künstlichem Licht, sowie durch Hinzufügung von Calciumphosphatarten. Eine Mischung von Stroh u n d
Thomasschlackenmehl kann erhebliche Mengen N festlegen und fördert
ausgezeichnete Ernten. Bei diesen Versuchen wurde entdeckt dass die Anzahl der Azotobakterien, Totalbakterien und Schimmel kleiner ist im Lichte
als im Dunkeln, aber die N-Fixierung pro gr. C des oxydierten C-haltigen
Stoffes erheblich grösser ist im Lichte als im Dunkeln.
Gleichfalls wird durch Lichtabsorption und Kalkphosphat atmospherischer
N sehr deutlich in der Kompostierung von Pflanzenmaterial festgelegt,
u n d der N-Gehalt von Kompost mit Phosphat versehen, wird doppelt so
hoch wie der von gewöhnlichem Kompost. Diese Experimente sind von
G. Bjalfove (Uppsala) und anderen Forschern bestätigt, während auch in
England, Schweden und India Ernteerhöhungen durch Stroh plus Schlackenmehl erreicht wurden.
Zur Erzeugung der totalen Menge Nahrungsmittel u n d Viehfutter in der
ganzen Welt sind jährlich ungefähr 200 Mill. Tonnen N nötig. Die chemische
N-Industrie liefert nicht mehr als 7 Mill. Tonnen. Leguminosen ergeben etwa
5 Mill. Tonnen. Auch Regen, Schnee, usw. tragen nicht über 5 Mill. Tonnen
bei. E s ist daher der Boden selbst, welcher bisher der Hauptlieferant von
N für die Welternten und überhaupt für die organische Substanz ist; u n d
der Boden ergänzt seinen N immerfort durch Photosynthese durch Sonnenlicht nebst Calciumphosphaten.
E s scheint demnach wahrscheinlich, dass die Fruchtbarkeit der Prairiegebiete der Welt durch die Fixation von atmospherischem N durch die
langsame Oxydierung organischer Substanz in Gräsern unter Beihilfe von
Sonnenlichtabsorption stattfindet.
Alle zur Anwendung kommenden N-Verbindungen sind langsamer Oxydierung unterworfen, wobei sich das instabile Ämmoniumnitrat bildet,
welches leicht in freien N (als Gas) und Wasser zerfällt ( N H 4 N 0 2 = N 2 +
2 H 2 0 + 718 KCal); folglich ist die Rückbildung von freiem N in der Grösse
von 25 bis 50 % des N in der Kultur angewendet. Organische Substanz verzögert diesen N-Verlust.
DISCUSSION

SHANTI S. KHANNA: The increase in nitrogen fixation by adding the molasses
is attributed to photochemical reactions by the author. I feel that non-symbiotic nitrogen fixation in the field, in the presence of light, may be the reason
of nitrogen fixation. The activity of non-symbiotic fixing bacteria is increased in
the presence of light.
N. R. DHAR: Molasses contains a lot of soluble carbohydrates, which undergo
oxidation by the joint actions of micro-organisms, chemical surfaces and light
falling on the soil surface as in the following equations: C 6 H 12 O e + 6 0 a equals
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6C0 2 -+- 6H 2 0 + 676 KCal. This energy can break up a gram molecular weight
of water into H and OH (H 2 0 + 1 1 2 KCal equals H + OH). The atomic
hydrogen can readily form NH 3 which passes into proteins, amino acids etc.
When light is available, there is greater fixation of atmospheric nitrogen on
the soil surface. As the total bacteria, Azotobacter number and fungi are much
smaller in light than in the dark but the nitrogen fixation is always much
greater in light than in the dark, the bacterial theory cannot apply to this
fixation, which is the chief source of soil nitrogen in the world soils as is evident
from the following considerations: For producing the food, fibre and fodder
in the whole world, approximately 200 millions tons of nitrogen are necessary
but chemical industry is supplying only 7 million tons, legumes 5 million tons
and precipitation 5 million tons. Hence the soil nitrogen is still supplying the
majority of the nitrogen for crop production and this is being met by the fixation
of nitrogen by organic matter and light. In the U.S.A., 2 million tons of nitrogen
from chemical industry and 2 million tons from legumes and about one million
ton from farm yard manure are obtained but the crops of the U.S.A. utilize
15 million tons of nitrogen. Hence the U.S.A. is short of ten million tons of
nitrogen for crop production every year and this is coming from the humus of
the lands. This defiency should be met by the fixation of atmospheric nitrogen
in the soils of the U.S.A. by crop residue, grasses, etc. ploughed in with basic slag
or rock phosphate.
HARRY PAUL: In explaining the mechanism of chemical fixation of nitrogen,
do you consider the system will produce adequate heat energy to bring about
the combination of nitrogen and hydrogen to form ammonia?
N. R. DHAR: Yes, because the glucose present in molasses undergoes slow
oxidation in solution as explained above. The atomic hydrogen can form ammonia with molecular nitrogen. The ammonia is the precursor of amino acid
and proteins. As abundant organic matter is photosynthesized all over the
world, there is considerable fixation of atmospheric nitrogen aided by sunlight
absorption and this type of nitrogen fixation is the basis of soil nitrogen all over
the world.
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DIE VERWENDUNG VON SIEDLUNGSABFÄLLEN ZUR VERBESSERUNG VON BÖDEN UND ZUR ERHÖHUNG DER ERTRÄGE
von
H.

KICK*)

Auch in der Bundesrepublik Deutschland bemüht man sich, vor allem im
letzten Jahrzehnt, aus den städtischen Abfällen (Müll und Klärschlamm)
landbaulich nutzbare Produkte, vor allem Komposte herzustellen, nicht
zuletzt, um bei der dichten Bevölkerung des Landes diese Abfälle nutzbringend zu beseitigen (1). Über die Brauchbarkeit dieser Produkte entscheidet die Zusammensetzung des Ausgangsmaterials und die Art der
Aufbereitung.
Die in Deutschland hergestellten Komposte aus Stadtmüll allein, zum
Teil aus einer Mischung aus Müll und Klärschlamm, enthalten im Winter
ziemlich viel Stein- und Braunkohlenasche, bis zu 60—70 %, wodurch
der Anteil an basisch wirksamen Stoffen steigt und der Anteil an organischen
Stoffen und Stickstoff sinkt, wenn die Aschen nicht wenigstens zum Teil
abgesiebt werden.
Aus den Komposten eines für 150 000 Einwohner neueingerichteten
Dano-Kompostwerkes in Duisburg-Huckingen wurden 2 Jahre lang in
10—20—tägigen Intervallen Proben gezogen, und diese auf wichtige
Kennwerte (Tab. 1) untersucht. Es zeigten sich deutlich von der Jahreszeit
abhängige Schwankungen, z.B. wird der N-Gehalt und der Gehalt an
gesamter organischer Masse sowie wirksamer organischer Masse in der Zeit
von April bis September immer etwas höher (Tab. 1). Der Gehalt an basisch
wirksamen Stoffen und an Carbonaten bleibt hingegen etwas gleichmäßiger,
weil die Aschen zum Teil abgesiebt werden können (Tab. 1). Das C/N
schwankt von 25—56 wenn man es aus Gesamt-N und Gesamt-C errechnet;
bezieht man sich jedoch nur auf den Kohlenstoff der wirksamen organischen
Masse nach Springer (9) und den Gesamt-Stickstoff, so liegt es bei 10—27,
also im Bereich des Stallmistes.
Auch die nach anderen Verfahren hergestellten Komposte, z.B. Müllkompost aus Heidelberg (Raspelverfahren), Müllklärschlammkompost aus
Baden-Baden (Kompostieren des Rohmülls mit Klärschlamm mit nachherigem Zerkleinern und Aussieben), auch Komposte aus Holland aus den
Jahren 1956/58 sind ganz ähnlich zusammengesetzt. Die Kennwerte einzelner, zu verschiedenen Zeiten entnommener Proben dieser Komposte
liegen in der gleichen Größenordnung und schwanken in ähnlichen Grenzen
wie bei dem Dano-Kompost aus Duisburg. Meist werden bei den Komposten
neben dem Gehalt an organischer Masse die Gesamtgehalte an N, P, K, Ca, Mg
usw. angegeben. Diese Nährstoffmengen sind meist weit höher als die wirklich für die Pflanzen verfügbaren Anteile. Zum Vergleich der Nährstoffwirkung der Müllkomposte mit entsprechenden mineralischen Handelsdüngern kann man den löslichen N durch Ausschütteln des Komposten
mit In H2SÛ4 (10 g Kompost, 100 ml n H 2 S0 4 ) ermitteln. Für P und K
eignet sich ein Auszug mit einer Calciumlactatlösung von pH 3,55 nach
Egnér-Riehm, wobei das gefundene Kalium voll verfügbar ist, und das P zu
rund 30 % (1 g Kompost, 250 ml Lactatlösung nach Egnér-Riehm) (2).
Für Phosphor kann man auch eine Ausschüttelung mit 2 %iger Ameisensäure benutzen. Etwa 30—40 % des auf diese Weise gefundenen Phosphors
*) Direktor des Agrikulturchemischen Instituts der Universität Bonn,
Meckenheimer Allee 176, Deutschland.
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1. Schwankungsbereich derwichtigen Bestandteile in % der Trockenmasse
von Komposten eines Danokompostwerkes (Duisburg-Hückingen).

TABELLE

pH

1958
1959

Jan.-März

April-Mai

Juni-Sept.

Okt.-Dez.

8,1 — 8,5
8 , 7 5 - 9,15

8,3 7,0 -

8,1
8,7

7,5 — 7,9
7,15

7,3 - 8,9
8 , 6 5 - 9,2

org. Masse 1958
C. 1,72
1959

26,1 - 3 3 , 9
28,5 - 3 4 , 7

25,3 - 3 3 , 5
32,5 - 3 8 , 2

36,9 - 4 0 , 5
42,7

32,2 - 4 2 , 7
30,4 - 3 5 , 7

WOS(wirks.l958
org. Masse, 1959
n. Springer)

4,5 — 8,5
6,5 - 1 0 , 4

3,7 - 1 4 , 6
8,5 - 1 9 , 5

16,5 —21,5
22,7

6,4 - 1 7 , 4
8,6 - 1 6 , 5

alk. lösl.
Humusstoffe

1958

2,3 -

3,7

3,5 -

1959

2,9 -

5,9

bas. wirks. 1958
Stoffe(CaO)1959

4,0 4,3 -

Carbonate 1958
berechnet
als CaC0 3 * 1959

6,2

5,6 - 1 0 , 5

5,3 -

6,6

5,0 - 1 0 , 9

9,9

2,6 -

7,1

5,7
5,6

5.4 3.5 -

6,3
5,8

6,5 3,3

7,6

4,0 5,3 -

7,1
5,9

4 -

4,6

3,6 -

5,6

3,6 -

4,8

2,3 -

6,5

5 -

5,9

5,4 -

5,9

3,6

6,0 -

7,1

0 , 7 5 - 0,95
0,86

0 , 3 5 - 0,76
0 , 4 8 - 0,70

Ges.-N

1958
1959

0 , 2 8 - 0,48
0 , 4 0 - 0,59

0 , 4 7 - 0,73
0 , 6 8 - 0,75

Ct/Nt

1958
1959

31-56
31-41

25-34
27 — 29

23-30
28

30-53
29-37

Cwos/Nt

1958
1959

11-20
10-15

8-27
12-26

21-26
26

15-20
21 — 25

*) Gasvolumetrisch mit HCl bestimmt.
können in ihrem Düngewert ebenso bewertet werden wie die gleiche Menge
an citrat-, citronensäure- oder wasserlöslichem P in einem der üblichen
Phosphatdüngemittel (2 ).
Diese Beziehungen zwischen chemischer Untersuchung und Pflanzenverfügbarkeit konnten wir aus Vegetationsversuchen ableiten (2). Unter
TABELLE

2. Mittleres Nährstoff- und Basenäquivalent von Müllkomposten (MK)
und Müllklärschlammkomposten (MKK), Klärschlamm und Stallmist
in kg je 10 t verwendungsbereiten Materials

N
PSO6

MgO
Basen, berechnet als CaO
wirksame organ. Masse
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10 t
MK bezw.
MKK

10 t Klärschlamm
65%H 2 0

10 t
Stallmist
75 % H s O

5-10
10
30-40
50-100
500-1000
900-1500

15-20
30
unbedeutend
30
200-500
1500-2000

15-20
15—20
60-70
15
60
1800
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Berücksichtigung der verhältnismäßig großen Schwankungen, die in der
Zusammensetzung des Materials aufzutreten pflegen, kann für praktische
Verhältnisse nur mit groben Durchschnittswerten gerechnet werden (Tab. 2).
Daraus lassen sich auch unter Berücksichtigung des Gehaltes an organischer
Masse und an basisch wirksamen Stoffen die Komposte mit Klärschlamm
und dem in seiner Wirkung bekannten Stallmist vergleichen (Tab. 2).
Neben den Hauptnährstoffen N, P, K, Ca, Mg kommen in den städtischen
Siedlungsabfällen, besonders wenn sie Aschen enthalten zum Teil in nicht
zu vernachlässigender Menge noch verschiedene seltenere Elemente (14)
vor, deren physiologische Bedeutung, wie bei Cu, Zn, B, Mn schon bekannt
ist (6, 7), dagegen aber bei anderen, wie Pb, Ge etwas weniger. Diese und
andere Elemente können in zu großen Mengen dem Boden zugeführt, unmittelbar die Pflanze schädigen, sich aber auch ohne direkte Schädigung
hervorzurufen, in den Pflanzen in so großen Mengen anreichern, daß sie nachteilig für Tier und Mensch werden. Unsere Untersuchungen beschäftigen
sich in der letzten Zeit in diesem Zusammenhang mit den Elementen B,
Cu, Ge, Pb und Zn. In den MüU- und Müllklärschlammkomposten finden
sich in 10 %iger Salzsäure bzw. Salpetersäure löslich etwa folgende Mengen:
TABELLE

3. Cu-, Zn-, Pb-, Ge-, B- und M.n-Gehalte in mg je kg Trockenmasse.

1

Cu )
129-184
!)
•)
3
)
4
)
6
)

Zn2)

Pb2)

Ge3)

B1)

1306-2106 | 520-1808 | 2,4-4,5 100-600

Mn s )
700-1000

in 6 % HNOj (3,10)
löslich in 10 % HCl
nach Kick u. Arent (3)
Sodaaufschluß und Destillation des Borsäuremethylesters
Gesamtmangan

In einem Gefäßversuch mit verschiedenen Komposten und Kompostgaben zu Hafer und Grünsenf (10) fanden sich in den mit Kompost gedüngten Pflanzen fast überall leicht erhöhte Gehalte an den erwähnten Elementen. Allerdings waren die aufgenommenen Mengen weit geringer als bei
Zufuhr in Form eines Salzes oder des reinen Metalles (Tabelle 4).
Obwohl bei diesem Versuch die in den Komposten zugeführten Mengen
an Pb, Zn und Cu meist größer waren als die in Salzform verabreichten,
ist der Pb-, Cu- und Zn-Gehalt der Pflanzen durch die Kompostdüngung
nicht wesentlich erhöht. Die Komposte haben die pH-Werte der Böden
von rund 6,4 auf 7,3—7,7 verschoben. Die Kalkzufuhr durch die Komposte
und die Alkalinisierung der Böden hemmt die Aufnahme dieser 3 Elemente
und des Ge. Selbst bei sehr hohen Kompostgaben (800 g auf 7 kg Boden,
entsprechend ca 300 t Kompost/ha) ist nicht mit einer zu starken Aufnahme dieser Elemente zu rechnen. Die Komposte decken schon bei Gaben
von 30—50 t/ha den Spurennährstoffbedarf der Kulturpflanzen bei weitem.
Mit Schäden ist im allgemeinen bei Gaben von 30—50 t/ha noch nicht zu
rechnen, vor allem, wenn diese Menge höchstens alle 3—4 Jahre verabreicht wird. 10 mg Ge auf ein kg Boden verabreicht, schädigen auf
Sandböden dagegen den Hafer schon sehr stark. Durch die Komposte
kommen aber höchstens Bruchteile eines mg auf ein kg Boden. Im übrigen
ist auf Böden mit größerem Anteil an Tonkolloiden das Ge viel weniger
schädlich als auf Böden mit geringem Tongehalt, weil offenbar das Ge
sehr stark festgelegt wird (4).
Der Ausnutzungsgrad dieser Elemente liegt also recht niedrig, wahrscheinlich wegen der verhältnismäßig hohen Kalkgehalte der Müllkomposte,
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Müll- und

Müllklärschlammkompostgaben bis zu 50 t wird dem Boden/ha
Cu

kg/ha zugeführt
von ausgenutzt
tspricht

Pb

Zn

Ge

18-63
46-74 0,1-0,16
5-8
2-3%
bis 0,05% bis 1 %
4-11%
bis 240 g/ bis 70 g/ bis 740 g / bis 18 g/
ha
ha
ha
ha

zugeführt:

B

Mn

3,5-28
1 %**
bis zu
300 g/ha

15-30
3 - 4 %*
bis zu
1200 g/ha

nach (5) errechnet.
nach einem Gefäßversuch (8) berechnet.
sobald sie aus aschehaltigem Müll gewonnen sind. Immerhin sind diese
Komposte eine gewisse Reserve für Spurennährstoffe, da die biologische
und chemische Verwitterung auch die zunächst nicht verfügbaren Anteile
im Boden allmählich löslicher macht.
Das heißwasserlösliche Bor, das in Böden als Maßstab für das pflanzenverfügbare Bor gilt, kann in den Müllkomposten einen weit höheren Anteil
am Gesamtbor ausmachen, als bei den eben erwähnten Elementen gefunden wurde, nämlich 1,8—27 % (5), sogar bis zu 70 % (8), aber die
Verfügbarkeit ist trotzdem ganz erheblich geringer als z.B. die gleiche
Menge an wasserlöslichem B im Borax. Neben organischer Masse und
Nährstoffen bringen die Komposte auch sorptionsfähige Stoffe in den Boden.
Der Anteil der Korngrößenfraktion < 2 [i liegt um 5 % (1,6—8 % ) . Die
Sorptionskapazität der Komposte bestimmt mit n Bariumacetat (pH 7)
bezogen auf die Fraktion < 2 mm liegt bei 100—200 maeq/100 g Trockenmasse. Angesichts des geringen Rohtongehaltes müssen diese sorptionsfähigen Stoffe fast ausschließlich organischer Herkunft sein, 100 g organische Masse der Müllkomposte vermögen daher 200—400 maeq Basen
zu sorbieren. Sauerlandt (11) findet für Stallmiste eine Basensorptionskapazität von durchschnittlich 150 maeq je 100 g organische Masse (bestimmt mit n/10 Calciumacetat, pH 7,0). Zöberlein (12) gibt für verschiedene bekannte Humusdüngemittel Sorptionskapazitäten von 150 bis
400 maeq je 100 g organische Masse an (n Bariumacetat pH 7,0).
Besonders vorteilhaft ist die Verwendung aufbereiteter Siedlungsabfälle, sei es Klärschlamm oder Müll- bzw. Müllklärschlammkompost
zur grundlegenden und raschen Verbesserung von humus- und nährstoffarmen sowie sauren Böden in der Land- und Forstwirtschaft, wofür es
besonders in den Niederlanden gute Beispiele gibt. Die Kalkwirkung
der Komposte verglichen mit Kalkdüngern des Handels kann man im
Durchschnitt nur mit rund 70—75 % ihres Gehaltes an basisch wirksamen Stoffen einsetzen, weil diese Stoffe oft in weit gröberer Form vorliegen als z.B. die der feingemahlenen kohlensauren Düngekalke.
Der Weinbau und der Obstbau sind nicht zuletzt auch aus wirtschaftlichen Gründen besonders geeignet für die Anwendung der Komposte aus
Siedlungsabfällen, da dort der Humusbedarf in den Betrieben aus eigener Erzeugung oft nicht gedeckt werden kann und ein großer Mangel an
Humusstoffen auftritt. Im intensiven Gartenbau mit hochwertigen Kulturen, wo ähnliche Bedingungen herrschen, muß auf die Beschaffenheit
der Komposte und auf die Ansprüche der empfindlichen Kulturen und
des Bodens genauer geachtet werden als in der Landwirtschaft. Es möge
hier besonders auf die mögliche Erhöhung der Bodenreaktion und des
Salzgehaltes in den gärtnerisch genutzten Böden geachtet werden, da die
Komposte beachtliche Mengen an Wasser löslichen Stoffen (bis zu 4 %)
enthalten, d.h. einen ziemlich hohen osmotischen Wert haben können
und zu hohe Salzgehalte bzw. osmotische Werte in gärtnerischen Erden
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oft schon durch Mineraldünger und Gießwasser erreicht werden. Komposte
können dann auch durch die Erhöhung der osmotischen Werte der Böden
schädlich werden.
Gute Erfolge haben wir mit Müllkomposten und Klärschlamm bei der
Rekultivierung einer im Braunkohlentagebau aufgeschütteten Fläche
(Mischung aus Lößlehm und Löß) erzielt, die wieder landwirtschaftlich
genutzt werden sollte. Mengen bis zu 300 t/ha Müll und Müllklärschlammkompost erhöhten den Kohlenstoff- und Stickstoffgehalt der Böden ganz
beträchtlich und hatten auch eine gute Nährstoffwirkung im Anwendungsjahr. Die Nachwirkung ist allerdings gering und wird nur dort fühlbar,
wo wichtige Bodeneigenschaften entscheidend verbessert und Mängel
(Spurennährstoffe, Versauerung) durch die Komposte beseitigt werden.
Der Boden dieser Fläche neigt stark zur Verschlammung, diese Gefahr
wurde durch den Kompost stark herabgemindert. Der Stickstoffgehalt
des Bodens lag nach 3 jähriger Bepflanzung bei reiner Mineraldüngung bei
36—39 mg N und 500 mg C je 100 g Boden, und stieg durch die Komposte
auf 55—70 mg N und auf 1000 mg Kohlenstoff je 100 g Boden.
Der landbauliche Wert von Komposten, die aus Siedlungsabfällen gewonnen werden, läßt sich durch Zumischen von Pflanzennährstoffen in
Form der üblichen Handelsdünger und nachfolgendes Kompostieren
kaum wesentlich verbessern. Ältere Erfahrungen (13) konnten durch
unsere Untersuchungen bestätigt werden. Deutlich wurde dies bei Kompostierungsversuchen mit Dano-Komposten, wo je t Kompost 2,1 und
4,2 kg N in Form von HN0 3 und (NH4)2S04 zugesetzt worden waren, schon
nach 2 Monaten Lagerungszeit waren rechnerisch fast 90 % des zugesetzten N verschwunden, nach 8 Monaten Lagerungszeit war dieser N
bilanzmäßig völlig verschwunden. Die Gefäßversuche zeigten zwar eine
etwas bessere Löslichkeit des Stickstoffs, wodurch aber der N-Verlust
bei weitem nicht aufgewogen wurde. Zugabe von 3,4 und 6,8 kg P 2 0 5 /t
Kompost als H 3 P0 4 wurde völlig festgelegt, d.h. es war gegen Kompost
ohne Phosphorzusatz kein Mehrertrag festzustellen. Mit ziemlicher Sicherheit werden wasserlösliche Phosphate schwer verfügbar. Man wird daher
zweckmäßigerweise die Nährstoffe getrennt geben, und vor allem auf
das gemeinsame Kompostieren verzichten (Tab. 5).
TABELLE

5. Gefäßversuch mit Weißkohljungpflanzen (Brassica oleracea) über
den Einfluß der Kompostierung auf die Ertragsleistung von DanoKompost.
Mineraldüngung
g Nährstoffe je Topf

relativer
Ertrag

N

PA

KaO

Kompost (2 Monate Rottezeit)
ohne Nährstoffzumischung

0,5
0
0,5
0,5

0,5
0,5
0
0,5

0,9
0,9
0,9
0

100
21
54
100

Kompost (2 Monate Rottezeit)
+ 4,2 kg N/t

0,5
0
0,5
0,5

0,5
0,5
0
0,5

0,9
0,9
0,9
0

120
47
64
120

Kompost (2 Monate Rottezeit)
+ 6,4 kg P a 0 6 /t

0,5
0
0,5
0,5

0,5
0,5
0
0,5

0,9
0,9
0,9
0

96
23
67
98
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SUMMARY

1. T h e composition of composts of garbage or garbage sewage sludge
mixtures, as obtained from town refuse, differs seasonally. The contents
in nitrogen, total organic matter, and 'effective' (readily hydrolyzable)
organic m a t t e r are higher during t h e summer months t h a n in winter times.
2. The nutritional effect of 50 tons of fermented compost is equivalent
to about 25 kg N , 65 kg P 2 0 5 , 125 kg K 2 0 and 2 - 2 , 5 tons CaC0 3 , given as
commercial fertilizers. Only some 1 0 — 1 2 % of t h e total N , 8 — 1 0 % of
total P , a n d 13—16 % of total K are plant available in t h e year of application. The after effect of t h e compost nutrients is rather small.
3. T h e availability of minor elements of t h e composts like Cu, P b , Zn,
Ge, Mn and also of B , is low, amounting t o only a few hundred grams per
hectare, if compost additions of 50 t / h a are made. P b is taken u p in very
little amounts. Therefore, a n y detrimental effects to plants, animals or m a n
are not t o be expected.
4. Such composts of town refuse materials are particularly well suited
for a fast and effective improvement of acid agricultural and forest soils
with low humus and nutrient contents. Also the composts can be effectively
used in orchards and vineyards. I n horticulture, particularly with sensitive
plants, t h e alcalinity a n d salt content of t h e composts must be carefully
taken into account, and t h e amounts added should be adapted t o t h e local
conditions.
5. The addition of mineral plant nutrients to t h e compost materials
prior to fermentation, as to increase their nutrient content, is not economical
since the added nitrogen is almost completely lost, and phosphate is rendered
unavailable. Potassium is present in the garbage and garbage sewage sludge
composts in ample amounts, a n d lime as well.
RÉSUMÉ

1. L a composition des composts, fabriqués avec les gadoues et les boues
de décantation des villes allemandes varie avec les saisons. Les teneurs en N ,
en matières organiques totales et actives, sont parfois plus élevées en été
qu'en hiver.
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2. Exprimé en engrais minéraux du commerce, l'effet fertilisant de 50 T
de compost prêt à l'utilisation, équivaut à environ 25 Kg de N, 65 Kg de
P 2 0 6 , 125 Kg de K 2 0, et 20—25 dz (doubles quintaux) de CaC03. 10—12 %
environ de l'azote total, 8—10 % du P total et 13—16 % du K total sont
disponibles l'année même de l'application. L'effet résiduel est petit.
3. La mise à profit des éléments mineurs tels que Cu, Pb, Zn, Ge, Mn, et
B est petite, quelques centaines de grammes par Ha pour des applications
de 50 T/Ha. L'utilisation du Pb est très petite. H y a donc très peu de chances
que ces constituants puissent présenter un danger quelconque pour les
plantes, les animaux ou les humains.
4. Ces composts fabriqués à partir d'immondices de ville sont particulièrement utiles à l'agriculture et à l'amménagement forestier pour améliorer d'une manière rapide et active les sols pauvres en humus et en éléments nutritifs, et très acides. Il y a également des applications intéressantes
en fruticulture et en viticulture. En culture maraichère, surtout pour les
légumes très sensibles, il importe de vérifier très soigneusement l'alcalinité
et la teneur en sels solubles, et de les adapter aux cultures et aux sols.
5. L'addition d'éléments nutritifs, sous forme d'engrais commerciaux,
aux déchets avant leur transformation en compost n'est pas économique:
presque tout l'azote ajouté se perd et le phosphore se fixe. Le potassium
est généralement présent en grande quantité dans les composts de gadoue
et de boues de décantation, de même que la chaux, et il est donc inutile
d'en ajouter.
ZUSAMMENFASSUNG

1. Müllkomposte und Müllklärschlammkomposte, gewonnen aus Müll und
gegebenenfalls auch Klärschlamm deutscher Städte, ändern sich in ihrer
Zusammensetzung nach der Jahreszeit. Die Gehalte an N, gesamter und
wirksamer organischer Masse sind zur Zeit in den Sommermonaten etwas
höher als im Winter.
2. Die Nährstoffwirkung von 50 t gebrauchsfertigem Kompost entspricht
rund 25 kg N, 65 kg P 2 0 5 und 125 kg K 2 0 und 2 0 - 2 5 dz CaC03, verabreicht
als handelsübliche Mineraldünger. Ungefähr 10—12 % des Gesamt-N,
8—10 % des Gesamt-P und 13—16 % des Gesamt-K sind im Anwendungsjahr verfügbar. Die Nährstoffnachwirkung der Komposte ist gering.
3. Die Ausnutzung von Spurenelementen wie Cu, Pb, Zn, Ge, Mn auch
von Bor ist gering und bewegt sich bei Kompostgaben von 50 t/ha nur um
wenige Hundert Gramm je Hektar. Die Ausnutzung des Pb ist sehr gering.
Irgendwelche Schäden für Pflanze, Tier und Mensch sind kaum zu erwarten.
4. Die Komposte aus städtischen Siedlungsabfällen eignen sich ganz
besonders zur raschen und wirksamen Verbesserung humus- und nährstoffarmer sowie stark entbaster Böden in Land- und Forstwirtschaft.
Gute Anwendungsmöglichkeiten finden sich im Obst- und Weinbau. Im
Gartenbau, besonders bei empfindlichen Kulturen, muß Alkalität und
Salzgehalt der Komposte sorgfältig beachtet und den Kulturen und dem
Boden angepaßt werden.
5. Zusatz vonNährstoffen in Form von Handelsdüngern vor der Kompostierung ist unwirtschaftlich, da vor allem der zugesetzte Stickstoff fast
völlig verloren geht und Phosphor festgeigt wird. Kalium ist in Müll- und
Müllklärschlammkomposten reichlich vorhanden, desgleichen Kalk und
braucht nicht zugesetzt zu werden.
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A P R E L I M I N A R Y R E P O R T ON T H E R O L E O F F E R T I L I Z E R S IN
T H E CONTROL O F COCONUT CADANG-CADANG
by
PERICLES S. SUBIDO, D. I. AQUINO AND LEONARDO T. CATRAL*

Soil is one of the deciding factors as to what we can grow in certain
regions. The soil should not only be of the right texture b u t should also
have the right balance of various plant nutrients necessary for good plant
growth and development. Continuous cropping on a certain area, regardless
of how fertile the land is, can not go on indefenitely because a point is
reached when the essential elements are either absorbed b y the crop or
leached out of the soil. Under this condition, replenishment of these elements
should be undertaken by the addition of chemical or organic fertilizers, or the
use of sound soil management practices.
Fertilizers are beneficial in promoting good yields, this fact is indisputable.
In addition, fertilizers m a y serve as a stimulating agent in the uptake of
other elements and also increase or decrease plant resistance to some
diseases.
There are several theories about cadang-cadang and among them is the
soil problem. Soil theory alone covers several inquiries of wide scope such
as studies to discover if it is caused b y unbalance proportion of various
nutrients; to find out if it is the deficiency of certain minor elements;
whether it is brought about b y toxicity of one or several elements; or if it
is caused b y antagonism of some substances in the soil, hence these experiments were conducted to point out definitely the exact connection of soils
to cadang-cadang.
R E V I E W OF LITERATURE

By applying radioactive zinc (Zn 65) to the soil around two healthy
coconut trees and two trees seriously affected b y cadang-cadang, Sharpenseel, Rigornia, and Balce (8) found the zinc to be readily taken u p and to
be present in leaves 15 days after application.
Subsequently, these workers carried out a nutritional experiment in
which trees in early and medium stages of yellow mottle decline were
fertilized by applying nutrients to the soil. The nutrients and rates of applications were the following: (a) MgS0 4 , 250 g/tree; (b) K H 2 P 0 4 , 250 g/tree;
(c) MnS0 4 , 200 g/tree; (d) CuS0 4 , 250 g/tree; (e) Na 3 B0 3 , 125 g/tree; (f)
Na 2 MoO„H 2 0, 125 g/tree; (g) KMn0 4 , 125 g/tree; (h) ZnS0 4 , 200 g/tree;
(i) FeS0 4 , 125 g/tree; and (j) Montecal, 25 lb. Observations made in
August, 1957, of the above mentioned trees indicated t h a t none of the
treatments were effective in stopping the progress of the disease. None of
the trees recovered and m a n y of them died.
I n February, 1956, D. B. Protacio (7) began spraying the fronds of coconut
trees affected b y yellow mottle decline (cadang-cadang) at monthly intervals
for 3 months and then at 3-month intervals with solutions 0.25 per cent;
0.50 per cent; and 1.00 per cent, respectively, of magnesium sulfate, ferrous
sulfate, cupric sulfate, zinc sulfate, sodium borate, and ammonium molybdate. The 0.5 percent solutions were applied to three trees, the others to
four trees. The most concentrated solutions caused, in some cases, burning
*) Bureau of Plant Industry, Dept. of Agriculture, Manila.
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of the fronds. After one year, none of the treated trees had shown evidence
of recovery from the disease and, indeed, at least one tree in each of the
treatment blocks had progressed to a more serious stage of the disease.
Velasco (9) disclosed that coconut plants in sand culture deprived of
micronutrient elements indicated characteristics of cadang-cadang. Trees
showed water-soaked specks and general unthriftness. Velasco (10) in one
of the conferences reported that aluminum toxicity may be another cause
of the malady in the Bicol Region.
Bawden and Kassanis (1) reported that pieces of leaves inoculated with
TMV and floated on various nutrient solutions and continuously illuminated
produced some significant results. For instance, more virus was formed in
cut leaves when they were floated on plain water.
Broadbent, Gregory and Tinsley (2) demonstrated that the yield of
Majestic potatoes was increased by early planting and by the application
of manures, especially dung. Early planting increased the incidence of
certain virus disease while different manures had various effects on disease
incidence. Average results from all comparisons showed that the largest
increase in the incidence of the disease was from the use of dung, but
sulphate of ammonia increased the incidence of the leaf roll, while muriate
of potash increased the incidence of rugose mosaic. Counts in two years
showed that aphid population were highest on the earlier planted potatoes
and were further increased b y dung, sulphate of ammonia, and superphosphate but reduced by muriate of potash.
Last (6) concluded that the increased susceptibility of wheat to mildew
after applying nitrogenous fertilizers were associated with a change in its
rate growth.
Kassanis (5) pointed out that tobacco mosaic virus reached a higher
concentration when inoculated tobacco leaves were placed in a solution
containing sucrose and phosphorus than when placed in water. The increase
varied with the nutritional status of the plants. The effect of sucrose and
calcium phosphate on virus concentrations was greater in leaves in the light
than in the dark.
De Koek (4) found that the ratios of phosphorus to iron and of calcium
to potassium of chlorotic leaves of variegated plants showed that same
trends from those of normal leaves as are shown in other forms of chlorosis,
the phosphorus-iron ratio being higher and the calcium-potassium ratio
lower than for normal leaves. This also applies to virological or pathological causes.
De Koek (3) stated that the ratio of phosphorus to iron, potassium to
calcium and citric acid to malic acid are metabolically controlled. If a leaf
which is chlorotic owing to iron deficiency is greened by application of
iron, all the above ratios which are high in a chlorotic leaf, alter to values
characteristic of green leaves.
EXPERIMENTAL WORK

Procedures and Materials: — The experiments were conducted in a
small plantation of 30 year, more or less, old coconut trees in San Vicente,
Camarinos Norte. The fertilizers were chosen to test the effect of the major
elements (nitrogen, phosphorus, and potassium) alone and in combination
with various minor or trace elements. The materials used were the following:
Complete, 1 2 - 2 4 - 1 2 (NPK)
5 kg/tree/year
Ammonium sulfate, 20 % (N)
3 kg/tree/year
Superphosphate, 20 % (P)
2 kg/tree/year
Muriate of potash, 50 % (K)
3 kg/tree/year
Agricultural fritted trace elements (FTE) . . 1 kg/tree/year
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The guaranteed analysis of the agricultural fritted trace elements used
in the study is as follows: 17.5 per cent Fe 2 0 3 equal to 12.25 per cent iron;
7.8 per cent Mn0 2 equal to 4.9 per cent manganese; 2.5 per cent CuO equal
to 2.0 per cent copper; 5.0 per cent ZnO equal to 4.0 per cent zinc; 6.5 per
cent B 2 0 3 equal to 2.0 per cent boron; and 0.2 per cent Mo0 3 equal to 0.13
molybdenum.
These were used to formulate six treatments as follows:
(1) complete (NPK), (2) PKFTE, (3) NPKFTE, (4) control, (5) NKFTE,
and (6) NPFTE. Each treatment was replicated 10 times in a randomized
block design, single tree being considered a replicate. Border trees between
treated trees were included so that there would be no overlapping of treatments. Observations will be continued for at least five years together with
the application of fertilizers which will be regularly applied as it was done
during the first two years of the study.
Recording of data: At the start of the experiment, all the experimental
trees were given numbers, which were painted on the trunks, and were
diagnosed as to freedom from disease or stage of the disease with the help
of the plant pathologists of the Guinobatan Experiment Station.*
The nuts harvested every month were recorded including the increase
in the incidence of the disease in all the experimental trees.
Method of fertilizer application: All trees including the control were
ring-weeded before the fertilizers were dug to a depth of at least 6 inches,
distributed uniformly around the tree, 3—5 meters from the base of the
trunks. All trees under experimentation were completely kept free from
weeds all the time. Materials were applied thrice a year in three equal parts.
Data obtained on the yield of various trees, the incidence of the disease,
and the monthly production of nuts from the different treatments were
summarized and statistically analyzed in the following tables:
Yield of nuts from various treatments at the end of the first year, 1954 — 55.
REPS

PK
FTE

NPK

NPK
FTE

CONTROL

NK
FTE

NP
FTE

TOTAL

1
2
3
4
5
6
7
8
9
10

62
102
66
6
74
77
73
83
58
0

32
31
47
64
0
33
88
53
84
53

0
0
71
7
38
168
9
112
25
63

78
55
68
77
84
80
77
148
101
50

129
96
0
55
4
73
74
56
83
27

47
90
67
51
101
87
50
81
86
84

348
374
319
260
301
518
371
533
437
277

Treatment
Total

601

485

493

818

597

744

3738

Mean

60.1

48.5

49.3

81.8

59.7

74.4

Not significant
*) Writers are grateful for the kind assistance of Messrs. Carlos A. Calica,
Avelino E. Bigornia, Roman Estioko, Jr., Antonio C. Pizarro, Alfredo Magnaye,
and Domingo Protacio in the diagnosis of the disease.
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Yields of nuts from various treatments at the end of the second year, 1956—57.
PK
FTE

NPK

32
70
33

36
23
7

37
44
39
46
44

30
51
50
34
29
27

Treatment
Total

345

Mean

34.5

REPS
1
2
3
4
5
6
7
8
9
10

NPK
FTE

CONTROL

NP
FTE

NP
FTE

62
37

10
13
24

34
41
35
40
57
37
24
16
65
64

41
37
42
37
52
44
2
49
37
23

287

99

413

296

364

28.7

9.9

41.3

29.6 |

36.4

37
7
8

47
12
55
35
48

TOTAL
205
208
154
124
183
196
170
190
236
138
1804

Not significant

Incidence of cadang-cadang on various treatments at the end of the second year.
Treatment

STAGES OF DISEASE
Early

Med.

PKFTE
Beginning
End-lst year
End-2nd year

1
1

—

NPK
Beginning
End-lst year
End-2nd year

1
2
2

NPKFTE
Beginning
End-1 st year
End-2nd year

1
1

CONTROL
Beginning
End-lst year
End-2nd year

1
2
2

NKFTE
Beginning
End-lst year
End-2nd year

2
1

NPFTE
Beginning
End-lst year
End-2nd year
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Serious

Dead

Total

2
2

2
3
3

10

20

1

2
4
4

30

3

3
6
6
1
4
4

30

1
3

3
5
5

20

1
2
2

2
4
4

20

—

1
1

—

4
2

2
2

-

3

1
1

2

1

-

1
2

Per cent
increase
on 10 reps.
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DISCUSSION OF RESULTS

I t would seem t o be of considerable significance t h a t t h e incidence of
cadang-cadang increased despite t h e treatment applied. Evidence from this
preliminary study thus does not support t h e hypothesis t h a t t h e disease
is caused b y a soil deficiency. Before disregarding this theory entirely,
however, it will be desirable to continue t h e study for t h e five-year period
previously laid-out a t t h e beginning.
I t m a y be of significance t h a t t h e highest incidence of cadang-cadang
encountered during t h e study was in t h e trees treated with complete
fertilizer with minor elements ( N P K F T E ) . This finding is in agreement with
t h a t of other investigator's who reported a general intensification of virus
diseases after application of fertilizers, it this malady is virus. I t is also
probable t h a t a greater increase in incidence of t h e disease in fertilized plots
could readily result from an increase in t h e insect if t h e insect is serving
as t h e vector of t h e disease. However, it is recognized t h a t t h e cause of
cadang-cadang is still controversial.
Despite the failure of fertilization to bring about an increase in production
of nuts, there was apparently a marked vegetative response from application among all treated trees. I t is anticipated t h a t this increased vegetative
response m a y eventually lead to an increase in production of nuts. This is
another reason for continuing t h e study on a longer period of time.
I t was noticed t h a t t h e greatest yield of nuts came in t h e period from
August through December, a n d this was true irrespective of t h e treatment.
Perhaps this seasonal pattern is characteristic of t h e Bicol Region. However,
the low yields in December, 1954, as compared t o t h a t of t h e same period
in 1956 m a y be t h e result of t h e strong typhoon t h a t lashed t h e Bicol
Region in 1953 which adversely affected the coconut trees particularly t h e
fruiting capacity.
On t h e basis of t h e present findings, it cannot be recommended t h a t t h e
use of fertilizers be discontinued nor can a n y particular one be more highly
recommended than another in the control of cadang-cadang. I t is suggested
t h a t t h e use of fertilizers be continued as a regular practice in coconut
culture, since fertilization is one of t h e basic principles of sound crop management. I t is likewise recommended t h a t use of fertilizers begin a t t h e seedling
stage of t h e crop.
On t h e other hand, t h e present results suggest therefore a continued
study of t h e basic fertilizer requirements of t h e coconut crop in t h e Bicol
Region. Only after a long-sustained program of research will it be possible
for t h e experimenters t o offer accurate advice on fertilization of t h e coconut crop in t h a t region.
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SUMMARY

Experiments on t h e effect of fertilizers in t h e control of cadang-cadang
were established in San Vicente, Camarines Norte in 1954 for a period of
five years.
Preliminary results demonstrated t h a t the incidence of cadang-cadang
increased despite t h e various treatments. The highest incidence of t h e disease
encountered during t h e two years of observation was in t h e N P K F T E
treated trees, while t h e lowest were equally shared b y t h e P K F T E a n d
N P F T E treated trees.
Control trees gave t h e highest mean yield while t h e lowest was N P K
treated plots. I n general all treatments means gave lower yields than those
of t h e control.
Although t h e use of fertilizers gave negative effect in increasing t h e n u t
production, yet there was apparent marked response in t h e vegetative
development of t h e crop.
RÉSUMÉ

Des expériences ont été mises en place en 1954 à San Vincente, Camarines
Norte, et poursuivies pendant cinq années, dans le b u t d'étudier l'effet des
engrais sur l'incidence du Cadang-Cadang du cocotier.
Des résultats préliminaires ont montré que l'incidence de la maladie
augmentait malgré les différents traitements appliqués. Au cours des deux
premières années d'observation, l'incidence la plus élevée fut constatée
chez les arbres traités au N P K F T E (Engrais enrichi en éléments mineurs),
tandis que les arbres traités au P K F T E et au N P F T E étaient les moins
atteints.
Les arbres de contrôle avaient le plus h a u t rendement moyen, et les rendements les plus bas étaient ceux des parcelles N P K . E n général, tous les
traitements donnaient des rendements moyens plus bas que les parcelles
de contrôle.
Quoique l'application d'engrais ait diminué la production de noix, elle
a eu un effet positif marqué sur le développement végétal des arbres.
ZUSAMMENFASSUNG

Über den Einfluss von Düngemittelanwendung auf die eventl. Beherrschung der 'Cadang-cadang'-Krankheit von Kokospalmen wurden (1954)
Versuche während einer Periode von 5 Jahren angestellt zu San Vicente,
Camarines Norte.
Die ersten Resultate demonstrierten dass die E r k r a n k u n g an Cadangcadang, den verschiedenen Behandlungen zum Trotz, zunahm. Die
höchste Zunahme der Krankheit während der zwei ersten Beobachtungs334
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jähre wurde bei den mit NPKFTE behandelten Bäumen gefunden, die
geringste bei den mit PKFTE und NPFTE behandelten Bäumen.
Unbehandelte Kontrolbäume gaben im Mittel den höchsten Ertrag;
den geringsten lieferten die mit NPK behandelten Parzellen. Im Allgemeinen lieferten alle Düngungen niedrigere Erträge als die ungedüngten Kontrolparzellen.
Obwohl also Düngung einen negativen Erfolg hatte in Beziehung zur
Ertragserhöhung, zeigte sich ein erheblicher Erfolg in der vegetativen
Entwicklung des Gewächses.
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NUTRIENT ELEMENT REQUIREMENTS FOR SEVERAL INBRED
LINES OF CORN
by
J. BENTON JONES, JR.*
INTRODUCTION

In the analysis of a large number of corn leaf tissues by the author (6),
it was noted that many lines have marked differences in their nutrient
element compositions. These lines could be classified as low, medium, or
high accumulators of specific elements. Those elements which showed the
widest variation among the lines were N, K, Mn and B, as compared to Ca,
Mg, P, Cu and Zn. Leaf content may not necessarily be an indication of the
line's nutrient element requirement but may reflect the influence of one or
several environmental factors. However, leaf content may indicate the
nutrient element requirement of the corn line. Sayre (8) noted a marked
interaction among a number of inbreds and the Mg content of the growth
media. Members of one group of inbreds grew equally well in either a low
Mg or high Mg solution, while another group failed to develop properly on
low Mg but grew normally in the higher Mg solution. Sayre was then able
to group these inbreds into three classes depending upon their response to
changing levels of Mg in the growth media, indicating that not all inbred
lines have similar Mg requirements.
The observations made by the author with regard to the leaf composition
of a number of inbred lines suggest that the nutrient element requirements
among some lines may be quite different. In order to test this hypothesis, a
series of preliminary experiments were undertaken in the greenhouse with
the main emphasis on the element K.
MATERIALS AND METHODS

All of the experiments were conducted in the greenhouse using gravel
cultural technique during the summer and spring months in order to avoid
periods of low light intensity. Plants were grown to the earing stage before
harvest, except as indicated in the discussion. Hoagland nutrient solutions
were used in all experiments (4). In every experiment, at least, one plant
of each inbred line was in each pot. Every experiment was replicated four
times. Nutrient solutions were changed weekly. When grown to earing, the
ear leaf tissue was selected for chemical analysis. In the short term experiments, the entire tops were analyzed. Samples for chemical analysis were
wet ashed with a mixture of nitric and perchloric acids. The K content of
the digest was determined flame photometrically. The N content of the plant
tissues was determined by Kjeldahl digestion using CuS0 4 catalyst. The
cation exchange capacity of the roots was determined by placing H saturated
roots into a solution of IN KCl and titrating the released H ions with a
standard base.
Lines selected for these experiments were ones which had been classified
as high or low accumulators from previous studies (6). Inbreds Pa 56 and
Ohio 43 were selected as representative of high K accumulators, while
inbreds Pa 26, Pa 11 and Ohio 07 were representative of low accumulators**.
* Ohio Agricultural Experiment Station, Wooster, Ohio.
** The author is indebted to Dr. Dollinger of the Ohio Agricultural Experiment
Station for graciously supplying the seed used in these experiments and to
Mr. Ray Rang for his assistance in the greenhouse.
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Hybirds (four-way crosses) Ohio W 64 and Ohio K 62 were used in two
experiments with the elements K and N, with Ohio K 62 being the lower
accumulator of these two elements.
RESULTS AND CONCLUSIONS

In the first experiment, inbreds Pa 56, Pa 29 and Pa 11 were grown in
nutrient solutions containing 19, 38 and 78 ppm K respectively. The response (increase in dry weight) to increasing levels of K is graphically
presented in Figure 1. Pa 56 responded markedly to the increase in K composition of the nutrient media while Pa 29 and Pa 11 did not. In previous
investigations (6), Pa 56 was classed as a high K accumulator while Pa 29
and Pa 11 were considered low accumulators. The lack of response by Pa 29
and Pa 11 would indicate the K level (19 ppm K) was sufficient for adequate
growth. Using a lower range of K solutions, Ohio 43 (a high K accumulator)
and Ohio 07 ( a low K accumulator) were grown in nutrient solutions
containing 2, 10 and 20 ppm K respectively. Although both responded
(increased in dry weight) significantly to the increasing level of K, the rate
of increase for Ohio 43 was significantly greater. In this experiment, the
plants were harvested 4 weeks after emergence. In the case of Ohio 07, the
yield curve would indicate that the K requirement of this line is about met at
the 20 ppm K level. A further increase in K would probably not result in any
additional significant response.
</)
E 200

• PA 56

r-

X
CD loo
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- —PA29
— «PAII

—19—JB—T5~

POTASSIUM, ppm
Figure 1. Change in dry weight for Pennsylvania inbreds, 56, 29 and 11, with
increasing level of K in the growth media.
In both experiments, the plant tissues were analyzed for K content. The
results are given on Tables 1 and 2. In all instances, the K content of the
leaf tissue increased with increased K level; however, the increments of
increase varied with kind of corn grown.
A number of investigators have suggested that the cation exchange
capacity of the roots of plants may influence the uptake of nutrient elements
and tissue concentration (2, 3, 5). The cation exchange capacity of the five
inbred lines used in this study were found to be essentially the same and
could not be related to the K uptake and responses observed in these
experiments. Several investigators have noted that the free amino acid
content of the leaf tissues of plants vary depending upon the K content of
the tissue (1, 7), and may be useful for evaluating K deficiencies. The tissues
from the plants used in this investigation are being analyzed for their free
amino acid content; however, the data were not available at this writing.
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TABLE 1. Percent K content of the ear leaf of three inbred lines grown at three
different levels of K in the growth media.
Composition
Nutrient Solution

Percent Plant Potassium

ppm K

Pa 11

Pa 29

Pa 56

19
38
76

.56
.62
1.03

.30
.33
.37

.53
.71
1.08

TABLE 2. Percent K content of the tops of two inbred lines grown at three different
levels of K in growth media.
Composition
Nutrient Solution

Percent Plant Potassium

ppm K

Ohio 07

Ohio 43

2
10
20

1.53
2.96
3.10

1.34
3.34
3.84

Using an interesting technique suggested b y Specht (9), two four-way
grosses, Ohio K 62 and Ohio W 64, were grown in nutrient solution of 10
different levels of K. The levels were 0, .5, 1, 1.5, 2, 5, 10, 50, 100 and 200
p p m K respectively. Ten plants of each hybrid were grown in a single pot
a t each of the K levels. All of the plants were harvested when the plants in
the 100 p p m K solution were approximately 12 inches high. The plants were
weighed individually and the K content of the top of the plant determined
individually. The results are presented graphically as a plot of dry weight
versus percentage plant K content (Figure 3). Each point represents the
mean of 10 observations. The general nature of the curves are essentially the
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£12
rX 6

OH 07

LU 3
2

10

20

POTASSIUM,ppm
Figure 2. Increase in dry weight for Ohio inbreds, 43 and 07, with increasing
level of K in the growth media.
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same; however, the curve for Ohio K 62 is shifted to the left. At similar dry
weights beginning at the left-hand of the curves, Ohio K 62 contained less
K than Ohio W 64. With increasing K in the nutrient media, Ohio K 62
began to decrease in weight at a lower K concentration than Ohio W 64.
One might conclude that Ohio K 62 would have a lower K requirement
than Ohio W 64. In addition, Ohio K 62 would be more sensitive to higher
K levels than Ohio W64.
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Figure 3. Relationship between dry weight and percent plant K for two Ohio
hybrids, K 62 and W 64, when grown at 10 different levels of K in the growth
media.
Ohio K 62 and W 64 also showed marked differences in N content of their
leaves when grown under similar environmental conditions in the field.
A greenhouse solution culture experiment was conducted similar to the one
given for K. Plotting dry weight versus percentage N composition of the
plant, no significant differences in the curves were noted. (Figure 4).
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Figure 4. Relationship between dry weight and percent plant K for two Ohio
hybrids, K 62 and W 64, when grown at 10 different levels of N in the nutrient
media.
All of the data presented has been gathered from greenhouse experiments
usually of short term duration. In order to determine if these differences are
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of practical agronomic significance, additional experiments need to be made
under field conditions. Such experiments are in progress.
The level of K in the plant m a y reflect the nutrient element requirement
of m a n y corn lines. If proved to be of agronomic significance this information
would be of value to the corn breeders when evaluating new lines for introduction.
In this paper, K was the element mainly under consideration. Additional
preliminary experiments with the elements N and Mn were also conducted
with only the one N experiment reported. The results obtained so far with
the N a n d Mn would indicate t h a t the levels of Mn and N found in the leaf
tissue are not related to the plant requirement as has been partially demonstrated for K in the reported experiments.
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SUMMARY

In previous investigations, a number of corn inbred lines grown under
similar environmental conditions were found to have differing nutrient
element contents in their leaf tissue. The nutrient elements exhibiting the
evident variation were K, Mn, B and N. The d a t a presented in this paper is
an account of a preliminary investigation to determine if the percentage
nutrient element composition of the leaf tissue is a reflection of the lines
requirement for t h a t particular element. This paper concerns itself mainly
with the element K.
When grown under similar environmental conditions, inbreds P a 56 and
Ohio 43 had higher leaf K contents t h a n inbreds P a 26, P a 11 and Ohio 07.
Growing these inbreds in solution culture, the growth of P a 56 and Ohio 43
were accelerated b y the increasing concentrations of K in the growth
medium. However, P a 29, P a 11 a n d Ohio 07 did not respond as markedly
to the same increasing levels of K. The cation exchange capacity of the
roots of these plants were determined but the plant's responses to K could
not be correlated with the cation exchange capacity of the roots.
Two four-way crosses, Ohio W 64 and K 62, were found to respond differently tochanging K concentrations in the nutrient media. Ohio K 62 develop340
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ed more rapidly at lower K concentrations than Ohio W 64, but decreased
in weight more sharply than Ohio W 64 at higher (excessive) levels of K.
These experiments were of short term duration and additional field studies
are needed to verify their agronomic significance. In general, for the element
K, level in the plant may be a reflection of the plant's requirement for this
element.
Additional studies involving the elements N and Mn are in progress.
One N experiment is reported. Indications are that the Mn and N level found
in the plant tissue is not a reflection of the plant's requirement.
RÉSUMÉ

Au cours d'expériences antérieures, il fut trouvé que les teneurs en
éléments nutritifs des feuilles d'un certain nombre de lignées endogames de
maïs étaient différentes, quoiqu'elles furent cultivées dans des conditions
de milieu similaires. Les éléments nutritifs dont la variation était la plus
évidente étaient le K, le Mn, le B et le N. Les données présentées ici concernent des recherches préliminaires ayant pour but de déterminer si le
pourcentage d'un certain élément nutritif dans le tissu foliaire reflétait les
besoins de la lignée vis-à-vis de cet élément particulier. Cette note est surtout consacrée à l'élément K.
Cultivées dans des conditions de milieu similaires, les lignées Pa 56 et
Ohio 43 avaient des plus hautes teneurs en K foliaire que les lignées Pa 16,
Pa 11 et Ohio 07. En conditions d'aquiculture, la croissance de Pa 56 et
Ohio 43 était accélérée par des concentrations croissantes de K dans les
solutions nutritives. Par contre Pa 29, Pa 11 et Ohio 07 ne réagissaient pas
d'une manière aussi marquée aux mêmes niveaux croissants de K. Les
capacités d'échange des racines de ces plantes furent déterminées mais ne
pouvaient être mises en corrélation avec la réactivité des plantes par
rapport au K.
Il fut trouvé que les croisements quadruples Ohio W 64 et K 62 réagissaient
de manière différente sur les variations des concentrations de K dans les
milieux nutritifs. Ohio K 62 se développait plus rapidement que le Ohio
W 64, aux concentrations faibles de K, mais son poids diminuait plus rapidement que celui du Ohio W 64 à des niveaux plus élevés (excessifs) de K.
Ces expériences ont été de courte durée et des expériences en champs seront
nécessaires pour vérifier leur signification agronomique. En général, on
peut dire que pour K, le niveau dans la plante peut être une reflection des
besoins de la plante en cet élément.
Des études complémentaires sur les éléments N et Mn sont en cours.
Une expérience sur N est signalée. D'après certaines indications, les niveaux
de Mn et de N trouvés dans les tissus végétaux ne seraient pas des reflections
des besoins de la plante.
ZUSAMMENFASSUNG

In früheren Untersuchungen von einer Anzahl von Zuchtlinien von Mais
unter gleichen äusseren Umständen aufgewachsen, wurde gefunden, dass
sie in ihrem Blattgewebe verschiedene Gehaltszahlen für Nahrungselemente,
besonders deutlich für K, Mn, B und N, aufwiesen. Die in dieser Arbeit
mitgeteilten Daten beziehen sich auf ein vorläufiges Studium um ausfindig
zu machen ob die Prozentzahlen der Nahrungselemente im Blattgewebe eine
Reflexion ist dessen, was die Zuchtlinien für diese speziellen Nahrungselemente verlangen. Diese Mitteilung beschränkt sich hauptsächlich auf das
Element K.
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Unter gleichen äusseren Umständen gehalten, h a t t e n die Zuchtlinien
P a 56 und Ohio 43 einen höheren K-Gehalt im Blatt als die Linien Pa 26,
Pa 11 u n d Ohio 07. Gewachsen in Kulturlösungen zeigten Pa 56 und Ohio 43
Wachstumsbeschleunigung durch vermehrte K-Konzentration im Wachstumsmedium; P a 29, P a 11 und Ohio 07 reagierten nicht so deutlich auf
dieselben K-Gehaltserhöhungen. Das Kationen-Auswechselungsvermögen
der Wurzeln all dieser Pflanzen wurde bestimmt, aber es konnte keine
Korrelation zwischen diesem Auswechslelungsvermögen und der Weise
wie die Pflanzen auf K reagierten, gefunden werden.
Die Vierwegkreuzungen Ohio W 64 und K 62 verhielten sich verschieden,
wechselnden Kalikonzentrationen in den Nährmedien gegenüber. Ohio
K 62 entwickelte sich bei niedrigen Kalikonzentrationen schneller als
Ohio W 64, blieb aber bei höheren (excessiven) Kalikonzentrationen
schärfer in Gewicht zurück im Vergleich zu Ohio W 64.
Diese Versuche waren von kurzer Dauer und ergänzende Feldversuche
zur Feststellung eventueller agronomischer Bedeutung sind nötig. I m
Allgemeinen dürfte für K der Gehalt in der Pflanze dem Bedürfnis an K
in der ganzen Pflanze entsprechen.
Weitere Studien, die Elemente N und Mn betreffend, sind im Gange.
Über ein N-Experiment wird berichtet. Anweisungen wurden erhalten, dass
die Mn- u n d N-Höhe im Pflanzengewebe nicht korreliert mit der Menge,
welche die ganze Pflanze für ihr Wachstum benötigt.
DISCUSSION

EDWARD H. TYNER: 1. As I understand, all plants were grown in water
culture media? 2. Was any trouble experienced in securing healthy plants?
3. Were there any striking differences when the results were expressed on a
percentage basis between inbreds?
J. BENTON JONES: 1. Yes, all of the plants were grown in water culture.
2. There were no. unusual difficulties in getting healthy plants. We had the
usual experiences one has when he experiments with inbred lines of corn.
3. Yes, there were. Those inbreds which were showing a lack of response (dry
weight) to K concent in the culture solution were also showing no marked increase in the K content of plant tissue, even though the nutrient solution
concent of K was increasing.
N. M. NIMGADE: What genetic factors may be responsible for the marked
variation in the composition of nutrient elements found in these inbred lines of
corn?
J. BENTON JONES: The biochemical reactions requiring K may be quite
different from one inbred to another. I believe several investigators in the U.S.A.
are looking into this possibility. At the present time, the genetic factors are not
known.
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R E C H E R C H E S R E L A T I V E S A L ' I N F L U E N C E DU BICARBONATE
D E POTASSE SUR L E S SOLS
par
J.

GARAUDEAUX ET G. DE BEAUCORPS

Société Commerciale des Potasses d'Alsace, Mulhouse, France
INFLUENCE GENERALE DES ENGRAIS POTASSIQUES SUR LES SOLS

Les sels de potassium actuellement utilisés comme engrais (chlorure,
sulfate, nitrate et plus récemment, bicarbonate) sont tous des sels très
solubles; leurs propriétés ne peuvent donc se différencier sensiblement par
ce facteur, mais plutôt par l'action des anions qu'ils comportent. Ces anions
peuvent avoir une influence directe sur les plantes dans la mesure où ils
sont absorbés et peuvent jouer un rôle, favorable ou défavorable, dans le
métabolisme de celles-ci. Ils peuvent aussi avoir une influence indirecte par
l'action qu'ils exercent sur les différents ions de la solution du sol et c'est
essentiellement de cette action sur le sol lui-même que v a traiter cette
étude.
Après dissolution dans la solution des sols, K est rapidement échangé et,
dans la majorité des sols, où l'ion Ca est l'ion prédominant sur le complexe
absorbant, le sel apporté est 'converti' en sel calcique correspondant.
Lorsque le complexe absorbant est très désaturé, le sel donne naissance
à l'acide correspondant.
Lorsque le sel calcique formé est très soluble, par exemple, Cl2Ca, il
passera plus ou moins rapidement dans les eaux de drainage, mais, entre
temps, il aura momentanément accru l'activité des ions Ca de la solution
du sol, ce qui peut avoir des conséquences sur l'activité de certains anions,
notamment celle des anions phosphoriques et peut-être sur certaines
réactions microbiennes.
Lorsque le sel calcique correspondant est peu soluble, ou qu'il est instable,
l'apport d'un sel potassique doit peu modifier l'activité des ions Ca de la
solution du sol. C'est le cas du bicarbonate, le bicarbonate de Ca étant
peu soluble et l'ion bicarbonique pouvant être éliminé complètement en
milieu acide. On peut donc espérer, avec ce sel, ajouter K sur le complexe
absorbant au lieu d'échanger K contre Ca et amener ainsi une restauration
progressive du sol peut-être plus profitable qu'une recalcification périodique
plus brutale. Les résultats d'essais conduits à la Station Agronomique
d'Aspach viennent d'ailleurs le confirmer.
RECHERCHES

PAR

PERCOLATION

Dans des essais en vases de végétation comportant l'apport de divers
engrais potassiques, on a réalisé un drainage contrôlé avec collecte et analyse
des percolats.
Le tableau ci-joint exprime les quantités globales d'éléments fertilisants
lessivés pour l'une des expériences effectuées; presque tous les cations sont
passés dans les premières eaux de drainage accompagnant les anions Cl
et S0 4 . On peut y constater à quel point l'économie de cations est import a n t e avec usage du bicarbonate, surtout pour les terres ayant u n complexe
absorbant bien défini (Aspach) tandis qu'avec les terres très sableuses, il
passe toujours, même avec de l'eau pure, une assez grande quantité de
cations sans doute liés aux colloides organiques qui migrent.
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Lessivage global de Ca, Mg, K et H e« fonction de la nature des terres et des sels
potassiques
(Aspach 1958)
m.éq./pot renfermant — Aspach:
5,4 kg sol sec
— Bretagne: 4,0 kg sol sec
Terre d'Aspach

Chlorure
Sulfate
Bicarbonate

Ca

Mg

K

15,52
16,76
3,32

2,26
2,16
0,36

0,26
0,46
0,37

H

Terre acide de Bretagne
T

Ca

18,04 14,96
19,38 11,36
4,05 7,52

Mg

K

3,72
3,12
1,72

5,59
4,55
3,44

H

r

0,57
0,46 19,'
0,06 12.'

— Terre d'Aspach, Loess lehm légèrement acide, pH 6,2 — Capacité d'échange \i m.
pour cent — Taux de saturation 65 %
— Terre acide de Bretagne, p H 5, CaO 0,65 °/oo
Culture d'orge Rika
Drainage de 75 mm réalisé en 45 jours
Apport de 21,2 m.éq K/pot (1000 mg K 2 0)
P 2 Ô 6 uniformément du bicalcique
Ces résultats ont été confirmés au laboratoire sur colonnes de terres
en utilisant des terres très diverses de France ou d'Afrique et des doses
très variables de sels potassiques. La plupart du temps, le bicarbonate
de potasse n'a occasionné que des pertes de cations très faibles par rapport
à celles obtenues avec les autres sels potassiques.
Généralement, l'économie porte essentiellement sur les ions Ca mais
dans les sols sableux ou latéritiques, où les ions K peuvent subir un lessivage
Apport P2Û5 =
70,6 mg du bicalcique/300 g de sol
P2O5
109,5
Carbonate
80,5
20
Bicarbonate
Carbonate

Sans apport
mg/l P205
solubilisé 20

Bicarbonate

15

10
Sulfate

"""Chlorure
B

'**:5i-!«».nfc
50

Sulfate
Chlorure
500 m.éq.K
ajoutés

2'

5

50 500 m.éq.K
ajoutés

Fig. 1. Solubilisation du P 2 0 6 suivant la nature du sel de potasse
Limon neutre (pH = 6,7) — Ablis (Seine & Marne)
Agitation de 300 g de sol sec avec 1 1 de solution — Dosage du P 2 0 6 dans le filtrat.
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notable, l'économie due à l'emploi du bicarbonate porte aussi sur le potassium lui-même.
On obtient d'ailleurs un résultat analogue avec tout sel de potassium
dont l'anion n'est pas susceptible d'être entraîné. C'est, par exemple, le
cas des phosphates de potasse notamment. Des recherches effectuées
à Aspach l'ont prouvé confirmant ainsi les résultats des expériences de Ayres
et Hagihara (1953).
RECHERCHES PAR AGITATIONS

On sait depuis longtemps que la solubilité des phosphates est d'autant
plus grande que l'activité des ions Ca de la solution est plus faible. Les
t r a v a u x de Lehr et Van Wessemael (1952) ont d'ailleurs très bien illustré
cette action de l'ion calcium.
Nous avons par analogie effectué des recherches par agitation de sols
diversement enrichis en phosphate et en différents sels de potassium,
recherches qui ont permis d'aboutir aux conclusions suivantes:
Aux faibles concentrations, tous les sels de potassium occasionnent
une légère diminution de la solubilité des ions phosphoriques mais au-delà
d'une certaine concentration, correspondant à celle où du carbonate ou
bicarbonate de potassium subsiste dans la solution du sol, cette solubilité
croît énormément, comme le montre la figure ci-jointe.
Ainsi, si l'on peu admettre que le bicarbonate présente avec les phosphates une interaction analogue à celle des autres sels potassiques lorsqu'il
est épandu uniformément, il semble par contre qu'il pourrait présenter de
nombreux avantages s'il était localisé, ou granulé avec des sels phosphatés.
Des résultats obtenus en vases de végétation ont pu étayer cette affirmation
ainsi d'ailleurs que les travaux antérieurs de Starotska et Hill (1955).
Cette action de l'ion bicarbonate sur la solubilisation des phospates est
d'ailleurs un fait si couramment observé que Olsen (1954) a proposé une
méthode d'extraction du phosphore du sol par agitation avec du bicarbonate
de sodium.
CONCLUSIONS

Ainsi les essais poursuivis au laboratoire et dont les résultats ne peuvent
être ici que très brièvement mentionnés, ont permis de définir certaines
conditions d'emploi du bicarbonate de potasse:
Apport régulier au sol dans les sols neutres ou acides pour réduire les
pertes de cations d'autant plus précieux que le sol est plus acide.
Apport en localisation avec des engrais phosphatés pour augmenter
l'activité de ces derniers sels.
Apport en couverture dans certains cas, d'autant plus que ce sel n'apporte
aucun anion toxique pour les plantes.
Une communication présentée à la Commission IV permet d'ailleurs de
constater déjà quelques résultats culturaux obtenus à ce sujet.
BIBLIOGRAPHIE

1. AYRES A. S. et H. H., HAGIHARA 1953. Effect of the anion on the sorption
of potassium by some humic and hydrol humic latosols. Soil Science — vol.
75, no. 1 — 1953.
2. LEHR J. J. et J. CR. VAN WESEMAEL 1952. — The influence of neutral salts
on the solubility of soil phosphates — Journal of Soil Science — vol. 3 —
no. 1, 1952.
3. OLSEN S. R. et al. 1954 — Estimation of available phosphorus in soils by
extraction with sodium bicarbonate (U.S. Dept. Agr. Cir. 939) —• 1954.
4. STAROTSKA R. W. et W. L. HILL 1955 — Influence of soluble salts on the
solubility of and plant response to dicalcium phosphate — Soil Science Soc.
Proc. pp. 194 à 198 — 1955.
345

IV.44
RÉSUMÉ

Des recherches effectuées en vases de végétation et au laboratoire ont
eu pour but d'étudier l'influence du bicarbonate de potassium sur le sol.
Elles ont prouvé que ce sel occasionnait une très forte économie de cations
échangeables par rapport à l'utilisation des autres sels de potassium couramment utilisés en agriculture. D'autre part, à tout endroit où se trouve une
concentration notable de ce sel, l'activité des ions calcium décroît fortement,
d'où une très forte augmentation de la solubilisation des phosphates.
SUMMARY

Experiments done in the laboratory, of which only a brief mention is
made, have defined certain conditions for the use of potassium bicarbonate.
Regular application to neutral or acid soils to reduce losses of cations,
this being more valuable the more acid the soil.
Placed application with phosphate fertilizers to increase the activity of
the latter.
Top-dressing in certain cases, especially as this salt does not have an
anion toxic to plants.
In a communication to Commission IV several cultural results obtained
with this material are presented.
ZUSAMMENFASSUNG

Untersuchungen mit Vegetationsgefässen und im Laboratorium hatten
zum Zweck, den Einfluss von K-bikarbonat auf den Boden zu studieren.
Sie haben bewiesen, dass dieses Salz im Verhältnis zu der Ausnutzung anderer, durchläufig in der Landwirtschaft gebrauchter Kalisalze eine grosse
Ersparung an auswechselbaren Kationen verursachte. Andererseits nimmt
überall wo sich eine erhebliche Konzentration dieses Salzes befindet, die
Aktivität der Ca-ionen bedeutend ab, was eine sehr starke Erhöhung der
Phosphatlöslichkeit mit sich bringt.
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NUTRIENT UPTAKE AND GROWTH AFTER FOREST
FERTILIZATION IN SWEDEN
by
CARL OLOF TAMM

The Forest Research Institute of Sweden, Stockholm 51
Fertilizer experiments laid out since 1910 on drained peatland (1) and
since 1922 on mineral soil (2) have produced results that clearly indicate
the importance of nutrient supply for forest growth in Sweden. Fig. 1
presents a case where an exceptionally strong effect has been obtained
after ammonium nitrate application on mineral soil. Other experiments
show that, though strong, this effect cannot be expected to last more
than 10 to 12 years (4).
Table I presents the results from a recent experiment in a chlorotic stand
on drained deep peat where potassium fertilization has cured the disease.
Absolutely and relatively, growth, too, increased strongly after potassium
addition and still more after addition of both potassium and phosphorus (5).
TABLE

1. Growth achieved after application of mineral fertilizers on drained deep
peat. Experiment No. 881. Stand: birch (Betula pubescens) with Norway
spruce undergrowth.
Stand after thinning 1955

Element applied
(December 1953)
kg/ha

No
100 P
100 K
100 P + 100 K

Mean
diameter
cm

Mean
height
m

10.6
10.6
10.5
11.0

10.1
9.8
9.4
10.2

Number Volume
of
m3
stems
per ha
1947
1624
1775
1973

80.9
65.6
68.4
90.1

Annual volume
increment
1955-1959
m 3 /ha

per cent

1.8
1.4
3.6
5.4

2.1
2.0
4.7
5.4

During the last ten years a number of fertilizer experiments have been
laid out in various parts of Sweden, mostly on mineral soil. Most of the
experiments have a rather simple design: one or more control plots, one
plot with nitrogen (usually as nitrochalk), one plot with phosphorus and
potassium, and one plot with both nitrogen and minerals. Often one or
more plots with lime (with or without nitrogen addition), too, are included.
These experiments are carried out jointly by the Department of Forest
Yield Research and the Department of Botany and Soils at the Swedish
Forest Research Institute. More differentiated experiments have also been
laid out, mostly on peatland and in young plantations.
Part of the fertilizer experiments on mineral soil has now been revised
(4) and the results generally indicate a positive effect of nitrogen. Yet, the
increase in relative growth has been smaller than that found in Romell's
experiment, usually between 10 and 60 per cent according to measurements
on increment cores. The effects of phosphorus, potassium and lime have
been small in the experiments now revised, at least for the first five years.
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In connexion with the revisions we have tried to clarify some potential
problems associated with large scale applications of commercial fertilizers in
forestry. Thus the nutrient uptake of the stands has been studied by foliar
analysis (Fig. 2).
Figure 2 first shows considerable annual variations in nutrient content
not only in the fertilized plots but also in the control plot. This variation
of course limits the use of foliar analysis for determining the nutrient status
of stand. However, it is clear from the Figure 2 that nitrogen addition has
increased the concentration of nitrogen in the needles and there is also a
tendency to an increased concentration of phosphorus on plots fertilized with
phosphorus. In the case of potassium the effects of fertilization are not so
clear. Trees in the two lime plots have the highest concentrations of calcium
in the needles at the end of the experimental period. It should be mentioned
here that ten sample trees from each plot are expected to give rather good
estimates of the levels of nitrogen and phosphorus, whereas a larger number
is required to obtain the same accuracy in the case of potassium and calcium
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Fig. 1. Basal area increment obtained after fertilization in an old conifer forest
in northern Sweden. Ace. to Romell (3).
Fig. 2. Annual variation in the nutrient content of well-exposed current spruce
needles collected from 10 sample trees in each plot. (Expt. No. 871, Middle
Sweden). All values represent dry weight in per cent. For treatments, see Table II.

Soil samples for chemical analysis have been collected from some of the
experiments at the end of the first experimental period. Table II presents the
results of soil analyses from Expt. No. 871. Each figure in the table is an
average based on about 20 samples taken with a soil auger. The table shows
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TABLE I I . Results of soil analyses in Experiment No. 871. Samples collected in September 1958. P A1 and KA1 represent P and K
extracted by means of ammonium lactate solution (pH = 3.75). PHCI an^ ^HCI rePresent P ana" K extracted by means of
hot 2N hydrocloric acid.
1

Horizon

2

3

4

5

6

Air dry
weight

Loss on
ignition

Total N

PAi

g/dm 2

per cent
per cent of loss on ppm of 3 ppm of 3 ppm of 3 ppm of 3
of 3
ignition

Treatment

P

7

8

HC1

KA1

K

9

10

11

HC1

Conductivity

pH

K 2 O°-10- 4

H20

KCl

A„

Lime, N x 1
Lime, N x 2
PK
PK, N X 2
N X2
No

78.0
60.0
58.6
59.4
50.1
64.3

55.6
56.8
53.0
60.7
62.2
66.7

1.70
1.73
1.91
1.75
1.85
1.79

69
65
110
102
68
86

318
355
616
494
413
435

477
470
550
388
526
632

595
618
851
520
755
889

3.6
3.7
1.5
1.4
1.7
1.9

6.4
6.4
4.6
4.3
4.2
4.2

6.1
6.2
3.8
3.5
3.5
3.2

Ax

Lime, N x 1
Lime, N x 2
PK
PK, N X 2
N X 2
No

322
261
292
270
273
275

10.0
11.8
10.6
8.8
11.7
12.8

2.05
1.91
2.18
2.16
2.18
2.28

25
21
61
69
18
16

107
137
413
301
141
148

62
75
88
86
101
104

423
525
829
449
799
785

0.4
0.4
0.45
0.45
0.55
0.5

4.6
4.8
4.3
4.5
4.2
4.1

3.7
3.8
3.5
3.4
3.4
3.2

mg/dm 2

mg/dm 2

59
57
157
111
59
69

57
48
58
46
54
69

g/dm 2

A„+Ax

Lime, N X 1
Lime, N x 2
PK
PK, N x 2
N X2
No

400
321
351
329
323
339

g/dm 2
76
65
62
60
63
78

mg/dm 2
1400
1180
1270
1150
1280
1570

Lime = 10000 kg CaC0 3 /ha, applied in October 1954.
N x 1 = 100 kg N/ha, applied in May 1957 as nitrochalk.

mg/dm 2
13
10
24
25
8
10

mg/dm 2 |
182
174
292
153
256
273

N X 2 = N X 1, with an addition of 100 kg N/ha in Oct. 1954
as ammonium sulphate.
P K = 100 kg P/ha and 185 kg K/ha as "potassium superphosphate", applied in Oct. 1954.

IV.45
high values for phosphorus (both 'easily soluble' and acid extracted) in
both the A0 and the A1 horizons on the PK-plots four years after treatment.
No traces of the additions of nitrogen (200 kgs/ha) and potassium (185 kgs/
ha) can be found in the soil analyses. This is not surprising, however,
because the total amount of nitrogen in the A0 and Aj horizons exceeds
1100 kg per hectare in all plots and the amount of potassium would be of
the same order were deeper horizons to be represented in the soil analysis.
The effect of Urning is evident from the conductivity and the pH-values
of the A0 horizon, but A1 is not much affected after four years.
Attempts have also been made to measure the total dry weight and the
nutrient content in some of the experimental stands in a similar way as
Ovington (7) and Wittich (8). A certain number of sample trees representing
the whole diameter range are felled and each sample tree is divided into
trunk, living crown and dead branches. These parts were weighed in the
field. Representative samples are then taken to the laboratory for determinations of dry weight percentage, ratio between bark and wood and
ratio between needles and branches, respectively. The parts are then
analysed chemically. Fig. 3 shows the relationship between the dry weight
of various parts of each sample tree from Expt. No. 871 and the trunk
volume.

•
O

Bark
Living brancha*

i
i

- Ngadlas
-• Daad branches

Fig. 3. The relationship between the dry weight of various parts of 15 sample
trees from Expt. No. 871, and trunk volume over bark. Measured in September
1958.
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TABLE I I I . Dry weight and nutrient content of the stand, and of the annual trunk growth in Experiments Nos. 871 (Province of Värmland, Middle Sweden) and 883 (Province of Holland, South Sweden).
Expt. No. 871 : 208.3 m 8 /ha Norway Spruce
(Measured in Sept. 1958. Age 58 yrs.)
Part of the trees

Wood
Bark
Living branches
Needles
Dead branches
Total
Increase due to
change in
concentration in the
needles on Nfertilized plots
Annual trunk
growth (wood + bark)
no N applied

Expt. No. 883 : 287 m 3 Norway Spruce
(Measured in Sept. 1959. Age 52 yrs.)

Kgs per hectare (in stand above ground)
D.W.

N

78700
6500
14300
9100
2600

39.4
23.5
59.9
90.8
9.2

111200

2972
3

(7.3m /ha)

K

Ca

D.W.

N

4.4
3.5
7.7
15.3
0.9

35.4
16.4
28.5
56.3
1.8

52.8
67.4
62.8
76.3
10.5

96400
9400
15600
10800
3300

60.8
47.9
73.5
128.0
7.8

6.5
5.4
8.6
20.3
0.6

222.8

31.8

138.4

269.8

135500

318.0

41.4

+ 17.8

+ 1.0

+ 4.3

-3.0

1.8

4.2

2.2

P

0.3

4970
3

(13.5m /ha)

P

K

Ca

Mg

42.0
23.4
26.6
48.9
1.0

52.0
56.3
43.8
49.9
4.9

10.6
7.0
8.1
9.1
0.5

141.9

206.9

35.3

+ 15.2

-4.1

-1.2

-1.0

+ 0.7

5.2

0.6

3.1

6.7

0.8
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In Table I I I t h e d a t a from fig. 3 a n d the chemical analyses have been
combined to give t h e total nutrient content of t h e stand. Comparable d a t a
from another experiment in South Sweden have also been included; t h e
site of this experiment is very favourable for Norway spruce, and t h e
growth increase after fertilization has been small (10 per cent or less).
I t can be concluded from Table I I I t h a t only a small portion of t h e
nutrient addition is fixated in t h e trunk even if t h e trunk growth increase
is great. A larger amount of t h e nitrogen addition is relocated in t h e crowns
which exhibit high nitrogen concentrations on t h e N-plots. Some of t h e
experiments apparently show an increase in crown density on t h e N-plots
but this effect is not very evident in the d a t a from E x p t . Nos. 871 a n d 883.
Thus, it appears as if only a relatively small proportion of t h e plant
nutrient addition is used bythe stand. Nevertheless, if t h e growth effect is
strong a n d long-lasting, t h e practical implications of t h e low utilization
would be of minor importance. According to our present experience,
however, t h e effect of artificial nitrogen application is not a very longlasting one (cf. however 9). I t would therefore be of great value, if it could
be confirmed whether treatments with ammonia, or chemicals t h a t release
ammonia (urea, calcium cyanamide), will improve t h e humus quality and
thereby t h e nitrogen mobilization for a long period also under Scandinavian
conditions. Many sites in northern Sweden, however, have a low content
of organic m a t t e r in t h e A and B horizons (by area), and t h e addition of
nitrogen is expected to produce b u t a weak effect in such cases. Repeated
light aerial applications m a y improve t h e utilization of t h e nutrient additions in the stand.
With regard to peatland, t h e d a t a in Table I I I , as well as earlier d a t a (10),
confirm t h a t t h e amounts of minerals necessary to build u p and maintain a
well-growing stand are moderate. Where t h e composition of peat a n d t h e
climate favour nitrogen mobilisation after draining, fertilization m a y often
p a y in stands that are deficient in one or more mineral nutrients. Even if
only a small portion of t h e nutrient addition is used b y t h e stand immediately, long-term experiments show t h a t the level of mineral nutrients can
be raised for several decades b y a single treatment (1, 11).

REFERENCES

1. MALMSTRÖM, C , 1935: Über die Bedeutung der Nährstoffbedingungen für
das Waldproduktive Vermögen der Torfböden. — Meddeland. Statens skogsforskn. Inst. Stockh. 2 8 : 571—650.
2. ROMELL, L. G., & C. MALMSTRÖM, 1945: The ecology of lichen-pine forest.
Experiments (1922—42) by the late Dr. H. Hesselman. — Meddeland.
Statens skogsforskn. Inst. Stockh. 3 4 : 543—625.
3. ANONYMOUS, 1953: Skogsforskningen har ordet. -—Skogen 4 0 : 29—30.
4. TAMM, C. O., CH. CARBONNIER & N. HAGBERG, 1960: Recent results of

5.
5.
7.
8.

352

fertilizer experiments in Swedish forests. V. World Forestry Congress.
Section I. Seattle.
TAMM, C. O., 1956a: The effects of supply of potassium and phosphorus to a
poor stand on drained peat. -— Meddeland. Statens skogsforskn. Inst.
Stockh. 46(7).
TAMM, C. O., 1956b: The effects of supply of plant nutrients to a forest
stand on a poor site. —Meddeland. Statens skogsforskn. Inst. Stockh. 46(3).
OVINGTON, J. D., 1957: The volatile matter, organic carbon and nitrogen
contents of tree species grown in close stands. — New Phytologist 5 6 : 1—11.
WITTICH, W., 1958: Auswertung eines forstlichen Düngungsversuches auf
einem Standort mit für weite Gebiete Deutschlands typischem Nährstoffhaushalt. — Ruhr-Stickstoff Ag., Bochum, p. 1—48.

IV.45
9. CHANDLER, R. F. Jr., 1943: The influence of nitrogenous fertilizer on the
growth and seed production of deciduous forest trees. — Proc. 2nd Ann.
Meet. National Joint Committee on Nitrogen Utilization. Cincinnati, Ohio.
10. MESHECHOK, B., 1957: Arbeidshypotese for gj^dsling av myr til skogproduksjon. — Meddeland. fra Det norske Myrselskap 3 : 1—-16.
11. TAMM, C. O., 1951: Chemical composition of birch leaves from drained mire,
both fertilized with wood ash and unfertilized. — Sv. Botanisk Tidskrift 4 5 :
309—319.
SUMMARY

Fertilization experiments in Sweden are reported to show a positive
effect of nitrogen in forests on mineral sites. Stands growing on drained
peatland often respond to application of phosphorus and potassium.
Further work has been devoted to show the extent to which the nutrient
applications are used b y the stand. Nutrient concentrations in the needles
increase after fertilization, b u t measurements of the total nutrient content
of stands show t h a t only a small portion of the element additions is used b y
the trees. A large amount of the applications of phosphorus and calcium
can be relocated in the top soil four years after treatment. This does not
apply to nitrogen and potassium. Some implications of importance for t h e
practical use of commercial fertilizers in forestry are discussed.
RÉSUMÉ

Des expériences d'engrais sur forêts, effectuées en Suède, ont montré u n
effet positif des engrais azotés sur des sites fort dépourvus de matières
organiques. Des plantations établies sur tourbières drainées profitent
souvent d'applications de phosphore et de potassium. On s'est également
efforcé à rechercher en quelle mesure les éléments nutritifs apportés sont
utilisés par les arbres. Suite à l'application d'engrais, la concentration en
éléments nutritifs dans les aiguilles augmente, mais les mesures des teneurs
totales en éléments nutritifs pour la plantation entière montrent qu'une
faible portion seulement des engrais apportés fut utilisée par les arbres.
Une grande partie du phosphore et du calcium peut être retrouvée dans le
sol de surface quatre années après l'application. Ceci n'est pas le cas pour
l'azote ni pour le potassium. L'auteur développe enfin quelques considérations qui ont leur importance pour l'utilisation pratique d'engrais
commerciaux.
ZUSAMMENFASSUNG

E s wird über schwedische Düngungsversuche u m den positiven Effekt
von N in Wäldern auf Mineralböden zu zeigen, berichtet. Waldbestände
auf dräniertem Moorgebiet reagieren oft auf Anwendung von P u n d K.
Ferner fanden Bemühungen s t a t t u m festzustellen inwiefern die angewendeten Düngermittel vom Bestand ausgenützt wurden. Nach der Düngung
nimmt in den Nadeln der Gehalt an Nährstoffen zu, aber Bestimmungen
des Total-Nährstoffgehaltes der Bestände zeigen, dass nur ein kleiner Teil
der verabreichten Elemente von den Bäumen benutzt wird. Ein grosser
Teil von gegebenen P und Ca kann vier J a h r e nach der Zugabe im Oberboden zurückgefunden werden. Dies gilt nicht für N und K. Einige wichtige
Folgerungen für den praktischen Gebrauch von Handelsdüngern in der
Forstwirtschaft werden näher besprochen.
DISCUSSION

MAARTEN L. DE VRIES: In your results reported on the foliar analysis, did
you take into consideration the time of collecting during the years of testing ?
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Foliar analysis can be a tool in research if it is correlated towards a curve taking
into consideration the changing contents of nutrients during the year and the
position of sampling on the tree.
C. O. TAMM: All the foliar analyses reported are based on samples collected
at the end of the vegetation period, when changes in composition with time are
small. As the samples have been shot down from about 20 m. high trees, a
particular foliage could not be sampled, but our results indicate that the sampling error for N and P percentages would be well below 5 per cent, if 10 trees
are sampled. It is quite clear that the foliage nutrient concentration can change
from one autumn to the next.
PAUL J. ZINKE: 1. What effect did the fertilization have on regeneration in
the stand? 2. Was there any change in the amount of rot in the stand that was
fertilized?
C. O. TAMM: 1. Regeneration is hardly possible beneath a dense stand in this
site. However, seedlings were common on all plots. 2. In the stand described,
the rot distribution was too irregular to make an evaluation of fertilizer influences possible.
E. L. STONE: Question about distribution of added nitrogen within wood
branches and foliage stand.
C. O. TAMM: We have so far found changes in composition of the foliage only,
but I believe that we in some plots will find increased amounts of branches and
needles in addition to the increased needle content. It appears as if the part of
the added nitrogen which really is used by the trees is that stored in their needles.
JOHN HACSKAYLO: DO you think that the addition of nitrogen, potassium and
phosphorus caused an imbalance in nutrient content of the wood which made
it more succeptable to fungal rot?
C. O. TAMM: We believe that the infection of rot (in south Sweden mostly
Fomes annosus) is governed mainly by other factors than wood nutrient concentration, e.g. stump infection and occurrence of root-graffings. Yet increased
rot frequency has been reported from liming experiments, and in certain of our
experiments, we follow the rot frequency by periodical borings.
WILLIAM F. MIERKE: IS it a general opinion that the faster the growth the
poorer the quality of the lumber? Have you had any studies with fertilization
on quality?
C. O. TAMM: In the experiment described, the wood density of increment
cores was studied. The result was that the dry matter production did not
increase quite as much as the volume production. In other cases, we have found
very little difference between the increase in volume production and dry matter
production.
LYLE E. NELSON: The amounts of nutrients fixed in the trees annually were
small. What were the total demands of the trees on the site for nutrients?
C. O. TAMM: Under the assumption that about 1/6 of the needles are shed
annually, and that a smaller proportion of branches, bark and roots are shed,
the order of magnitude of the annual uptake would be 20 kgs N/ha.
G. MILLETTE: Has some one tried to make N available to forest trees by
means of N-fixing species such as alders, black locust, etc.?
C. O. TAMM: Use of N-fixing species, particularly lupines, is a common practice
in Middle Europe. Often some mineral fertilizers are needed to establish these
species.
PAUL J. ZINKE: In the stand with 220 kg/ha of nitrogen, what was the
approximate amount in the total site, soil plus vegetation, or what are some
approximate values in this area?
C. O. TAMM: In the experiment described, we have only studied the total
N content of the A0 and Ax horizons. I would not expect the amount of N in
lower horizons to be very high here, but in many podzol profiles we have found
more N in the B horizon than in A0 -f- A.». The amount of N in ground vegetation
cannot be expected to be very high here, but its contribution to the litter fall
may be of some importance. The total N content in stand, vegetation and rooting
zone (50 cm depth would be enough here) is probably of the order 3.000 kgs/ha.
354

7 T H I N T E R N , CONGRESS O F SOIL SCIENCE, MADISON, w i s e , U.S.A.., 1960

IV.46

EFFECT OF FERTILIZATION AND WEED CONTROL ON THE
ESTABLISHMENT, SURVIVAL AND EARLY GROWTH OF SPRUCE
PLANTATIONS *
by
DONALD P. WHITE**
INTRODUCTION

During the past twenty years there has been a reorientation of the
American reforestation program. Private plantings by both small owners
and the forest industries has assumed a much greater significance. A great
deal of this effort has been by tree farmers with an eye to the short rotation
Christmas tree market. Scotch pine (Pinus sylvestris L.) has been the
outstanding choice of these growers. More recently Scotch pine is losing some
of its popularity to the slower growing spruce. A variety of reasons are
responsible for this trend including difficulty in obtaining certified Scotch
pine seed sources, insect problems, consumer demand and the preference
for a somewhat larger rotation species to qualify under requirements of the
U. S. Government's 'soil bank' program. Of equal importance is the current
interest of large pulpwood companies, particularly in the Lake States Region
of the United States and Canada in the planting of spruce on their own
lands. White spruce (Picea glauca (Moench) Voss) is the primary species
in these industrial forest plantations. Some companies in Wisconsin and
Michigan are planting over one million spruce trees per year and there is
good evidence that this trend will continue. The superior quality and yield
of spruce pulp for paper products makes establishment costs up to as much
as $ 90 per acre on industrial lands a feasible investment in order to insure a
continuous supply of satisfactory pulpwood for those mills producing high
quality papers.
Planting spruce represents higher production and planting costs than the
faster growing pines. Moreover, spruce site requirements are more critical
and competition from weeds can be a serious problem to survival and
growth. Spruce plantations on infertile and also on fertile sites with heavy
weed growth have characteristically shown stagnation or 'check'. In extreme
cases planted spruce has remained barely alive on such sites growing only
a foot or so in 15 — 20 years. The use of fertilizer to bring spruce out of
check on infertile sites is well known in the European literature (Duchafour,
1950; Leyton 1958; Weatherell, 1953). In most cases the solution has
involved treatments which improved the nitrogen nutrition (Tamm, 1958).
In America severe stagnation of spruce has usually been associated with the
potash deficient glacio-fluvial soils of the Northeast (Heiberg and White,
1951 and LaFond, 1958). Mowing and cross cultivation have been used by
American tree farmers to overcome the heavy weed competition on the
more fertile soils.
* Contribution from the Department of Forestry, Michigan State University,
East Lansing. Journal Paper No. 2664, Mich. Agr. Exp. Sta. G. L. Lowry and
G. Schneider assisted in establishment and measurement of field plots. Dr. J. B.
Genys assisted in field work and statistical analysis of data. This study was
financed in part by a grant-in-aid from the Nitrogen Division of Allied Chemical
Company. The Geigy Chemical Company, and Mora Chemical Company furnished some of the materials used in these trials.
** Associate Professor of Forestry.
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Fertilization of spruce after long periods of check, even if successful
represents a considerable expense as well as an irreplaceable loss in rotation
time. Mowing and cross cultivation although successful in controlling weeds
is prohibitively expensive except under ornamental nursery or intensive
Christmas tree fanning. Up to the present chemical weed control in spruce
plantations has not been used because of the danger of injury to the trees
by the herbicides available.
This study was designed to test several new approaches to the weed
control-fertility problem in spruce plantations. Fertilizer composition and
placement coupled with the proper method of chemical weed control are
the keystones of this investigation.
The soils were coarse textured on all of the study areas and not high
quality spruce sites. This choice was deliberate to test effectiveness of
treatments under adverse growing seasons. Moreover, there is a large
acreage of these sites on which spruce will probably be planted and practical
silvicultural answers are needed to avoid widespread failure.
EXPERIMENTAL

Fertilization and site preparation
In an exploratory study on fertilizing and site preparation at the time of
planting, graded spruce transplants from the same nursery were planted
in split plot, Latin square design; on a well drained sandy soil (Plainfield
series) in the spring of 1958. This experiment included the following combinations of species, methods and measurements:
TABLE 1

Species
(1) White spruce
(2) Norway spruce
(Picea abies
(L.) Karst.)
(3) Colorado blue
spruce (Picea
pungens,
Engelm. )

Site Preparation
(1) Cultivation of
planting strip
(24" wide)
(2) Plowing a furrow
and planting in
furrow bottom

Treatments

Measurements

(1) i oz. of 12-6-12
in planting hole

(1) Survival

(2) 1 oz. 15-15-30
applied in 1 qt.
water as starter
solution.
(3) 2 oz. 12-6-12
applied in ring
around tree
6-8" from stem

(2) Annual height
growth after
treatment.
(3) Color by mear
of foliage sam
pies rating fron
1 (yellow) to i
(deepest green

Control

The measurement data is not reported here. However, all results were
analyzed by analysis of variance three growing seasons following treatment.
The principal findings of this experiment are:
1. Placing the fertilizer in the planting hole was highly injurious to all
species. Reduction in survival was significant at 1 % level.
2. Planting in furrow gave consistently better survival and growth for
all species at 5 % level of significance.
3. No significant increase in growth of any of the species was attributable
to fertilizer treatments.
4. No significant differences in foliage color was apparent, three years
after treatment.
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This experiment emphasizes the importance of site preparation in planting
spruce. The desirable function of the furrow lies in the much superior weed
control obtained as compared with a cultivated strip where annual weeds are
usually fully reestablished within the first growing season. The furrow also
acts as a small water catchment area and offers some protection from the
wind.
The inefficiency of ordinary fertilizer a n d placement methods on spruce
at the time of planting is illustrated b y these trials.
Fertilization and chemical weed control
I n the spring of 1959 four sets of white spruce plantings were established
on a variety of sites and geographic locations in Michigan. These plantings
in a split plot, randomized block design included the use of a herbicide
(simazine) * in liquid or solid form, and four different fertilizer materials.
Simazine, the herbicide used in these experiments, has recently been very
successful on certain field crops in the United States, notably, corn (maize).
The experience of ornamental nursery growers with this material has been
quite successful. Several trials in Michigan and Ohio have suggested t h a t
it has a real application in successful field planting of trees.
Of particular interest in the fertilizer trials was the use of pressed 9
gram pellets containing ureaformaldehyde nitrogen, superphosphate and
two sources of potash. One formulation of these pellets (28-5-0) has been
reported to significantly increase the growth of planted spruce and fir in
the western part of the United States **. All weed control and fertilizer
treatments were made at the time of planting. Pellets were placed in planting
hole and covered with 1 inch of soil. The granular fertilizer was placed in a
ring around each tree, 8" from stem.
Three hundred graded, white spruce transplants (2-1) were used at each
location.
R E S U L T S AND CONCLUSIONS

Survival and color scoring of foliage (White, 1958) was recorded after
each growing season. Annual height growth was measured for each growing
TABLE 2. Significant effects of weed control and fertilization on survival, growth
and foliage color of white spruce. Relationships based on analysis of
variance.
Treatment
Weed Control
Weed Control
Weed Control
Fertilizer
Fertilizer
Fertilizer
Weed ControlFertilizer
Interaction

Effect
Significantly
Significantly
Significantly
Significantly
Significantly
Significanlty
Significantly
Significantly

Improved
Improved
Improved
Increased 1
Decreased 2
Improved*
Affected
Affected

Character

Site

Growth
Survival
Color
Growth
Survival
Color
Growth
Survival

I, II*, IV

I, II
II, III, IV
IV
II*, I I I
IV
I
III*

*1 5 % level of significance; all others at 1 % level.
Except Std. Pellet
2
Pellet # 8 only
» 14-7-7 only.
* 2-chloro-4, 6 bis (ethylamino)-s-triazine used as a 80 % wettable or 4 %
granular material (for solid application). (Geigy Chemical Co., Ardsley, New
York).
** Unpublished data.
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season after treatment. The details of site, treatments, and measurements
are summarized in Table 1. The data was analyzed by analysis of variance
of subplot means and the important results of this analysis were used to
indicate significant differences in the survival, growth, and color data
reported in Table 2.
On the test areas reported in this paper survival was significantly better
in plowed furrows as compared with rototilled strips. It was also significantly better with chemical weed control as compared with no weed control.
The effectiveness of the simazine weed control in increasing survival,
growth and foliage color on the test sites commends the adoption of this
technique into regular silvicultural practice. Successful field trials conducted by extension foresters and private tree farmers in conjunction with
these experimental plots gives support to the practicality of this approach
to more successful spruce plantings.
There is also a correlation between the relative effectiveness of the weed
control and its influence on survival. Plantings in the southern part of the
state (I & II) established in April showed the best weed control, (Fig. 1)
with appreciable carryover to the second season and highly significant
influence on survival. Plantings made in the north, 2-3 weeks later, showed
only fair weed control with only a slight second season carryover. These
northern plantings showed no effect of weed control on survival although
there was some improvement in color and growth.
Fertilization with proper placement and with suitable materials had no
significant effect on survival, growth or color in most instances. The

(a): no weed control;
(b): weed control.
Figure 1. Better survival, growth and foliage color with weed control in white
spruce plantation; summer of second growing after treatment with 4 pounds per
acre of simazine in liquid form at time of planting (Site II).
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TABLE.

Effect of weed control and fertilization on per cent survival, 2 year height growth (inches) and foliage color (1 — 5) of white spruce planted on four old field sandy sites in Michigan

Site Description 2

Fertilizer treatment 1
Weed Control
4 lbs/acre
simazine applied
to 20 inch wide
planting strip

I. Well drained sand, Ottawa County, (Plainfield series)
pH 5.7, P medium, K low, Organic Matter 3.1 %.

Solid
Liquid
None

Standard
Pellet
(28-5-0)
5
•P
>
C/2

**
£
o

b
3,
o

u

70 6.4 3.0
85 5.4 3.0
55 4.1 2.2

Pellet
#8
(19-8-19)
£
C/2

o

o

u

75 6.1 3.3
85 5.8 2.5
65 5.1 2.9

Pellet
#6
(12-6-12)

til
£

i
95
C/2

o

o

u

Ü
5.3 2.5
U

70 6.9 2.6
45 5.1 3.2

Surface Ring
14-7-7

•P
>
C/2

¥ M
o o
U

70 5.2 2.5
70 4.5 2.8
40 5.6 2.7

All
treatments

Control

E

^

B

•gil

.2 * o
£ o o
en u
75 6.1 2.8
95 5.4 2.6
75 5.1 3.3

u

Solid
Liquid
None

75 5.3 2.7
90 4.6 2.4
70 3.8 2.0

50 3.9 2.7
40 3.8 2.3
30 3.8 2.2

75 4.1 2.7
75 5.6 2.7
60 3.5 2.1

85 3.5 2.9
70 4.0 2.6
55 3.9 2.3

Solid
Liquid
None

85 4.8 3.0
85 5.1 3.1
85 4.8 2.8

60 4.5 2.9
15 4.4 2.8
50 5.4 2.5

75 5.2 3.5
80 5.2 3.1
70 4.9 2.7

65 5.0 2.3
85 4.7 2.4
85 4.0 1.8

Solid
Liquid
None

60 3.3 2.1
65 3.6 2.3
50 3.2 2.2

80 4.9 2.7
75 3.8 2.5
80 3.7 1.8

60 4.2 2.8
70 4.2 2.5
75 3.3 2.1

75 4.5 3.0
65 3.8 2.5
95 3.8 2.6

12 0.6 0.3

-

-

0.3

67 4.1 2.7
70 3.8 2.3
72 3.4 2.1

60 3.8 2.8
75 3.4 2.1
60 2.9 2.0
LSD

All sites

-

70 5.0 3.0
68 4.9 2.9
74 4.9 2.5

65 5.4 3.2
75 5.1 3.0
80 5.5 2.9
LSD

IV. Imperfectly drained loamy fine sand, Chippewa County
(Wainola Series)
p H 4.7, P medium, K very low, Organic Matter 4.0 %.

15 0.5

74 4.3 2.8
72 4.5 2.6
58 3.8 2.2

85 4.6 3.0
85 4.6 3.2
75 3.9 2.6
LSD

III. Well drained loamy sand, Grand Traverse Co. (Kalkaska
Series) pH 5.6, P very low, K trace, Organic Matter 1.5 %.

°

U

77 5.8 2.8
81 5.6 2.7
56 5.0 2.9
LSD 3

II. Well drained loamy sand, Sanilac County (Rubicon Series)
pH 5.3, P very low, K very low. Organic Matter 2.0 %.

P

C/2

-

0.4 0.2

Solid
Liquid
None

73 5.0 2.7
81 4.7 2.7
65 4.0 2.3

66 4.8 2.9
54 4.5 2.5
56 4.5 2.4

76 4.7 2.9
74 5.5 2.7
63 4.2 2.5

74 4.6 2.7
73 4.3 2.6
69 4.3 2.4

71 5.0 3.0
82 4.6 2.7
73 4.4 2.7

72 4.8 2.8
73 4.7 2.6
65 4.3 2.4

Average

73 4.5 2.6

59 4.6 2.6

71 4.8 2.7

72 4.4 2.5

75 4.7 2.8

70 4.6 2.6

1
All treatments applied at time of planting. Pellets: 9 grams with resin binder containing nitrogen as ureaformaldehyde,
phosphorus as superphosphate and potash as muriate in # 8 and fritted potash in # 6 .
The 14-7-7 (2 oz. per tree) contained % nitrogen as ureaformaldehyde, superphosphate and muriate of potash.
2
Soil analysis by Spurway reserve test, pH by glass electrode, organic matter by loss on ignition.
» LSD = Least significant difference at 5 % level.
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(19-8-19) pellet containing potash as the chloride had a serious effect on
survival in two instances and further trials with the pellet are not planned.
The standard pellet (28-5-0) did not significantly affect any of the tree
measurements and this formulation seems of little value for spruce under
the conditions measured.
There was also an unfavorable fertilizer-weed control interaction with
respect to the surface application of a 2 ounce ring of commercial fertilizer
(14-7-7) on one of the sites, and with the 12-6-12 pellet on another of the
test areas.
The 12-6-12 pellet was only effective in improving growth on one site'as
was the surface application of 14-7-7. In general none of the fertilizer combinations or placements tried is significantly beneficial under the conditions tested.
Additional pelleted materials containing slowly soluble potash and nitrogen sources other than ureaformaldehyde are now under study in similar
type plantings. It is axiomatic that tree roots grow down, not up, and the
placement of the fertilizer either under or to the side and below the root
system appears logical. We hope to provide more satisfactory answers to
the fertilization of spruce at the time of planting with experiments now in
progress.
Fertilization of Young Spruce Stands Several Years After Establishment
On the more fertile soils spruce plantations usually overcome initial
planting 'check' in a few years. If they are able to overtop the weed competition they will develop good foliage color and show vigorous growth.
On the less fertile soils, particularly the coarser sands depleted in organic
matter by fire and long term cropping, the foliage color may continue to be
poor even after the young trees have grown above the weeds. This offcolor condition symptomatic of poor vigor is of serious concern to Christmas
tree growers, and to pulpwood producers faced with reduction in yield and
longer rotations. When this symptom in established plantations is a reflection of soil fertility rather than poor drainage, insects or disease, it
can be rather easily corrected with a complete commercial fertilizer broadcast around each tree. Based on a number of trials at various locales using
groups of paired trees of similar size and vigor we have evolved a general
recommendation of £ pound of 12-12-12 or 14-7-7 for a 2-3 foot spruce;
1 pound for a 4-6 foot tree and 2 pounds of material for the 7-8 foot trees.
The 2-1-1 ratio is suggested for the sandy loams low in organic matter
when weed competition for nitrogen is the critical fertiUty factor. This type
of application represents an investment of about 4 cents per tree and is
quite economical for Christmas tree growers. The feasibility of this fertilization for spruce pulpwood production under American conditions is
under study.
An example of the response of 'off color' white spruce plantations fertilized 4 years after planting when the trees were 1-2 feet tall is shown
below. In this experiment, one tree in each 11 pairs of trees was fertilized
with either 6 ounces of 14-7-7 applied in a band around the tree (6-8"
from stem) or as two 9 gram pellets (28-5-0) inserted 4-5 inches below the
tree. The soil was an old field, imperfectly drained loamy sand which supported spruce-fir in the original forest. Weed growth was heavy. Measurements of terminal shoot growth and foliage color rating were made the
second summer after treatment *.
* In cooperation with M. Day, Superintendent, Dunbar Forest Experiment
Station, Sault Ste. Marie, Michigan.
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Treatment

Average Shoot Growth
(inches)
Fertilized

6 ounces 14 — 7 — 7
2 Standard 9 gram
tree pellets ( 2 8 - 5 - 0 )

Unfertilized

8.8
5.9
Difference + 2.9 *
2.9
3.4
Difference - 0.5 (NS)

Color Rating (1 — 5)
Fertilized

Unfertilized

4.2

3.2
+ 1.0**

2.8
-

3.0
0.2 (NS)

* Significant a t 10% by 't' test.
** Significant at 5% level by 't' test.
In this experiment the banded fertilizer which was applied in minimal
amount resulted in an improvement in growth and foliage color. In this
t y p e of situation where the trees are already established the trees can take
advantage of the additional nutrition supplied b y the fertilizer in spite
of the weed competition.
It should be noted that the standard pressed pellets (28-5-0) were also
ineffectual in improving growth on this site as in the planting experiments.
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SUMMARY

The effects of commercial type fertilizer (14-7-7) containing ureaformaldehyde nitrogen, pressed fertilizer pellets, site preparation and weed control
with simazine were analyzed on the survival, growth and foliage color of
spruce plantations in Michigan.
Observations based on 2-3 years growth following treatment on a variety
of sandy planting sites were tested b y analysis of variance.
Techniques which helped to control weed competition were judged to be
significantly beneficial to survival and growth. Furrow planting on sandy
soils was superior to clean cultivation of planting strips. Simazine applied
in a 20 inch band over row after planting at the rate of four pounds of
actual material per acre gave excellent weed control extending into the
second growing season.
No general recommendations for fertilization at the time of planting can
be made from this study. Fertilization with ordinary commercial fertilizer
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in the planting hole or with pelleted materials containing muriate of potash
was highly injurious on some test areas. Significant effects of soil amendments at the time of planting were obtained in a few instances which suggests
need for further study of fertilizer formulations and proper placement.
Fertilization of spruce plantations showing nutrient deficiencies several
years after establishment is recommended. Significant response in growth
and foliage color can be obtained in one to two years after treatment.
RÉSUMÉ

Les effets d'un engrais de type commercial (14-7-7) contenant de l'uréeformaldehyde, de comprimés d'engrais, de la préparation des sites de
plantation, et du contrôle des mauvaises herbes au moyen de Simazine,
sur la survie, la croissance et la couleur des feuilles d'une plantation de
sapins au Michigan ont été analysés. Les observations, faites au cours de
1-3 années de croissance après traitement, sur une variété de sites sablonneux, ont été soumises à l'analyse de variance.
Les techniques qui avaient pour effet de contrôler la compétition des
mauvaises herbes favorisaient la survie et la croissance de manière significative. Sur sols sableux, la plantation en billon donnait des meilleurs
résultats que la plantation en bandes sarclées. La Simazine, appliquée
sur une bande large de 20 pouces enjambant la ligne de plantation, au taux
de 4 livres de produit pur par acre, donnait un excellent contrôle des mauvaises herbes qui se faisait encore sentir pendant la deuxième saison de
croissance.
Cette étude ne permet pas de déduire des recommandations générales
pour la fertilisation au moment de la plantation. Une application d'engrais
commercial ordinaire ou de comprimés contenant du Chlorure de potassium,
dans le trou de plantation, a causé d'importants dégâts à certains endroits.
Dans certains cas, l'application d'engrais au moment de la plantation avait
un effet favorable significatif, ce qui montre la nécessité de poursuivre
l'étude des formules d'engrais et de leur placement.
Il est recommandé d'appliquer des engrais aux sapinières qui plusieurs
années après leur plantation montrent des signes de carance. Après une ou
deux années de traitement on peut obtenir des améliorations significatives
de la croissance et de la couleur des feuilles.
ZUSAMMENFASSUNG

Es wurden die Einflüsse von Handelsdüngern (14-7-7), Nitrogen enthaltend als Ureumformaldehyd, von gepressten Düngerkörnern, von der
Vorbereitung der Anpflanzung und von der Unkrautbekämpfung mit
Simasin, auf den Saatanschlag, das Wachstum und die Nadelfarbe von
Tannenanpflanzungen in Michigan analysiert und studiert.
Beobachtungen über obige Behandlungen nach 2 bis 3 Jahren Wachstum
gemacht auf verschiedenen sandigen Standorten, wurden durch Analyse
der Variabilität geprüft.
Technische Massregeln, welche die Unkrautbekämpfung unterstützten,
fielen bedeutend günstig für den Saatanschlag und das Wachstum aus.
Auspflanzung in Furchen auf sandigen Böden war reiner Kultur auf Pflanzreihen überlegen. Simasin in einem 1/2 m breiten Streifen nach dem Auspflanzen über die Reihen angewendet, in einer Menge von 5 kg/ha aktivem
Material, lieferte eine vorzügliche Unkrautbekämpfung, die sich bis in die
zweite Wachstumssaison fortsetzte.
Für Düngung beim Auspflanzen konnten in diesem Studium keine
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allgemeine Anweisungen gewonnen werden. Düngung mit gewöhnlichem
Handelsdünger ins Pflanzloch oder mit gekörntem KCl-enthaltenden Material, war auf manchen Versuchsfeldern höchst schädlich. Mit Bodenverbesserungen zur Zeit der Auspflanzung wurden in ein Paar Fällen günstige
Erfolge erzielt, woraus man auf die Notwendigkeit weiteren Studiums von
Düngeformulierungen und deren geeignete Anwendung schliessen kann.
Düngung von Tannenpflanzungen, welche nach einigen Jahren Nährstoffdefizienzen zeigen, wird empfohlen. In ein bis zwei J a h r e n nach der Düngung
kann ein deutlicher Einfluss auf das Wachstum u n d die Nadelfarbe erreicht
werden.
DISCUSSION

J. GRESSEL: 1. Has the granular form of simazine been used? If so, does it
have a longer residual effect than the liquid? 2. Does simazine work as well
for groups other than conifers, e.g. hardwoods?
D. P. W H I T E : 1. Both granular and wettable forms have been used with
comparable good control. However, granular form is much more expensive for
comparable amounts. Granular (solid) form requires less machinery and can
be done by hand. 2. Most conifers and many hardwoods (maple, tulip, ash,
walnut) are not seriously affected by 41bs/acre of actual simazine applied
at planting time. Injury can occur at higher rates and rates should be cut in
half on very coarse soils.
K. M. PRETTY: Have you determined the rate of dissolution of pellets of
various fertilizers in relation to the lasting effect of the treatment? Are your
studies far enough advanced to indicate that fertilizer pellets offer a means of
providing continued nutrition without injuring the seedling due to the effect
of the fertilizer salts?
D. P. W H I T E : Dissolution rates are now under study. Ordinary commercial
materials are rather inefficient in terms of amounts actually used by trees;
most is lost by leaching. We need much more work on proper formulations of
slow release materials and better placement for forestry purposes. Uraformaldehyde and superphosphate alone in pressed pellets is not satisfactory. Pellets
apparently do not break down except under high rainfall (90 inches). The incorporation of potassium sulphate in the pellets aids breakdown and provides
nutrient balance. Other promising slow release materials are potassium metaphosphate and magnesium ammonium phosphate.
PAUL J. ZINKE: 1. How was the simazine applied? 2. How long will the effect
of simazine be noticeable ?
D. P. W H I T E : 1. In both wettable (80 %) and granular (4 %) forms at the
same rates of actual simazine per acre. 2. In our experiments we observed significant weed control extending into the second growing season after treatment.
C. LOYAL W. SWANSON: What was the cost per acre in your experiment using
simazine as a herbicide?
D. P. W H I T E : At the four pounds of actual simazine per acre rate, it costs
about six dollars per acre of plantation for material. This takes into account the
treating of a planting strip 20—24" wide. About three acres of tree plantation
are thereby treated with four pounds of actual simazine.
MAARTEN L. DE VRIES: In your slide where you showed the application of
300 lbs/acre of potash, it was not clear whether you had increased growth
other than overcoming the yellow color. Did you increase growth of trees in
respect to diameter of height?
D. P. W H I T E : Reaction of white spruce to application of 300 lbs/acre of KCl
was both in foliage color and terminal growth, also in retention of older needles.
JOHN HACSKAYLO: Was the simazine applied before or after dormancy was
broken ?
D. P. W H I T E : Applied before dormancy is broken for best results. Best weed
control in spring.
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SOME E F F E C T S O F F E R T I L I Z E R S ON LOBLOLLY P I N E *
by
T. E.

MAKI

Schenck Professor of Forest Management School of Forestry, North Carolina
State College
INTRODUCTION

In the broad field of forest fertilization, perhaps no phase has excited
greater interest than that which concerns manipulation of the fertility level
of soils for the purpose of raising the growth performance of established
stands of timber. The idea and the hope has persisted t h a t application of
fertilizers to the soil in the forest will in some substantial, or even spectacular,
fashion increase the volume production, if not also -the quality, of wood.
However, as yet, it appears t h a t neither studies, tests, demonstrations,
nor general experience have provided any solid assurance t h a t ultimate
success in this phase of forest fertilization can be economically achieved.
For other phases, the promise of success is brighter. Seed production,
for example, can be stimulated as is indicated b y such studies as t h a t of
Allen (1953) on longleaf pine, Hoekstra and Mergen (1957) on slash pine,
and Wenger (1953) on loblolly pine. Seedling vigor and height growth
can be improved substantially, whether it pays or not, by application at
planting time of fertilizer salts in slowly soluble form as illustrated by
the work of Austin and Strand (1960). Mineral deficiencies can be corrected
in practical ways as demonstrated by the works of Heiberg and White
(1951) on pine and spruce stands in New York, of Leyton (1954) on spruce
and pine stands of English heathlands, of Stoate (1950) on pines in Australia, and of Stone (1953) on magnesium deficiency of some northeastern
pines. In these and similar forest production circumstances, there would
appear to be practically no question about justifying the use of fertilizers. Indeed, it would seem unwise not to employ them in situations
where the benefits have been demonstrated in reasonably convincing
fashion.
Where no visual symptoms of deficiencies are apparent, and where fertilizing is done for no other purpose t h a n the expected growth increase of
already established stands of timber, the results, though often biologically interesting, m a y seem much less impressive or rewarding than in the
instances cited above. Indicative of this latter type of effort is the study
reported by Zahner (1959) on 4-, 5-, and 8-year-old loblolly pine plantations on average or better sites in South Arkansas, and also the study b y
Gilmore and Boggess (1960) on shortleaf in southern Illinois. Both studies
showed small but consistent increases in diameter growth as a result of
fertilizer applications.
* This study is one of a series of investigations undertaken by the school
of Forestry, North Carolina State College, on the use of fertilizers in forest
production. The author is deeply indebted to Drs. R. J. Preston and C. M.
Kaufman under whose direction this study was initiated, to Research Assistant
Dwight L. Brenneman who installed the experimental plots and summarized
the initial (1953) observations, and to the NITROGEN DIVISION, Allied
Chemical Corporation, whose annual grants made the initiation and continued
maintenance of this study possible.
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The study reported here is similar to that of Zahner's in that it involves
young loblolly pine plantations growing on soils exhibiting no clearcut
evidence of nutrient deficiencies when the experimental plots were laid
out in the autumn of 1950. The purpose of this paper is to present data on
the types of response observed during the period when three consecutive
annual applications of fertilizer were being made, and during intervals
thereafter through the ninth growing season following the first treatment.
PROCEDURE

The stands involved in this study consist of planted loblolly pine, from
local seed sources, situated on the Hill Demonstration Forest (latitude
approximately 36°—15'N, longitude approximately 78°—50'W) in
Durham County, North Carolina. The two plantations which this report
concerns were 5 and 10 years old, respectively, in March 1951, when the
first of three consecutive annual applications of fertilizers was made.
Main treatments included 0, 80 and 160 lb. of N per acre per year in the
form of 33 % ammonium nitrate, in combination with 47.8 % superphosphate at 0, 40 and 80 lb. P 2 0 6 per acre per year, and 62 % muriate of
potash at a single level of 40 lb. K 2 0 per acre per annum. Except for check
plots, and a pair of broadcast plots in each plantation, the fertilizer was
applied in holes 5 to 6 inches deep, made with mattocks, and spaced equidistant between the rows of trees.
The past history, the plot lay-out, and the soil of the two study areas
are somewhat different. The older plantation had been established in
1941, at a 6 feet by 4 feet spacing, on an old field soil a year after abandonment from tobacco production. The soil is Alamance silt loam which had
undergone fairly severe sheet erosion during cultivation, the land sloping
about eight to ten per cent to the southeast. As yet, there is practically
no understory of competing woody vegetation, except for some patches
of Japanese honeysuckle and poison ivy, and some trumpet creeper. Twentytwo rectangular plots, each 66 feet by 33 feet, or one-twentieth of an acre,
were staked out with compass and chain, to serve as the gross treatment
plots; within each plot, an interior area 41 feet by 8 feet was staked out to
serve as the measurement and observation plot for each treatment.
The younger plantation had been established in 1946 on an area clearcut of a mixed stand of pines and hardwoods two years earlier. Spacing was
6 feet by 6 feet, the soil is a Georgeville silt loam, and the land slopes to the
west at about seven to thirteen per cent. At time of plot establishment,
hardwood competition was already severe, but this regrowth, largely of
sprout origin, was cut back prior to treatment. This area, being larger,
accommodated 26 plots, each 1/14-acre in size, with an interior observation
plot 59 by 12 feet. The 26 plots were assigned at random to thirteen treatments, replicated twice, including an unfertilized check.
In the older plantation, the 22 plots were similarly assigned at random,
but with only eleven treatments, replicated twice, and without unfertilized
control plots, the minimum treatment consisting of a unit level (40 lb. of
K 2 0) of potash per acre. In both plantations, a record was made of the
heights prior to treatment, and periodically thereafter to the end of the
ninth growing season after the first application of fertilizer. In the older
one, diameters also were measured at the start, and litter-fall was collected
once a year, in the spring, from five of the eleven treatments, the litter
being caught in traps of J-milacre dimension, raised about two feet off the
ground, and randomly located within the plots. In addition, periodically,
samples of green needles were collected from each of five trees in the same
five treatments from which litter-fall collections were made.
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In the needle and the litter samples, nitrogen was determined b y the
method of the Association of Official Agricultural Chemists, P 2 0 5 by the
meta-vanadate method of Koenig and Johnson, and K 2 0 b y means of the
flame photometer.
Although a total of eleven treatments was applied to the older plantation,
a n d thirteen to the younger one, in this paper the main attention will
be directed only to the five treatments which were involved in both needle
a n d litter collections. These five include the 0-80-40, 160-0-40, 160-80-0
and 160-80-40 applications of N, P 2 0 5 and K 2 0 , respectively, in pound
per acre per year, in holes, and the 160-80-40 treatment applied broadcast.
In the section devoted to growth response, major consideration will be given
t o the nine treatments involving factorial combinations of N a n d P a t a
unit level of K.
RESULTS

Needle color, needle length, and needles per fascicle. A change in foliage
color usually is the first noticeable effect of fertilization. When ample
nitrogen is supplied, with or without other elements, to loblolly and other
southern pines, and favorable moisture and temperature conditions ensue,
the foliage turns a darker green hue within about two weeks after the application. In this study, color changes were not recorded quantitatively, but
during needle collection some plot boundaries were easy to detect from
above simply b y observing the 'color-lines' in the stand canopy.
Needle lengths were measured in the samples collected in April 1953
(representing the last flush of the 1952 growing season), in J u n e 1953
(first flush in t h a t season), and in April 1954 (representing the last flush
of the 1953 season). In general, sample trees on plots receiving no nitrogen
fertilizer were significantly shorter t h a n in those receiving the 160 lb. of
N per acre (Table 1). Needles were clearly longer in the 1952 sample,
which represented a year of heavy precipitation (some nine inches above
the longtime average), than in either of the 1953 samples when precipitation
was slightly below the average. Needle length variation among trees was
observed to be large, but lengths for each tree were not recorded, the
means in Table 1 being a composite value from each set of five sample trees.
TABLE 1. Average length of loblolly pine needles and percentage of fascicles which
had more than three needles in relation to fertilizer treatment and date
of collection. Basis: 250 fascicles per mean.
Treatment

Length of needles

Proportion of fascicles
with 4 or more needles

Lb. per acre*

Apr.
1953

June
1953

Apr.
1954

Apr.
1953

June
1953

Apr.
1954

0-80-40
160- 0-40
160-80- 0
160-80-40
160-80-40**

In.
5.90
7.42
7.31
7.20
7.00

In.
4.42
5.58
6.10
5.32
5.64

In.
5.01
5.85
6.10
5.15
5.62

Pet.
20.0
40.0
29.2
50.0
31.2

Pet.
1.8
6.4
6.0
11.6
4.0

Pet.
18.0
7.2
10.0
17.6
10.8

* Of N, P 2 0 6 and K a O respectively.
** Applied broadcast; all other treatments applied in mattock holes five
to six inches deep, at about 6' x 4' spacing.
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In number of needles per fascicle, there appears also to be a substantial
effect from the heavier fertilizer applications when moisture supply is
above average. Thus, in 1952 the number of fascicles with more than three
needles in the last flush of growth ranged from an average of twenty per
cent in the treatment supplying no nitrogen to a high of fifty per cent in
the treatments supplying 160 lb. of N per acre (Table 1).
It is evident that the heavier fertilizing with nitrogen has increased
average needle length by an inch or more; moreover, in years of abundant
moisture supply, in such treatments there is also a substantial increase
in foliage volume because of the higher proportions of fascicles having
four or more needles.
It may be well, here, to point out that much of the variation both in
needle length and in proportion of fascicles with more than three needles
stems from the irregular growth habit associated with the multi-nodal development of loblolly pine terminal and top lateral shoots, particularly in
dry years. Late flushes in some trees may end up with very short needles
compared to earlier flushes in the same growing season.
Needle weight and composition. As mentioned earlier, in the older plantation, seven periodic collections of green needles were made from each of
five sample trees in each of five treatments replicated twice. Each collection
consisted of five fascicles from the terminal shoot and five fascicles from
each of four topmost lateral branches from each tree, composited to make
a total of 125 fascicles for each treatment replication. The first of these
collections was made in April, 1951, about two weeks after the first of three
consecutive annual applications of fertilizer had been made. Subsequent
samplings of foliage were made in June and October, 1951, in January,
1952, April and June 1953, and in April 1954. In each instance, the April
samples represent the last flush of shoot growth from the preceding season.
The flushes vary among trees. In general a tree that has flushed three
times will have shorter needles in the latest portion of shoot than one that
has flushed only twice, particularly if the last occurred late in the growing
season.
Much of the variation observed in dry weight of needles among treatments
and dates arises from the irregular, multinodal growth habit of loblolly
pine. Unfortunately, in this study, no record was made of the number of
flushes occurring in the shoots of each sampled tree. Despite failure to
control this source of variation, the dry weight of needles from treatments
supplying the 160 lb. of N per acre are significantly higher than in the
0-80-40 treatment (Table 2). Among the treatments supplying the high
nitrogen there are no important differences either by combination of NPK
or by method of application, i. e., whether applied in holes or broadcast.
Dry weight of needles does, however, show a highly significant variation
among dates of collection. The heaviest weight was obtained in April
1953 samples which represent the last flush of growth from late summer
of 1952, a year of very abundant rainfall. In contrast, all the collections
from the 1951 growing season, which was abnormally dry, are uniformly
light.
The per cent nitrogen content of the needles began to rise in about
two weeks after fertilizers had been applied (Table 2). By June of that
same year, the percentages were very substantially higher than in April,
but it should be remembered that June samples belonged to a new
growing season. The percentage of N was the same in both October 1951
and January 1952 collections, indicating that nitrogen had reached a
stable level for that season, as had the dry weight. Highest N content of
foliage was found in April 1953 samples which represented the final
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NEEDLES COLLECTED GREEN
Dry Weight Grams
Apr. '51

June '51

Oct. '51

Jan. '52

Apr. '53

June '53

Apr. '54

Mean

0-80-40*
160- 0-40
160-80- 0
1 6 0 - 8 0 - 4 0 (H)
160-80-40(B)**

20.5
23.7
20.9
16.8
16.6

15.9
16.7
13.5
14.8
15.2

11.6
15.4
13.9
16.3
14.4

14.7
14.8
13.7
13.8
11.2

18.0
26.8
26.0
25.2
24.0

7.8
10.7
11.8
10.4
10.4

14.9
18.5
18.8
15.9
17.4

14.8
18.1
16.9
16.2
15.6

Mean

19.7

15.2

14.3

13.6

24.0

10.1

17.1

16.3

%N

0-80-40*
160- 0-40
160-80- 0
160-80-40
1 6 0 - 8 0 - 4 0 (B)**
Mean

1.06
1.20
1.17
1.08
1.18

1.12
1.53
1.56
1.58
1.74

1.16
1.52
1.58
1.54
1.54

1.18
1.56
1.56
1.48
1.59

1.18
1.86
1.70
1.69
1.87

1.45
2.48
2.45
2.26
2.44

1.04
1.68
1.78
1.52
1.62

1.17
1.69
1.69
1.59
1.71

1.14

1.51

1.47

1.47

1.66

2.21

1.53

1.57

0.312
0.356
0.369
0.357
0.380

0.300
0.314
0.299
0.293
0.329

0.432
0.579
0.518
0.534
0.526

0.255
0.296
0.310
0.243
0.295

0.309
0.349
0.346
0.341
0.353

0.355

0.307

0.518

0.290

0.339

% PA
0-80-40*
160-80-40
160-80- 0
160-80-40
160-80-40**
Mean

0.252
0.262
0.252
0.268
0.251

0.336
0.308
0.348
0.312
0.364

0.280
0.327
0.323
0.331
0.325

0.257

0.334

0.317

% K20
0-80-40*
160- 0-40
160-80- 0
160-80-50
160-80-40**
Mean

0.85
0.66
0.82
0.82
0.72

0.74
1.00
1.04
1.08
1.08

0.92
0.98
1.03
0.97
0.96

0.60
0.76
0.76
0.70
0.79

0.52
0.56
0.52
0.56
0.58

1.41
1.55
1.44
1.50
1.46

0.46
0.56
0.50
0.54
0.57

0.80
0.87
0.87
0.88
0.88

0.77

1.01

0.97

0.72

0.55

1.47

0.53

0.86

* In lb./acre of N, P 2 0 6 and K 2 0, respectively.
** Broadcast; all other treatments in mattock holes spaced 6' X 4'.

IV.47
flush of growth of the 1952 season. This year was a very wet one. It seems
fairly clear that when moisture is abundant, loblolly pine responds very
markedly, in the production of both volume and dry weight of foliage.
Highly significant differences in percentage of N were also observed
between treatments, those supplying the 160 lb. N per acre exhibiting a
very significantly greater concentration in the foliage than the 0-80-40
treatment. Within the four treatments in the N-series, broadcast application differed from its counterpart hole application to a highly significant
degree. Although this response seems entirely logical in that broadcasting
should make for more efficient utilization of nitrogen, in this instance no
reasonable reconciliation of the responses of the other hole treatments
with the same nitrogen level can be made; hence, perhaps the difference
between methods of application should be regarded as merely one of chance
occurrence.
The P 2 0 5 percentage in the foliage averaged very significantly higher
in those treatments which supplied the 160 lb. of N per acre. Sampling
dates were also a highly significant source of variation, the highest content being observed in June 1953 which was the middle of the third consecutive season of fertilizing.
As regards the K 2 0 percentage of the foliage, only sampling dates proved
to be a significant source of variation. Even in pine needles, the K appears
to be in such a mobile state that it seems rather futile to attempt assessing
differences in this element during the dormant season. At this latitude,
TABLE

3. Annual average dry weight of loblolly pine needles and total litter, in
pounds per acre, in relation tofertilizertreatment. Basis: four y^-milacre
litter trap collections per treatment per year.
Month and Year of Collection

Treatment

April
1952

April
1953

April
1954

March
1955

May
1959

Mean

Lb. per acre
0-80-40*
Needles
Total

3410
3580

3710
3770

3650
4080

4420
5420

3380
4120

3710
4190

160-0-40
Needles
Total

3280
3640

4920
5070

5420
5790

5930
7380

4280
5720

4770
5520

160-80-0
Needles
Total

3290
3510

4249
4540

4660
4880

5680
6420

4320
5320

4440
4930

160-80-40
Needles
Total

3230
3470

4450
4530

5010
5330

5890
6720

4550
5550

4620
5120

160-80-40**
Needles
Total

3830
4140

4470
4670

5320
5670

5680
6860

4380
5780

4740
5420

3410
3670

4350
4540

4810
5150

5520
6570

4180
5310

4460
5050

Mean needles
Mean total

* Pound per acre of N, P 2 0 6 and K 2 0, respectively.
** Broadcast; all other treatments used hole placement.
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a more appropriate time for any assessment of K deficiencies would seem
to be about J u n e when K m a y be at, or preferably approaching, peak
concentration.
Annual litter fall. The total amount of annual needle and other litter
deposition from five different fertilizing treatments has ranged from a
low of slightly more than \lj2 tons per acre to a high of nearly three tons
(Table 3). Except for the first season of observation, namely 1951, the
litter deposition in plots supplied with nitrogen has been significantly
higher than in the plots supplied only with P and K. Needles constituted
approximately eighty-nine per cent of the total annual fall, the remainder
being twigs, bark, cones and miscellaneous trash. However, the annual
amount of needle-fall ranged from a low of approximately 78 % to a high of
approximately 96 % .
Composition of annual litter fall. Only the needle fraction of the annual
litter deposition was analyzed for N, P and K. The nitrogen content
of the needle fall was consistently higher in the plots fertilized with N
a n d P, K, or both, t h a n in the plots receiving only P and K (Table 4). Each
spring the litter was collected from the traps in the last week of March, or
the first week of April, except in 1959, when the collection was made on May
TABLE 4. Percentage concentration of N, P 2 0 6 and K 2 0 in the needle fraction of
annual litter fall in plots variously fertilized. Basis: 4 determinations
per treatment per collection date.
Treatment
(lb. /acre)

April
1952

April
1953

April
1954

March
1955

May
1959

Mean

N p e r c e n t a g e of o v e n - d r y w e i g h t
0-80-40*
160- 0-40
160-80- 0
160-80-40(H)
160-80-40 (B)**

0.535
0.660
0.618
0.640
0.682

0.590
0.840
0.814
0.804
0.936

0.475
0.798
0.768
0.718
0.782

0.535
0.995
0.960
0.905
0.835

0.560
0.682
0.705
0.628
0.640

0.539
0.795
0.773
0.739
0.775

Mean

0.677

0.797

0.708

0.846

0.643

0.724

P 2 0 5 p e r c e n t a g e of o v e n - d r y w e i g h t
0-80-40*
160- 0-40
160-80- 0
160-80-40 (H)
160-80-40(B)**
Mean

0.139
0.131
0.118
0.128
0.123

0.151
0.132
0.125
0.138
0.137

0.167
0.128
0.130
0.128
0.134

0.162
0.159
0.142
0.154
0.135

0.193
0.158
0.183
0.166
0.181

0.162
0.142
0.139
0.143
0.142

0.128

0.137

0.138

0.151

0.176

0.146

K 2 0 p e r c e n t a g e of o v e n - d r y w e i g h t
0-80-40*
160- 0-40
160-80- 0
160-80-40(H)
160-80-40(B)**
Mean

0.148
0.230
0.222
0.198
0.210

0.068
0.090
0.075
0.088
0.090

0.061
0.086
0.062
0.094
0.098

0.132
0.180
0.141
0.184
0.134

0.188
0.163
0.143
0.155
0.162

0.119
0.075
0.129
0.144
0.139

0.202

0.082

0.080

0.154

0.163

0.136

* In lb. per acre of N, P 2 0 5 and K 2 0, respectively.
** Broadcast; all other treatments by mattock hole placement.
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5th. Although periodic rates of deposition were not determined, observations indicated that the bulk of the deposition occurred during November.
Evidently the long period of suspension and exposure to weathering of the
bulk of the litter on the screen-bottomed traps was not sufficient to erase
the significance of the difference in the N content of the needles between
N-treated plots and those without N. However, the dead and rain-leached,
weathered needles of loblolly appear to carry only about half the N concentration found in needles picked green from the tops of the pines.
The percentage P 2 0 6 in the annual needle fall averaged about forty-three
per cent of that of freshly-picked green needles. Plots treated with nitrogen
showed consistently lower P 2 0 5 percentages than plots treated only with P
and K, the mean difference of 0.2 per cent being significant at the 1 % level.
The observed lower concentration may actually reflect merely a greater
degree of dilution, since unit foliage amounts from N-treated plots averaged
significantly higher in dry weight (Table 2).
In contrast to both N and P 2 0 5 concentration, the percentage of K 2 0 in
the annual needle fall averaged only about sixteen per cent of the concentration observed in all the collections of green foliage from the pine tops.
Treatment differences were small and erratic, but collection dates were a
highly significant source of variation, reflecting perhaps differences in
degree of leaching. The highest K 2 0 concentration, observed in this study
was in the collection representing the very dry 1951 year.
Finally, it might be noted that even after five growing seasons have
elapsed from the last application of fertilizer, certain effects still appear
to persist to a detectable degree in the annual needle deposition, and the
effects could be regarded as being favorable to site improvement.
Perhaps this conclusion should not surprise us, if we recall the results of
other studies, for example, that of Rheinwald (1933) who postulated that
favorable effects of fertilizers on soil composition might last for two or
more decades after application.
Diameter, height, and basal area growth, and mortality. Foliage color,
needle length, fascicle weight, needle composition, annual litter production,
and composition of annual needle fall of the loblolly pines have all been
affected generally in a favorable way by the amounts, combinations, and
timing of fertilizer applications used in this study. It now remains to be
determined whether tree growth and stand development have been influenced to any measurable degree by the fertilizing.
Nine growing seasons after the first application, the diameters at breast
height (i. e., dbh measured 4.5 feet above general ground level) in the N2
or double (160 lb.) nitrogen treatment of the older plantation average
nearly twenty per cent larger than the diameters in the treatments receiving no nitrogen (Table 5). Response in the Nx level plots average only
slightly better than in the N0 level plots, and phosphate levels at this stage,
using unadjusted means, show no consistent response.
Total heights of the existing stand of free-growing trees average slightly better than ten per cent taller in the plots supplied with the N2 level of
nitrogen, but, again, the response to the Nx level and to the phosphate
levels is small and erratic.
Basal area, expressed in square feet per acre, and representing the summation of the cross-sections at dbh of all free-growing trees in the plantation under observation ranges from a low of about two-hundred square
feet per acre to over three hundred square feet. Being based on small plots,
the basal area tends to be overestimated when expanded to a per-acre basis.
These values are unadjusted for initial differences in basal area, but they
tend to show in a general way that fertilizers have stimulated basal area
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TABLE 5. Average dbh, total height, and basal area of the existing fraction of the
stand that is still free-growing nine years after initial application of
fertilizer, and average nine-year mortality and suppression expressed in
per cent of the original number of free-growing stems in the stand which
is now 19 years old.
N„

N,

N,

Mean

A v e r a g e d i a m e t e r , b r e a s t h i g h •—- inches
Po*
P»
P2

5.28
4.85
5.43

5.57
5.43
5.50

6.78
6.22
5.92

5.79
5.41
5.61

Mean

5.17

5.50

6.29

5.59

A v e r a g e t o t a l h e i g h t — feet
P.
Pi
P,

43.8
42.3
45.7

44.4
41.4
45.8

49.5
50.5
46.2

45.6
44.3
46.3

Mean

44.0

44.5

49.1

45.5

B a s a l a r e a p e r a c r e — s q u a r e feet
Po
p,
p*

222.8
201.0
250.8

265.7
304.3
258.4

240.9
212.9
231.3

245.8
246.6
255.2

Mean

225.1

277.7

238.4

249.4

T o t a l m o r t a l i t y a n d suppression —- per c e n t
Po
Pi
p2

30.4
17.8
17.8

25.8
18.2
43.5

56.3
37.5
33.3

38.4
23.5
27.3

Mean

21.5

24.7

43.4

29.7

* N„, N t and N 2 represent the N treatments at 0, 80 and 160 lb. N per acre.
P 0 , P x and P a represent the P treatment at 0, 40 and 80 lb. P 2 0 5 per acre
in combination with 40 lb. K 2 0 per acre per annum.
increment though the response is erratic and not readily explainable.
Fertilizing seems to have increased mortality and suppression to a
noticeable degree within the nine-year period (Table 5). At the time of
plot establishment in the fall of 1950, only free-growing trees of intermediate or higher crown classes were tagged for observation. By the end
of the 1959 growing season, nearly thirty per cent of these original stems
had died or become suppressed, and in one of the heavier applications
mortality alone accounted for a fifty per cent reduction in the orginal
stand. Since the plantation is b y no means decimated by the increased
mortality and suppression, it appears that fertilizers might be used for thinning over-dense natural stands or plantations t h a t are spaced too closely.
In the younger plantation the growth response trends are similar to those
noted above, but differences are not so great and there has been only a
negligible amount of mortality. In general, the treatments supplying
nitrogen have resulted in higher vigor and somewhat greater average
diameters, heights, and basal areas (Table 6). In contrast to the older plantation which was established on an old field site soon after it had been
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TABLE 6. Average dbh, total height, and basal area of existing fraction of the stand
that is still free-growing nine years after initial application of fertilizer.
(Stand is now fourteen years old.)
N„

N,

N2

Mean

A v e r a g e d i a m e t e r , b r e a s t h i g h — inches
Po*
Pi
p.

5.08
5.25
5.90

5.84
5.33
6.04

5.84
4.97
6.15

5.65
5.16
6.03

Mean

5.39

5.79

5.77

5.64

(Average d b h of c h e c k p l o t s = 5.14 inches)
A v e r a g e t o t a l h e i g h t — feet
Po
p.
p,

34.8
31.8
37.9

36.6
36.3
37.6

35.9
34.6
35.5

36.4
34.5
37.0

Mean

35.0

37.3

35.2

35.9

(Average t o t a l h e i g h t of check p l o t = 34.2 feet)
A v e r a g e b a s a l a r e a per a c r e — s q u a r e feet
Po
P,
P8

104.4
80.8
112.2

139.6
121.1
130.8

118.2
128.2
143.5

120.9
114.4
129.3

Mean

100.1

130.2

130.1

121.0

* N„, Nj and N 2 represent N treatments at 0, 80, and 160 lb. N per acre.
P„, P t and P 2 represent P treatments at 0, 40 and 80 lb. P 2 0 5 per acre in
combination with K a O at 40 lb. per acre.
abandoned, this one had been established on a cut-over site, and competition
from brush has been quite fierce, undoubtedly abetted to some extent b y
the fertilizers. In the unfertilized control plots, breast high diameters
nine years after the first fertilizer application averaged only 5.14 inches,
total heights averaged 34.2 feet, and basal area approximately 110 square
feet per acre. A final criterion of total or usable volume was not applied to
these d a t a because the task of computing volumes is quite laborious, and
these plots are scheduled for the 10-year remeasurement at the end of the
current growing season, at which time a total analysis of growth will be
made.
CONCLUSIONS

In the fall of 1950, a study on fertilizing loblolly pine plantations was
initiated on the Hill Demonstration Forest in D u r h a m County, North Carolina. Main treatments included nitrogen at 0, 80 and 160 lb. of N per acre,
0, 40 and 80 lb. of P 2 0 5 per acre, in combination with a unit level of potash a t 40 lb. K 2 0 per acre applied in March 1951, '52 and '53 in mattock
holes, five to six inches deep, spaced equidistant between the rows of trees.
A broadcast application of one of the treatments was included for comparison. Preliminary results based on observations over a nine-year period
on two of the plantations which were five and ten years old, respectively,
when the s t u d y was started are reported here.
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1. Heavy nitrogen application (160 lb. of N per acre) appeared to increase needle length by an inch or more, and under favorable growing conditions, the proportion of fascicles with more than three needles was also
increased.
2. In nitrogen treatments, dry weight of needles collected from the top
of the tree was very significantly higher than in treatments supplied no
nitrogen.
3. The N and P 2 0 6 percentage of green foliage varied significantly among
treatments and among sampling dates, b u t K 2 0 percentage showed significant variation only among dates.
4. Needle and u t t e r fall ranged from 1 y2 tons to about 3 tons per acre
per annum, and after the first growing season when the plantation was
eleven years old the litter deposition was consistently heavier from the
plots supplied with 160 lb. N per acre t h a n in the plots supplied with P
andK.
5. Fertilizer effects appear to persist for several years beyond the last
application as reflected in the composition of the annual litter collection.
6. In general, the treatments supplying nitrogen have resulted in higher
vigor, greater average diameters and higher basal areas in both the older
and younger plantations of loblolly pine, but initial indications of substantially better height growth have begun to fade b y the end of the ninth
growing season following the first application. In the older plantation, mortality and suppression appear to have been stimulated b y fertilizing, suggesting this practice as a possible means of thinning over-dense natural stands
or too closely-spaced plantations.
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SUMMARY

Ammonium nitrate and superphosphate at two levels and muriate of
potash a t one level were applied to different-aged loblolly pine plantations
in March of three consecutive years, beginning in 1951, on the Hill Forest
in Durham County, North Carolina.
The treatments supplying nitrogen increased needle length, raised the
nutrient concentrations in the foliage, increased the amount of annual
litter deposition, and improved the vigor of the pines as reflected in better
diameter growth and greater basal areas. Initial indications of possible
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height growth superiority, while still visible after nine years, are beginning
tb fade. In one plantation established on an abandoned old field, mortality
and suppression have amounted to almost t h i r t y per cent of the original
number of free-growing stems in the stand a t establishment, suggesting t h a t
fertilizers might possibly be used as a 'tool' for thinning over-dense stands.
RÉSUMÉ

Deux niveaux de nitrate d'ammonium et de superphosphate et un
niveau de chlorure de potassium furent appliqués à des plantations de pins
'loblolly' au courant du mois de mars pendant 3 années successives à partir
de 1951 dans la Hill forest du comté de D u r h a m en Caroline du Sud.
Les traitements comportant des apports d'azote augmentaient la longueur
des aiguilles, la concentration des éléments nutritifs dans le feuillage et le
dépôt annuel de litière, tout en augmentant la vigueur des pins comme
l'indiquaient u n meilleur accroissement des diamètres et les plus grandes
surfaces terrières. Les indications recueillies au début de l'expérience sur
les possibilités d'une meilleure croissance en hauteur et qui étaient toujours
visibles après neuf ans, commencent à disparaître. Dans une plantation,
établie sur u n vieux champ abandonné, les pertes par mortalité et suppression s'approchent de 30 % du nombre initial de plants mis en place. Ceci
suggère que les engrais pourraient éventuellement être utilisés comme
'outil' pour éclaircir des plantations trop denses.
ZUSAMMENFASSUNG

Im Hill Forest in Durham County, North Carolina, wurden in drei
auffolgenden J a h r e n (1951—1953) im März verschiedenalte Loblolly
Kiefer Anfplanzungen gedüngt mit Ammonnitrat und Superphosphat in
zwei Höhen der Gabe und KCl in einer Gabenhöhe.
Die Behandlungen mit N-Düngung vergrösserten die Nadellänge, erhöhten die Nährstoffkonzentration im Laubwerk, sowie die jährliche Menge
Waldstreu, und verbesserten die Vitalität der Kiefern, wie dies in besserem
Durchmesser und grösserer Basalfläche zum Ausdruck kam. Anfängliche
Hinweisungen auf mögliche Vermehrung des Höhenwachstums, noch nach
neun J a h r e n sichtbar, fangen an abzuschwächen. In einer Anpflanzung auf
ein verlassenen alten Waldparzelle stiegen die Sterblichkeit und Rückgangigkeit bis zu beinahe 30 % der ursprünglichen Baumzahl bei der Auspflanzung des Bestandes an, was die Suggestion, dass bestimmte Düngungen möglicherweise zu benutzen seien als ein 'Werkzeug' um überdichte
Bestände auszudünnen hervor ruft.
DISCUSSION

PAUL J. ZINKE: 1. Was there an effect of fertilization on the number of cones?
2. In what portion of the tree was the increase in numbers of needles per fasicle
most noticeable?
T. E. MAKI: 1. We have not observed cone production in these plantations
because the stands are dense and young, and normally would not produce many
cones. There is of course abundant evidence of increased cone production resulting from fertilization as indicated, for example, by Allen on long leaf pine,
Hoekstra and Morgan on slash pine and Wenger on loblolly. 2. The samples of
foliage came from the terminal (5 fascicles) and 5 fascicles each from the four
topmost laterals, and further, the fascicles were plucked from the latest flush
of growth at each sampling date.
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C. LOYAL W. SWANSON: I assume that you used dry ammonium in your experiments. Have you used liquid ammonium nitrate? Would you expect any
differences in response from liquid vs dry ammonium nitrate?
T. E. MAKI: We used pelletized 33 % N H 4 N 0 3 placed in mattock holes 5 to
6 inches deep spaced equidistant between the rows of trees. We did not use
liquid application in this experiment, but one treatment involved broadcasting
N, P, K, at 160—80—40 rate/acre on the surface. The N content of the foliage
in this treatment was significantly higher than in the same combination and
rate of N, P, K, applied in holes. I suspect liquid application would behave
much like broadcast application. In nursery beds, we have found liquid application of N very effective.
J. A. PELISSIER: Was the influence of fertilization on specific gravity a
pure nitrogen or a NPK effect?
T. E. MAKI: The effect I cited was from a treatment involving application
at a rate of 160—80—40 lbs. of N, P, and K respectively. The main response
in growth has come from the addition of N (with P and K) but in this instance
we must consider the reduction in specific gravity as coming from the combined
elements and not from the N alone.
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POTASSIUM F E R T I L I Z A T I O N O F C O N I F E R O U S PLANTATIONS I N
NEW YORK*
by
SVEND O . H E I B E R G AND ALBERT L . L E A F * *

This paper discusses the results of 32 years of treatments with organic
a n d mineral fertilizers, with emphasis on potassium additions, to depleted
soils at the Charles Lathrop Pack Demonstration Forest in the southeastern Adirondack Region of northern New York State.
DESCRIPTION OF THE AREA

On an almost flat 120 acre (48.6 ha) sand plain, formed during the glacial
period as a sand terrace in a glacial lake, forest plantations of various
coniferous species were established in different years since 1928. The area
with ca. 40 inches (100 cm.) of evenly distributed precipitation per annum
probably supported mixtures of Pinus strobus (L.) and Tsuga canadensis
(L.) Carr. with some Picea rubens Sarg, prior to land clearing. The area was
logged and used for agricultural purposes during the nineteenth century.
Some fields were being abandoned b y agriculture in the latter p a r t of the
same century, while other portions were still used for grazing and occasional
crops during the early decades of this century. The varied previous land
use history, has h a d a marked effect on the growth and development of
current plantations. Along old fence lines in certain fields, along the north
edge of the sand plain, around stumps of the few remaining old trees, and in
certain small spots growth was, and continues to be considerably better
t h a n in the rest of the area (Heiberg and Loewenstein. 1958).
The level, coarse, sandy, glacial outwash soils of the Hinckley series
(U.S.D.A., 1953) show characteristic influences of cultivation b y clearly
demarked 5 to 8 inches (12—20 cm) deep old plowed horizons (Ap). Thus
the original podzolized soil profile has been destroyed with only the B a
horizon of 8 to 14 inches (20—35 cm.) depth and C horizon recognizable
below t h e plow zone. The C horizon consists of coarse sand with clearly
stratified layers of medium to very fine sands. The depth from the soil
surface to the fine layers varies from 54 to 109 inches (135—272 cm.) and
the thickness of these layers varies from a fraction of an inch to several feet
over the entire area.
Results of analyses of soils show a range of values as follows: sand, 84
to 89 per cent; silt, 8 to 11 per cent; clay, 4 to 5 per cent; organic m a t t e r
content based on loss on ignition, 6 to 7 per cent; soil acidity, 5.0 to 5.5 p H .
ORGANIC MATTER

ADDITIONS

Shortly following establishment of the plantations height and diameter
growth retardation, needle chlorosis and browning, shortening of needles,
and decreased number of years needles persisted on trees were observed
(Heiberg and White, 1951). To alleviate these conditons experiments with
* Contribution from the Department of Silviculture, State University College
of Forestry at Syracuse University, Syracuse 10, New York.
* * The authors are Professor of Silviculture and Associate Dean, and Assistant
Professor of Silviculture, State University College of Forestry at Syracuse
University.
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organic m a t t e r additions were conducted in plantations established at
various times since 1928. To one area in 1935, humus, composed of the H
layer from a thick greasy mor under an old Pinus strobus-Tsuga
canadensis
stand, was applied in a two inch (5 cm.) layer a n d incorporated into the
surface soil. Following the addition of humus the treated and adjacent areas
were planted with Picea rubens, Picea glauca (Moench.) Voss., Pinus strobus,
and Pinus resinosa (Ait.). The total and current height growth for all species
is in favor of the treated plots. The response in total height growth of trees
on the treated compared to untreated areas follows what generally is
considered the order of more nutrient demanding species: t h e least demanding Pinus resinosa, 40.5 per cent; Picea glauca, 43.5 p e r c e n t ; Pinus strobus,
57.2 per cent; and the most demanding Picea rubens 209 per cent (Heiberg
and Leaf, 1960).
In 1935, 1938 and subsequent years slash additions were made to plantations of Pinus resinosa, Pinus strobus, Picea glauca a n d Picea abies (L.)
plantations. Again it was demonstrated t h a t the growth response from the
organic m a t t e r additions was greater for the more nutrient demanding
species. I t was also shown that the source of the logging slash, i.e., from a
highly productive or depleted site, a n d tree species composition, i.e.,
hardwood slash vs. coniferous slash, affected the value of the organic m a t t e r
as a soil amendment (Table 1).
At the time of these experiments it was believed t h a t the influence of
slash was due to its mulching effect upon the soil. Thus, three inch (7.5 cm.)
thick glass wool bats, ordinarily used for insulation of houses, were spread
over the soil surface of a Pinus resinosa plantation to test the mulching
effect. The glass wool had a pronounced mulching and insulating effect as
noted b y moisture and temperature conditions at the surface, but the
influence on growth was not positive (Table 1).
TABLE 1. M ensurational data, and surface soil exchangeable and current foliage potassium fri
some Pack Forest nutrition plots of 31 year old Pinus resinosa plantations*

Glass
Wool 19

DBH, mean BA
tree (in.)
BA/acre (sq. ft).
Height (ft).
Soil exch. K (ppm)
Foliar K (%)

• *

Hardw
Slash 19

.

Treatment and year

00
CO

3.4

2.8

00

u Î2
MH

i—1

O'S

E73

CD

a
o
X

0

PN

PS

ctj to
•ÖS«

0) ni t o
> en ^

> 3 •*

K

Producti
P. strob
Slash 19

<N

Producti
P. résine
Slash 19

19-11 19-III 19-V 19-VI

Deplete
P. résine
Slash 19

Plot

1
O

X

3.2

2.9

3.1

3.3

2.1

194.1 109.9 126.5 131.9
27.2 19.8 25.2 21.9
15.5
—
—
—
0.49 0.43 0.42 0.41

117.2
25.0
19.2
0.42

137.6
27.9
18.6
0.46

155.7
29.0
20.2
0.51

104.
20.'

3.1

ll.i

0.3

* Mensurational data obtained May, 1959 for plots 19-11 — 19-VI, and May, 1957, for pk
O — K. Soils sampled 1957 for plots 19-11 — 19-VI, and 1956 for plots O — K. All folia
sampled October, 1959. Procedures for field and laboratory determinations for this a
subsequent measurements are referenced by Heiberg and Loewenstein (1958).
MINERAL FERTILIZER SALT ADDITIONS

The response in height growth and volume of coniferous plantations from
organic additions, led to trials with mineral fertilizer salts. These trials
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began in 1937 to determine the nutrient deficiency or deficiencies corrected
by the organic matter additions. First, a 5—10—5 fertilizer, applied broadcast at 500 lbs/A (550Kg/ha.), resulted in a strong growth response on an
eight year old plantation of Pinus resinosa. A striking growth response is
still evident today (Table 2).
TABLE

2. Mensurational data, and surface soil exchangeable and current foliage
potassium from Pack Forest nutrition plots of 28 year old Pinus
resinosa plantations*
Plot

Treatment
Height, 1 9 3 7 - 5 7 (ft.)
Total height (ft.)
DBH, mean BA tree (in.)
Soil exch. K (ppm)
Foliar K (%)

19-VI

19-1
5-10 — 5
22.6
29.4

500 lb/A

None
15.2
22.9

3.3

2.7

18.0
0.36

15.5
0.34

* Mensurational data obtained May, 1957. Soils sampled 1957, foliage sampled
October, 1958.
The next trials, in May 1943, were made in 14 year old Pinus resinosa
plantations. The following treatments were employed: 100 lb/A (110 Kg/
ha) ammonium sulfate, 500 lb/A (550 Kg/ha) calcium oxide, 200 lb/A
(220 Kg/ha) potassium chloride, 200 lb/A (220 Kg/ha) tricalcium phosphate,
300 lb/A (330 Kg/ha) sodium nitrate, and untreated. To minimize the effect
of trace element additions or contamination that may be included in commercial fertilizers, all chemical salts were reagent grade chemically pure.
The applications were carefully broadcast to obtain uniform distribution
of the salts. A strong and immediate reaction was obtained only from the
potassium treatment. A pronounced foliage color change from the chlorotic
yellow to a healthy green appeared by the end of the first growing season,
and the height response became striking in the year following treatment.
The reaction from the nutrient elements other than potassium was nil.
A typical nitrogen response of luxuriant green foliage was not obtained.
From the year of application through 1949, six years, the mean annual
height growth increased 104 per cent on the potassium plot (Heiberg and
White, 1951). The pronounced effect of the potassium fertilization is still
strikingly evident to date. The average height of thirty dominant and
codominant trees in 1957 was 26.9 feet (8.1 m.) or 16.2 per cent greater on
the potassium fertilized plot than the untreated area.
The fertilization trials with pure chemical salts was repeated on 1929
planted Pinus resinosa in 1946 with the rate of application of ammonium
nitrate increased to 200 lb/A (220 Kg/ha), tricalcium phosphate increased
to 300 lb/A (330Kg/ha) and an additional treatment with potassium sulfate
at 200 lb/A (220 Kg/ha) was included. The results of the 1946 treatments
paralleled the 1943 trials, potassium additions, as either chloride or sulfate,
produced striking reactions in foliage color, tree vigor and height growth
(Heiberg and White, 1951). This reaction is still stronlgy pronounced to date.
In 1957 the average height of the dominant and codominant trees on the
potassium chloride plot was 27.7 feet (8.3 m.) or a gain of 16.4 feet (4.9 m.)
since fertilization compared to 8.9 feet (2.8 m.) on the untreated area. The
average annual height increment since fertilization has been 1.64 feet
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(0.49 m.) on the chloride plot compared to only 0.89 feet (0.27 m.) on the
unfertilized area. A similar response was obtained with the potassium
sulfate treatment.
To further investigate the effect of nitrogen fertilizer, and its lack of
expected response in the above treatments, another pure chemical salt
treatment was made in 1950 with ammonium nitrate. This nitrogen salt
was applied at 150 lb/A (165 Kg/ha) to 1929 plant Pinus resinosa. The lack
of response obtained with this trial agrees with results of the 1943 and 1946
trials with nitrogen.
In the winter one year following the 1943 fertilization trials, when the
Pinus resinosa was 15 years old, the varying hare (Lepus americanus
americanus) browsings indicated a preference for the potassium fertilized
trees. Eighty-eight percent of the potassium fertilized trees were browsed
while only three per cent of the trees on the untreated area were damaged.
Thus, the potassium addition not only affected tree growth, but directly
or indirectly altered the whole local environment.
In 1948, after it was realized that potassium was the critically low nutrient
element, a series of experiments with varying rates of 0-0-60 muriate of
potash fertilizer were applied to determine the optimum level of potassium
for growth of Pinus resinosa on the area. Rates of application, expressed as
elemental potassium, were 25 lb/A (27.5 Kg/ha), 50 lb/A (55/Kg/ha),
100 lb/A (110 Kg/ha) and 150 lb/A (165 Kg/ha), or 50, 100, 200 and 300 lb/A
muriate of potash, respectively. The results indicated a striking reaction
to date and that still higher rates of potassium applications would be
effective on this site.
The foliar potassium concentration ranged from 0.31 to 0.61 per cent
and the total potassium uptake in the entire tree ranged from 60 to 130 lb/A
(66-143 Kg/ha) on the untreated and 150 lb/A (165 Kg/ha) potassium
on the fertilized area, respectively. Generally the foliage accounted for over 50
per cent of the total nitrogen, phosphorus and potassium in the trees, the
branches contained approximately 20 to 30 per cent, the bark analyzed
about 10 per cent, and the remaining 10 to 20 per cent was found in the
stemwood (Heiberg et al. 1959).
In 1958 another series of treatments on Pinus resinosa including rates of
200 lb/A (220 Kg/ha), 250 lb/A (272 Kg/ha) and 300 lb/A (330 Kg/ha)
elemental potassium, were applied. It is too early to make growth trend
measurements at this time.
Other commonly planted coniferous species, including Pinus strobus, Picea
glauca and Picea abies, showed poor growth and stagnation a few years
following establishment. However, Pinus sylvestris (L.), a very low nutrient
demanding pine, did not show pronounced deficiencies. These species,
planted between 1929 and 1932, were fertilized in 1949 at the rate of 200
lb/A (220 Kg/ha) of 0-0-60 muriate of potash. A strong foliage color reaction
and growth response of all plantations, with the exception of Pinus sylvestris,
to potash fertilization occurred even at the end of one growing season and
continued to date. The response from fertilizer was greater for the more
nutrient demanding than less demanding species. The tree species in order
of increasing response to specific amounts of potash fertilizer are Pinus
sylvestris, Pinus resinosa, Pinus strobus, and Picea glauca and Picea abies
(Table 3).
In 1949 to 1951* pure chemical salt fertilizer applications with other
nutrient elements were made to Pinus resinosa. In 1949 one treatment with
* Dr. D. P. White, Associate Professor of Forestry, Michigan State University
cooperated in the planning and execution of experiments from 1949 through 1956.
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TABLE

3. Levels of foliar potassium one year after fertilization, comparing untreated species with those receiving 200 lb/A (220 Kg/ha) 0-0-60 muriate
of potash.
K in current season's needles (%)
Plot

24/25
24/25
134 N.W.
26/K-R

Species
Picea
Picea
Pinus
Pinus

abies
glauca
strobus
resinosa

Unfertilized
0.21
0.13
0.34
0.31

Fertilized
0.80
0.59
0.40
0.48

epsom salts (MgS04 . 7H 2 0) at 160 lb/A (176 Kh/ha) was established since
magnesium was not used in the 1943 or 1946 trials. The response to magnesium was a slight foliage color improvement but not a pronounced growth
response. Magnesium deficiencies in Pinus resinosa have been reported
in the general region (Stone, 1953). The magnesium fertilizer trial was
followed in 1951 by a combined 260 lb/A (286 Kg/ha) potash (100 bl/A or
110 Kg/ha, 0-0-60 muriate of potash) magnesia (160 lb/A or 178 Kg/ha
epsom salts, magnesium sulfate) fertilization trial to determine if the combined elements may result in an additive response; however, the response obtained was related to the potassium applied. Height growth for thirty
dominant and codominant trees average 1.57 feet (0.47 m.) per year from
1951 trhough 1957 on the fertilized area, while for the same period the unfertilized area averaged 1.13 feet (0.34 m.) per year.
Another combined nutrient element fertilizer trials in Pinus resinosa was
made with potassium and nitrogen salts to determine if the nitrogen might
result in an additional response following correction of the severe potassium
deficiency. Three trials were used in this test: combined potassium nitrate
(250 lb/A or 275 Kg/ha) — ammonium nitrate (43 lb/A or 47 Kg/ha),
200 lb/A (220 Kg/ha) potassium chloride, and 150 lb/A (165 Kg/ha) ammonium nitrate. These treatments resulted in equal additions of elemental
potassium and nitrogen on the potassium and combined treatments, and
the nitrogen and combined treatments, respectively. These treatments
were to determine if an additive response might be obtained. From 1951
through 1957 the dominant and codominant trees gained 8.06 feet (2.4 m.)
on the combined treatments while similar trees on the potash treatment
gained 9.42 feet (2.8 m.) and those on the nitrogen treatment gained 5.80
feet (1.7 m.). Thus the annual average height growth was 1.6 feet (0.48 m.),
1.9 feet (0.57 m.) and 1.2 feet (0.36 m.), respectively. Wood volume on
the non-potassium treated area was less than 2/3 the volume on the combined and potassium treated areas. The current year foliage, six years
after fertilization, analyzed 0.51 to 0.49 per cent potassium on the potash
and combined element treatment, and only 0.31 per cent potassium on the
nitrogen treatment. The response obtained was only related to the potassium applied. Further trials to observe the effect of nitrogen additions
following potassium fertilization were established in 1958. In these cases
areas of Pinus resinosa and Pinus strobus plantations received 150 lb/A
(165 Kg/ha) ammonium nitrate eight years after potassium applications.
Within the brief period since nitrogen fertilization, no response to the
nitrogen is evident in either species.
In 1950 a complete fertilizer plus trace elements trial and a trace elements
trial were established to further observe possible interactions of macronutrient elements and response from trace elements. The complete fertilizer
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plus trace elements *, applied at 625 lb/A (687 Kg/ha), consisted of nitrogen,
phosphorus, potassium, calcium, magnesium, sulfur, iron, boron, zinc,
copper, manganese and molybdenum. The trace elements were applied
in solution form using 100 gallons of water per acre (153 liters/ha). This
treatment resulted in a lasting response that may be related to the potassium in the fertilizer while no response was observed on the trace element trial alone, applied as above at 90 lb/A (99 Kg/ha). From 1950 through
1957 the height growth of the dominant and codominant trees on the
complete fertilizer plus trace elements treatment was 13.34 feet (4.0 m.),
or 1.91 feet (0.57 m.) average per year; whereas the plot receiving only
trace elements totaled 8.52 feet (2.5 m.) in the same period, or 1.22 feet
(0.36 m.) per year which is similar to an adjacent unfertilized area. The
volume of wood on the trace element treatment was only about 2/3 that
of the complete fertilizer plus trace element treatment.
From 1949 to 1951 potash fertilizer trials using various methods of
application were employed to determine if the methods of application
affected the response to potash in Pinus resinosa, Pinus strobus, Picea
abies, Picea glauca plantations. The methods of application included
uniform broadcast of dry powder form, 18 inch (45 cm.) banding between
rows of dry powder form, and uniform broadcast of liquid form of muriate
of potash fertilizers. The strong, lasting effect of the potash fertilizer was
evident irregardless of the method of application.
To determine the value of added potash to nursery stock prior to planting
on this potassium-deficient site, a comparison was made in 1951 between
fertilization in the nursery vs. field fertilization of Pinus resinosa. For the
nursery stock, 800 lb/A (880 Kg/ha) of potash fertilizer was applied at
the start of the fourth year of the 4—0 stock. The field fertilization was
done one week after planting 4—0 nursery stock and was applied at the
rate of 100 lb/A (110 Kg/ha) of 0-0-60 muriate of potash. Investigation
nine years following planting indicates that the nursery fertilization resulted
in slightly better initial growth in the field for the first few years than the
unfertilized stock, but this additional growth disappeared after about
six years, while the field fertilized stock is maintaining annually approximately 25 per cent more growth than the unfertilized Pinus resinosa
(Table 4).
TABLE

4. Mensurational data of nine year old Pinus resinosa plantation fertilized
at planting vs. heavy nursery fertilization.
Total
Treatment

Unfertilized 4 — 0 stock
Field fertilized w/KCl
at planting of 4 — 0 stock
Nursery fertilized in 4th
year of 4 — 0 stock

Annual height growth (feet)

ht. (ft)

1959

1958

1957

1956

1955

7.1

1.2

1.0

0.9

0.9

0.8

9.3

1.5

1.4

1.2

1.3

1.1

7.4

1.2

1.0

0.9

1.0

0.9

* The complete fertilizer consisted of 175 lb/A (192 Kg/ha) chemically pure
KN0 3, 100 lb/A (110 Kg/ha) technical grade (NH4)H2P04, 100 lb/A (110 Kg/
ha) chemically pure MgS04, 250 lb/A (275 Kg/ha) chemically pure CaC03,
plus trace elements at 5 lb/A (5.5 Kg/ha) Na2B4O?-10H2O, 5 lb/A (5.5 Kg/ha)
technical grade ZnCl2, 5 lb/A (5.5 Kg/ha) chemicallv pure CuS04, 25 lb/A
(27.5 Kg/ha) technical grade MnS04, 50 lb/A (55 Kg/ha) technical grade
Fe2(S04)3 and 1 lb/A (1.1 Kg/ha) chemically pure (NH4)„ Mo7024-4H20.
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SUMMARY

It has been demonstrated t h a t on a level, coarse sandy, glacial outwash
soil t h a t h a d been exploited b y agriculture for a long period, potassium
additions in t h e form of logging debris, humus a n d mineral fertilizers in
all cases has h a d a strong positive influence upon t h e growth and vigor of
several coniferous tree species. T h e response from t h e organic m a t t e r additions, due to their content of potassium, was greater for t h e more nutrient
demanding species. Logging slash from a productive site has a stronger
effect t h a n slash from a depleted site, and t h e more nutrient demanding a
species t h e greater t h e effect of its slash.
Response to applications of potassium fertilizers in various forms have
been immediate, strong and lasting while t h e response from other nutrient
element additions, including nitrogen, have been slight to nil. Rates of
application equivalent t o 150 lb/A (165 Kg/ha) elemental potassium have
resulted in a striking reaction and indicate t h a t still higher rates of potassium applications would be effective.
Potassium deficiency symptoms have been described for several coniferous species and related to soil and foliar potassium analyses.
The effect of both organic additions a n d mineral potash salts lasts a t
least 25 years.
RÉSUMÉ

Il a été montré que sur un terrain plat, couvert de sols à sable grossier
(résidus glaciers) exploités pendant u n e période prolongée p a r l'agriculture,
des apports de potassium sous forme de débris d'abatage forestier, d'humus
et d'engrais chimiques, avaient toujours un effet positif très marqué sur
la croissance et la vigueur de plusieurs espèces de conifères arborescents.
L'effet des apports organiques, dû à leur teneurs en potassium, était d'
a u t a n t plus prononcé que les espèces fumées étaient plus exigeantes pour
leur nutrition minérale. Les déchets d'abatage provenant d'un site productif
avaient un meilleur effet que les déchets provenant de sites épuisés, et plus
l'espèce était exigeante, plus grande aussi était l'effet fertilisant de ses
déchets.
L'effet des applications d'engrais potassiques sous différentes formes a été
immédiat, bien marqué et persistant, tandis que l'effet d'additions d'autres
éléments nutritifs (azote y compris) a été faible à imperceptible. Des t a u x
d'application équivalant à 150 livres/acre (165 Kg/Ha) de potassium
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élémentaire, ont donné lieu à des réactions frappantes et ont indiqué que
des taux plus élevés seraient encore plus effectifs.
Des symptômes de carence de potassium ont été décrits pour plusieurs
espèces de conifères et mises en relation avec des analyses de sol et des
analyses foliaires. L'effet des apports organiques et minéraux de potassium
persiste pendant au moins 25 années.
ZUSAMMENFASSUNG

Auf einem flachen grobsandigen Boden einer glazialen Schmelzwasserablagerung, während langer Zeit landwirtschaftlich benutzt, wurde demonstriert dass K-Gaben in der Form von Holzschlagabfällen, Humus
und mineralischem Dünger in allen Fällen einen stark positiven Einfluss
auf das Wachstum und die Lebenskraft von verschiedenen Arten Koniferen
zeigten. Die mehr K verlangenden Arten reagierten stärker auf Zufügungen
von organischen Substanzen je mehr K sie enthielten. Abfall von einem
Holszchlag in voller Produktion hat einen grösseren Effekt als Abfall von
einem verlassenen Holzschlag; und je mehr Nährstoff eine Art verlangt,
desto grösser ist der Effekt des Abfalls.
Anwendungen von Kalidüngemitteln in verschiedener Form hatten
unmittelbaren, starken und fortdauernden Erfolg, während Gaben anderer
Nährelemente, einschliesslich N, mehr geringen oder gar keinen Erfolg
hatten. Rationen aequivalent zu 150 lb/A (165 Kg/ha K hatten eine auffallende Auswirkung und indizierten, dass noch höhere Rationen von KAnwendungen noch mehr Erfolg versprechen würden.
Für verschiedene Koniferenarten wurden K-Defizienz-Symptome im
Vergleich mit Boden- und Nadelanalysen beschrieben.
Die Wirkung sowohl von organischem K-Dünger als von Kalisalzen
dauert wenigstens 25 Jahre.
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DÜNGUNG HUMUSVERARMTER WALDBÖDEN
von
W.

WITTICH*

Die Waldernährungslehre ist heute noch so wenig fundiert, dass die
Diagnose des Nährstoffmangels, die wichtigste Grundlage für eine erfolgreiche Düngung, mit erheblichen Fehlergrenzen rechnen muss. Dies
ist ein Grund, weshalb wir zunächst die Düngung hauptsächlich im optimumfernen Bereich durchführen sollten. Der andere Grund dafür ist, dass hier
mit besonders hohen Ertragssteigerungen gerechnet werden kann, sofern
nicht die sonstigen Ertragsfaktoren (Klima, Wasserhaushalt u.a.) den
auch bei optimaler Ernährung erreichbaren Höchstertrag stark einschränken. Unter diesem Gesichtspunkt lohnend sind nach unseren Erfahrungen
vor allem Böden, die durch Streunutzung oder andere unpflegliche Maßnahmen stark an Humus verarmt sind. Auch viele erschöpfte frühere
Ackerböden gehören dazu. Ist die Verarmung an Humus sehr stark, so
stocken auch auf ehedem fruchtbaren Standorten oft nur noch Krüppelbestände. Stellt man auf solchen lange Zeit misshandelten Böden die
Streuentnahme ein, so dauert es meist über 100 Jahre, bis sie ihrer alten
Leistungsfähigkeit wieder einigermassen nahegekommen sind. Um diesen
Zeitraum abzukürzen, hat man die verschiedensten Meliorationsmassnahmen angewandt. Man hat mit P, K und Ca gedüngt, um die Verluste an
diesen Nährstoffen zu ersetzen. Man hat die Böden tief gelockert, um Verdichtungen zu beseitigen, oder die Heide abgeplaggt, um den Wasserhaushalt zu verbessern. Man hat mit diesen und ähnlichen Massnahmen vielleicht
eine vorübergehende Förderung junger Kulturen, aber niemals die Wiederherstellung der früheren Fruchtbarkeit erreicht. Seit wir die Art der Veränderungen des Bodenzustandes kennen und dementsprechend durch
Düngung bewusst regulierend einzugreifen vermögen, lassen sich selbst
schwere Wuchsstörungen innerhalb weniger Jahre beseitigen.
Infolge unrichtiger Auslegung von Bodenuntersuchungen hatte man
früher Stickstoffmangel als Ursache der Schädigungen i.a. nicht in Betracht
gezogen. In Wirklichkeit führt das Schwinden des Humus zu extremen
Störungen der N-Versorgung, die auch dann lange Zeit nicht nennenswert
nachlassen, wenn die Nutzung eingestellt wird, also den Waldbäumen die
Streu als Stickstoffquelle wieder zur Verfügung steht. Die Lehre, dass der
Bodenhumus für die N-Nachlieferung ohne Bedeutung sei und diese fast
ausschliesslich aus der Streu erfolge, stützt sich auf Versuche in Vegetationsgefässen. Dabei sank die im ersten Jahre gefundene, übliche Mineralisierungsquote von 5 % des vorhandenen Stickstoffs bis zum dritten
Jahr auf fast Null ab. Hier handelt es sich um den bekannten 'sample
effect', die allmähliche Entwicklung unnatürlicher Verhältnisse in den
Gefässen (Absterben der Bodenfauna usw.). Streuzersetzungsversuche, die
wir unter natürlichen Bedingungen durchführten, ergaben, dass nur Nreiche Streu von vornherein mineralisierten Stickstoff abgab, bei den
üblichen Streuarten mit weitem C : N-Verhältnis aber eine starke NAufnahme von aussen erfolgte (2). So stieg z.B. der Stickstoffgehalt der
Lärchenstreu in den ersten fünf Jahren auf das Dreifache an, was unter
Berücksichtigung des im Inneren der Streu eingetretenen Schwundes von
* Institut für Bodenkunde Göttingen.
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40 % der organischen Substanz einer N-Aufnahme von aussen in Höhe
von 70 % des ursprünglich in der Streu vorhandenen Stickstoffs entsprach.
Bei den üblichen Wirtschaftsbaumarten mit weitem C: N-Verhältnis der
Streu hat die Hauptmasse des den Bäumen laufend zur Verfügung gestellten
mineralisierten Stickstoffs den Weg über den Humus genommen.
Wenn ein Boden mit Mullzustand lange Zeit unter dem Einfluss derselben
Vegetation gestanden hat, herrscht Gleichgewicht zwischen Einbau von
Stickstoff in den Humus und Abgabe durch Mineralisierung (5). Wird hier
der Zugang von Stickstoff aus der Streu durch deren laufende Entnahme
gesperrt, so liefert der Humus noch lange erhebliche Mengen von mineralisiertem Stickstoff, die umso grösser sind, je besser die Humusform ist. Dies
zeigten Versuchsflächen der Bad. Forstl. Versuchsanstalt. Hier wurde unter
einem Buchenbestand jährlich die gesamte Streu entfernt. Trotzdem lag
gegenüber der unberührten Vergleichsfläche der Stickstoffentzug durch
den Bestand (dem Zuwachsrückgang ungefähr entsprechend) in den ersten
30 Jahren nur um 11 % niedriger. Es handelt sich hier um das Mittel aus
allmählich ansteigenden, in den letzten 7 Jahren 18 % erreichenden Werten.
Der Bestand hat also in dieser Zeit im wesentlichen vom Stickstoff gelebt, der
durch Mineralisierung aus dem Bodenhumus frei wurde. Durch Vergleich mit
der geschonten Fläche ergab sich, dass in diesen drei Jahrzehnten vom
Stickstoff des Bodenhumus etwa 25 % durch Mineralisierung geschwunden
waren. Sie entfallen in diesem ersten Stadium fast ausschliesslich auf die
Fraktion des a-Amino-N (6). Der Verlust an Stickstoff ist stärker als der an
Bodenhumus, so dass eine Erweiterung des C : N-Verhältnisses eintritt.
Entsprechende Untersuchungen an zahlreichen, sehr lange streugenutzten
Böden und geschonten Vergleichsflächen ergaben, dass mit zunehmender
Dauer des Streuentzuges die Stickstoffnachlieferung progressiv abnimmt,
während gleichzeitig eine starke relative Anreicherung der schwer angreifbaren N-Verbindungen, vor allem des in 6 n HCl nicht hydrolysierbaren,
grösstenteils heterocyklisch gebundenen Stickstoffs eintritt. Doch wird in
den fortgeschrittenen Stadien der Verarmung auch letzterer allmählich
angegriffen. In diesem Resthumus mit erheblich erweitertem C : N-Verhältnis, der selbst nach starker, viele Generationen hindurch betriebener
Streunutzung selten auf weniger als 40 % der ursprünglichen Menge des
Bodenhumus zurückgeht, haben sich neben schwer angreifbaren Stickstoffverbindungen die sehr aschereichen Huminsäuren, und unter ihnen bevorzugt Grauhuminsäuren, relativ angereichert. Sie besitzen im Gegensatz zu
den mit verdünnten Alkalien extrahierbaren, aschearmen Huminsäuren
eine ungewöhnlich hohe Resistenz gegen mikrobiellen Angriff. Wichtig ist,
dass sie während der Zeit des Humusschwundes in erheblichem Masse
hydrolysierbaren und in geringerem Grade sogar nich hydrolysierbaren N
abgeben. Trotzdem bleiben sie so weit intakt, dass sie bei geeigneten
Meliorationsmassnahmen durch erneute Aufnahme einen grossen Teil des
verlorenen Stickstoffs wieder einzubauen vermögen (4). Die geschilderte
Entwicklung im Resthumus führt im Laufe der Zeit zu einem völligen
Zusammenbruch der N-Nachlieferung. Schwinden des Bodenhumus um
30 % bedeutet einen Rückgang der N-Mineralisierung auf einen winzigen
Bruchteil der normalen. JEin solcher an Humus verarmter Boden ist in
dieser Hinsicht sehr viel ungünstiger zu beurteilen als ein junger Boden mit
gleichem oder sogar noch geringerem Gehalt, der sich im Stadium des Neuaufbaues von Humus befindet. Entscheidend ist nicht so sehr die absolute
Höhe des Humusgehaltes als die bei unnatürlichem Humusschwund eintretende
einseitige Verarmung an der für die Stickstoffmineralisierung wichtigen
Verbindungen.
Dass man bei den Meliorationsmassnahmen so lange die Verbesserung
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der Stickstoffernährung vernachlässigt hat, ist die Folge eines unglücklichen Zufalls. Die ersten Untersuchungen über die Veränderungen unter
dem Einfluss der Streunutzung waren von Ramann (1) an trockenen
Sandböden im kontinentalen Klima Ost-deutschlands durchgeführt worden.
Hier weicht die Entwicklung von der oben geschilderten insofern ab, als der
Resthumus der streugenutzten Böden im Mittel stickstoffreicher ist als der
Humus der geschonten Vergleichsböden (3). Dies hatte schon Ramann
festgestellt, wenn er auch damals (1883) die Ursachen noch nicht erkennen
konnte. Die Folge war, dass N-Mangel als Ursache für die Wuchsstörungen
meist nicht mehr in Betracht gezogen wurde. Tatsächlich treten auch hier
mit dem Humusschwund starke Stickstoffverluste ein. Nur dadurch, dass
der Humus in diesem Klima etwas stärker schwindet als der Stickstoff,
reichert sich dieser im Resthumus relativ an, aber auch hier nur in schwer
angreifbarer Form. Die abweichende Entwicklung erklärt sich anscheinend
im wesentlichen dadurch, dass der Stickstoff der Huminsäuren, besonders
derjenige der Grauhuminsäuren, im kontinentalen Klima äusserst resistent
gegenüber mikrobiellem Angriff ist, während er in feuchteren Gebieten der
allmählichen Mineralisierung unterliegt (6). Der Endeffekt bleibt der gleiche:
Versagen des Humus als Quelle für mineralisierten Stickstoff. Wir wissen
heute, dass dies der entscheidende Schwächepunkt von humusverarmten
Böden ist. Damit sind aber zahlreiche andere ungünstige Veränderungen im
Bodenzustand korrelativ verbunden: starker Rückgang der Bodenorganismen, denen angreifbare organische Substanz als Energiequelle fehlt, dadurch
Fortfall der selbstauflockernden Kräfte des Bodens mit zunehmender
Verschlechterung des Gefüges. Dazu kommen Störungen des Wasserhaushaltes, verursacht durch verstärkte Evaporation, schwere Benetzbarkeit und chemotropisch bedingte flache Wurzelentwicklung, Rückgang
des Redoxpotentials usw. Es handelt sich also um eine ausgesprochene
Komplexwirkung. Entscheidender Schwächepunkt, an dem alle Meliorationsmassnahmen anzusetzen haben, ist die Zerstörung des Stickstoffhaushaltes. Führt man den fehlenden Stickstoff laufend durch mineralische
Düngung zu, so lassen sich meist sofort erstaunliche, progressiv zunehmende
Zuwachssteigerungen erzielen. Durch die damit verbundene allmähliche
Verdünnung tritt dann oft Mangel an sonstigen Nährstoffen auf. Dazu
gehören auch Mikroelemente, für deren Aufnahme durch die Pflanzen ein
hohes Redoxpotential Voraussetzung ist.
Durch laufende mineralische N-Düngung lassen sich zwar die unmittelbaren Auswirkungen des Stickstoffmangels beseitigen, aber es dauert sehr
lange, bis auf diesem Wege eine Gesamtmelioration des Bodens erreicht
wird. Im Gegensatz zur Landwirtschaft, die sich darauf eingestellt hat,
den grössten Teil der Nährstoffe den Pflanzen laufend durch Düngung
zuzuführen, müssen wir in der Forstwirtschaft auf die Wiederherstellung
des früheren oder, wenn dieser vorher für optimale Stickstoffernährung
nicht ausreichte, eines besseren, die N-Versorgung nachhaltig sichernden
Humuszustandes bedacht sein. Ein weiterer wesentlicher Schwächepunkt ist
der Mangel an organischem Energiematerial für die Bodenorganismen. Er
lässt sich gleichzeitig mit den Störungen des Stickstoffhaushaltes durch
Mitanbau von Leguminosen, vor allem Lupine und Ginster, häufig ergänzt
durch Erle oder Robinie, meist auffallend schnell beseitigen. Die übliche
mineralische Düngung hat hier im wesentlichen die Aufgabe, günstige
Bedingungen für die Entwicklung dieser Pflanzen und die N-Assimilation
ihrer Symbionten zu schaffen. Ihre eiweissreiche Substanz gibt — im Gegensatz zur Streu der Wirtschaftsbaumarten mit weitem C : N-Verhältnis —
sofort mineralisierten Stickstoff ab. Dieser reicht wenn die Leguminosen
sich gut entwickeln, nicht nur für optimale N-Ernährung der jungen Kul386
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tur bzw. — bei Unterbau — des über ihnen stehenden Bestandes aus,
sondern er liefert gleichzeitig auch noch Stickstoff für die Restitution der
Humusrestsubstanzen und den Neuaufbau von Humus. Als Ausgangsmaterial für den letzteren dient neben der eigenen organischen Substanz vor
allem die neue Bestandesstreu. Bei blosser Einstellung der Streunutzung
ohne Meliorationsmassnahmen sammelt sich diese zu einer ungewöhnlich
untätigen Rohhumusdecke an, so dass in Humus des Mineralbodens selbst
nach 80 Jahren noch keine wesentlichen Veränderungen festzustellen waren
(3). Unter dem Einfluss der eiweissreichen Substanz, die auf Mikroorganismen und Bodenfauna stark stimulierend wirkt, wird die Bestandesstreu
in die Abbau- und Umformungsvorgänge einbezogen. Auf diesem Wege
lassen sich selbst schwerste Wuchsstockungen innerhalb weniger Jahre
beseitigen. So berichteten wir über die Melioration eines durch Streunutzung
extrem an Humus verarmten Bodens (4), auf dem ein Kiefernbestand in
110 Jahren nur eine Mittelhöhe von 6 Metern erreicht hat. Wo man ihn
abgetrieben und nach einer mineralischen Düngung zwischen den Pflanzreihen Lupine und Ginster angebaut hat, stocken heute Horste der verschiedensten Baumarten und Baumartenmischungen, die mit 23 Jahren
schon eine Höhe zwischen 8 und 11 Metern aufwiesen. Ähnlich erstaunliche
Wuchssteigerungen erzielte Lupinenunterwuchs unter Kiefernbeständen,
deren bisher papierdünne Jahrringe nach kurzer Zeit wieder annähernd
normale Stärke aufwiesen.
Unter diesen völlig veränderten Bedingungen erfolgt nicht nur ein
Neuaufbau von Bodenhumus, sondern auch eine Restitution der an Stickstoff
verarmten Humusreste einschliesslich der Huminsäuren. An dem neu eingebauten Stickstoff ist a-Amino-N, der vorher bevorzugt geschwunden war,
wesentlich stärker beteiligt als der resistentere heterocyklisch gebundene N.
Es tritt also eine rückläufige Entwicklung gegenüber den Vorgängen beim
Schwinden des Humus ein. Dies gilt auch für die übrigen Bodeneigenschaften:
Lockerung des Bodens durch allmähliche Entwicklung einer wühlend
wirkenden Bodenfauna, Verbesserung des Wasserhaushaltes usw. Selbst
ausgesprochen flach streichende Wurzeln senden unter diesen veränderten
Bedingungen neue Stränge in den Unterboden. Der Grad der Gesundung
hängt wesentlich von der Dauer der Einwirkung der Stickstoffsammler ab.
Als Unterwuchs unter Lichthölzern hält sich eine Vegetation von Lupine
und Ginster viele Jahrzehnte, bei Mitanbau verschwindet sie meist nach
etwa 10 Jahren im Dickungsalter. Aber auch diese Zeit genügt erfahrungsgemäss, um die N-Mineralisierung nachhaltig so zu verbessern, dass die
weniger anspruchsvollen Baumarten (Fichte, Kiefer, Lärche, Douglasie,
meist auch noch Eiche, Roteiche und Buche) befriedigende, oft sogar schon
optimale Wuchsleistungen aufweisen. Für anspruchsvolle Arten, vor allem
solche mit eiweissreicher Streu, deren Beimischung wegen ihrer günstigen
Wirkung auf Bodenfauna und Humusbildung erwünscht ist, reichen laufende N-Mineralisierung und die sonstige Nährstoff Versorgung in diesem
Stadium in der Regel noch nicht aus. Dies ist nicht etwa die Folge des
grösseren Nährstoffentzuges. Der Unterschied gegenüber den anspruchslosen
Arten ist, weil die Hauptmasse der aufgenommenen Nährstoffe dem Boden
durch die Streu zurückgegeben wird und das Holz relativ arm daran ist, gar
nicht so gross. Das Versagen der anspruchsvollen Waldbäume auf armen und
mittleren Böden erklärt sich in erster Linie dadurch, dass ihr AufSchliessungsvermögen für Nährstoffe hier sehr viel geringer ist als dasjenige der
anspruchslosen Arten, die sich durch Selektion diesen Standorten allmählich
angepasst haben. Das zeigten vergleichende Untersuchungen über die
Aufnahme der einzelnen Nährstoffe durch 17 verschiedene Baumarten, die
auf Versuchsparzellen als Reinbestände angebaut waren. Es handelt sich
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um eine aus karbonatfreiem Löss entwickelte, sekundär schwach podsolierte
Parabraunerde mit massigem Nährstoffgehalt, auf der Kiefer und Fichte
noch eine II. Ertragsklasse aufweisen. Streunutzung ist nicht erfolgt. Eine
Versuchsreihe wurde auf ungedüngtem Boden, eine weitere mit dreifacher
Wiederholung nach Düngung mit 1000 kg/ha CaO und einer schwachen Kund N-Gabe angelegt. Nachstehend sind als Beispiel diese 17 Baumarten
sowohl auf den ungedüngten als auch auf den gedüngten Flächen jeweils
nach dem Gehalt ihrer Blätter an Ca angeordnet worden.
Gehalt der Blätter an Ca in %
ungedüngt
Fagus silv.
Quercus bor.
Alnus ine.
Carpinus bet.
Quercus petr.
Acer pseudopl.
Larix lept.
Abies gr.
Fraxinus exe.
Tilia parvif.
Picea sitch.
Picea abies
Larix europ.
Robinia pseud.
Pinus strob.
Pinus silv.
Pseudots. taxif.

gedüngt
0,80
0,79
0,78
0,75
0,73
0,71
0,62
0,55
0,53
0,50
0,48
0,47
0,46
0,40
0,34
0,34
0,29

Fraxinus exe.
Acer pseudopl.
Tilia parvif.
Alnus ine.
Carpinus bet.
Quercus petr.
Quercus bor.
Fagus silv.
Robinia pseud.
Larix europ.
Larix lept.
Abies gr.
Picea abies
Picea sitch.
Pseudots. taxif.
Pinus strob.
Pinus silv.

1,67
1,37
1,13
1,11
1,02
0,93
0,87
0,76
0,64
0,51
0,47
0,46
0,45
0,41
0,37
0,34
0,34

Während die Esche auf nährstoffreichen Böden von den angeführten
Baumarten die kalkreichsten Blätter besitzt, rangiert sie hier — ebenso
wie die ihr sehr ähnliche Linde — auf dem ungedüngten Boden noch hinter
der als kalkfeindlich bekannten japanischen Lärche. Dafür schieben sich
die anspruchslose Buche und Roteiche dank ihres grossen Aufschliessungsvermögens an die Spitze. Bei der entsprechenden Anordnung nach dem
N-Gehalt der Blätter steht die Esche noch drei Stellen tiefer hinter der
Kiefer. Aber schon die schwache Kalkgabe und die in erster Linie durch
diese verursachte verstärkte N-Mineralisierung genügten, um sie im CaGehalt wieder an die Spitze und im N-Gehalt an die erste Stelle hinter
den Stickstoffsammlern Robinie und Erle rücken zu lassen. Grundsätzlich
das Gleiche gilt für die anderen Nährstoffe. Dieser Versuch zeigte deutlich,
dass es nicht möglich ist, allein durch Anbau von Baumarten, deren Streu
auf guten Böden reich an N, Ca usw. ist, den Kreislauf dieser Nährstoffe
auf armen Böden zu verbessern. Eine — allerdings sehr wichtige — Ausnahme hinsichtlich des Stickstoffs machen lediglich Bäume und Sträucher,
die in Symbiose mit N-assimilierenden Mikroorganismen stehen. Leider
werden sie meist früh von den Hauptholzarten überwachsen, so dass ihre
Einwirkungsdauer in der Regel nicht wesentlich länger ist als die von
Lupine und Ginster. Die übrigen für eine Dauermischung geeigneten Arten,
die auf guten Böden eine eiweissreiche Streu bilden, verlangen nach dem
Verschwinden der Luftstickstoffsammler meist noch eine wiederholte,
ihrem Aufnahmevermögen angepasste mineralische N-Düngung, bis die
Streu auch ohne zusätzliche Versorgung ihren normalen hohen Stickstoffgehalt behält. Dann vermag die Beimischung dieser Baumarten durch die
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laufende Zufuhr einer eiweissreichen Streu ungewöhnlich günstige Wirkungen
auf die weitere Humusbildung und damit den zukünftigen Stickstoffhaushalt auszuüben; denn auf gleichem Boden zeigt der Stickstoffgehalt des
unter verschiedenen Baumarten bzw. Baumartenmischungen gebildeten
H u m u s deutliche Unterschiede im N-Gehalt und damit bei Mullzustand
in der Menge der laufenden Stickstoffmineralisierung (5). Andererseits
besteht eine enge Korrelation zwischen Basensättigung des Bodens und
dem N-Gehalt des unter diesen Bedingungen gebildeten Humus. E r ist
unter Buche in einem noch im Oberboden karbonathaltigen Löss etwa
dreimal so gross wie in einem tief ausgelaugten Lösslehm (5). Aus diesem
Grunde ist eine gewisse Erhöhung der Basensättigung erwünscht, zumal
für sie gutes Gedeihen von Leguminosen und bodenpfleglichen Baumarten
meist ohnehin notwendig ist. Sie darf selbstverständlich die Grenzen nicht
überschreiten, die durch die Ansprüche der Wirtschaftsbaumarten gezogen
sind. Während normaler Humus, der in basenarmen Böden gebildet wurde,
im Gegensatz zum H u m u s basenreicher Böden nach einer Kalkdüngung zum
Schwinden neigt, besteht bei stark humusverarmten Böden diese Gefahr
nicht. Der fest an anorganische Substanzen gekoppelte Resthumus ist auch
bei einer Reaktionsänderung sehr widerstandsfähig gegenüber mikrobiellem Angriff.
Wir sehen, wie stark im Walde mineralische Düngung und waldbaulichbiologische Massnahmen ineinandergreifen müssen, wenn wir unser Ziel
erreichen wollen. Die Verhältnisse liegen in dieser Hinsicht wesentlich anders
als in der Landwirtschaft, wo die Hauptmasse der von den Feldfrüchten
benötigten Nährstoffe diesen laufend durch Düngung zugeführt wird. I m
Walde mit seinem geringen E n t z u g und idealen Nährstoffkreislauf über
Streu und H u m u s können und müssen wir auch aus betriebswirtschaftlichen
Gründen versuchen, einen Bodenzustand zu schaffen, bei dem die optimale
Versorgung der Waldbäume mit Nährstoffen durch die 'nachschaffende
Kraft' des Bodens, durch Mineralisierung von organischer Substanz u n d
Nachlieferung aus der anorganischen Komponente, nachhaltig oder zum
mindesten für lange Zeit gesichert ist. Dazu aber ist Ergänzung der mineralischen Düngung durch planmässige waldbaulich-biologische Massnahmen
unerlässlich. Die Vielfalt der dabei zu beachtenden Gesichtspunkte zeigt
besonders klar die Behandlung des Problems der Melioration humusverarmter Böden. Wir müssen bei der forstlichen Düngung unsere eigenen, der
besonderen Natur der Waldwirtschaft entsprechenden Wege gehen.
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ZUSAMMENFASSUNG

Die geringe Leistung humusverarmter Waldböden ist weniger eine Folge
des absolut niedrigen Gehaltes an H u m u s als der einseitigen Verarmung
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an den für die Stickstoffmineralisierung wichtigen Verbindungen. Im Resthumus reichern sich neben anderen widerstandsfähigen Stoffen die aschereichen Huminsäuren relativ an. Diese verlieren in humiden Klima einen
grossen Teil ihres Stickstoffs, vor allem a-Amino-N. Schwinden des Bodenhumus um 30 % bedeutet einen Rückgang der N-Nachlieferung, die sich
überwiegend auf den Humus stützt, auf einen Bruchteil der normalen.
Damit sind zahlreiche andere Veränderungen des Bodenzustandes verbunden. Der entscheidende Schwächepunkt, an dem alle Meliorationsmassnahmen anzusetzen haben, ist aber die N-Versorgung. Durch Mitanbau von
Stickstoff Sammlern, für die meist durch mineralische Düngung gute Entwicklungsbedingungen geschaffen werden müssen, lassen sich selbst extreme
Wuchsstörungen in kurzer Zeit beseitigen. Dabei erfolgt neben Neuaufbau
von Humus eine Restitution der an Stickstoff verarmten Humusreste.
Düngung und waldbaulich-biologische Massnahmen müssen ineinandergreifen und oft noch nach dem Verschwinden der Leguminosen in anderer
Form fortgesetzt werden. Ziel der Düngung im Walde sollte sein, möglichst
einen Bodenzustand zu schaffen, der die optimale Versorgung der Bäume
auf der Grundlage der 'nachschaffenden Kraft' für lange Zeit sichert.
SUMMARY

The poor performance of humus-impoverished forest soils is a consequence
less of the absolute low content of humus as of the one-sided impoverishment in compounds important for nitrogen mobilization. The residual
humus is relatively enriched in ash-rich humic acids and other resistant
substances. In humid climates these lose a large part of their nitrogen,
mainly a-amino-N. Disappearance of 30 % of the soil humus indicates a
retrogression of N supply, which come mainly from humus, to a fraction of
normal. Numerous other changes in the soil condition are connected with
this. But the week point, which must be taken into consideration in all
measures of reclamation, is the nitrogen supply. By cultivation of nitrogen
collectors, for which good growth conditions can be created by mineral
fertilizers, even extreme growth disturbances can be corrected in a short
time. New humus is built up, and the nitrogen-starved humus residue is
enriched. Fertilizing and silvicultural-biological measures must be coordinated and must often be continued in another form after disappearance of
the legumes. The aim of fertilizing in the forest should be to create the best
possible soil condition which ensures the optimal nutrition of the trees for a
long time.
RÉSUMÉ

Le faible rendement de sols forestiers appauvris en humus est moins le
résultat de cette faible teneur en humus que de l'appauvrissement unilatéral
en composés qui ont leur importance pour la minéralisation de l'azote.
L'humus résiduel s'enrichit de manière relative en matières résistantes et
en acides humiques à teneurs élevées en cendres. Sous climat humide, ces
dernières perdent une grande partie de leur azote, particulièrement celle
des fonctions a — amino. Une diminution de 30 % d'humus du sol signifie
que la libération d'azote tombe à une fraction de la normale, car cet azote
provient surtout de l'humus. Plusieurs autres changements de l'état du sol
sont liés à ce phénomène. Le point faible par excellence, dont toutes les
mesures d'amélioration doivent se préoccuper, reste toutefois l'approvisionnement en azote. Même des cas extrêmes de mauvaise croissance
peuvent être corrigés rapidement par l'interplantation d'espèces accumula390
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trices d'azote, d'autant plus que pour faire réussir ces dernières il est nécessaire de créer pour elles des conditions de croissance favorables par
application d'engrais chimiques. Il en résulte, qu'en plus d'un apport
d'humus nouveau, de l'azote est restitué à l'humus résiduel appauvri.
L'application d'engrais doit être effectuée conjointement avec des mesures
de technique biologique forestière, et les deux doivent souvent être continuées sous d'autres formes après la disparition des légumineuses. Le but
de l'application d'engrais en forêt doit être de créer des conditions de sol
qui, par effet résiduel, assureront pendant longtemps un approvisionnement
optimal des arbres.
DISCUSSION

B. BERNIER: Regarding the nitrogen fixation by alder (Alnus), what is the
optimum soil reaction for active fixation. I suspect that if the soil has a rather
low pH, nodulation is possible, and yet fixation may be inactive.
W. WITTICH: Nach unseren Erfahrungen kann man mit einer guten NFixierung nur auf basenreichen Böden oder nach einer ausreichenden mineralischen Düngung rechnen. Vor allem in sehr saueren Böden ist eine Kalkdüngung
nötig.
W. A. VAN ECK: 1. Which forest types or forest trees appear to respond to
N-fertilization and lupine cultivation? 2. In what manner do trees respond to
N-fertilization: height, diameter, color?
W. WITTICH: 1. Alle Baumarten, mit Ausnahme der Stickstoffsammler
(Erle), reagieren auf eine Stickstoffdüngung; um so stärker, je höher ihre
Ansprüche sind. Die Unterschiede zwischen anspruchsvollen und anspruchslosen Baumarten hinsichtlich des Nährstoffentzuges sind, das die Hauptmasse
des aufgenommenen N dem Boden durch die Streu zurückgegeben wird, nicht
gross. Das Versagen der anspruchsvollen Arten auf mittleren oder armen Böden
beruht auf ihren geringen Aufschliesssungvermögen. Deshalb reagieren die
anspruchsvollen Baumarten auf den meisten Böden auf eine N-Düngung.
Besonders dringend ist diese, wenn der Humus von einer anderen, weniger
anspruchsvollen Baumart gebildet wurde. Pappel oder Esche, nach Fichte oder
Kiefer mit ihrem N-armen Humus angebaut, bedürfen einer starken N-Düngung
während sie, nach gutem Laubholz angebaut, besser mit N versorgt sind.
2. Bei starkem N-Mangel antworten die Bäume auf eine Düngung nicht nur
durch die Farbe der Blätter, sondern auch durch starke Steigerung von Höhenund Durchmesserzuwachs. Bei Kiefer überwiegt (relativ) die Zunahme des
Durchmesserzuwachses so dass die Astreinigung mangelhaft werden kann.
GEOFFRY PIERPONT: YOU suggested that high-demanding tree species are
less efficient in nutrient extractions. Taking this to an extreme (perhaps illogical)
we might suggest that these species are high-demanding and require high
levels of fertility because they are inefficient. However, they do concentrate
higher levels of nutrients in their leaves and other organs. Question: How much
is the high-demand due to inefficiency of nutrient extraction to concentrate nutrients in the leaves, etc. at these high levels?
W. WITTICH: On poor soils, the high demanding species concentrate even
lower quantities of nutrients in their leaves than the less demanding species.
The poorer the conditions, the lower is the capacity to take up nutrients.
S. A. W I L D E : Does not Sarolhamnus (Scotch broom) become an undesirable
weed?
W. WITTICH: Sarolhamnus and even lupine can become a very undesirable
weed especially in pine plantations because it promotes the development of
Lophodermium. This differs according to the conditions of the site.
F. SCHEFFER: Liegen genaue Untersuchungen darüber vor, dass heterocyklisch
eingebauter Stickstoff von Organismen verwertet wird ? Die nicht-oder schlechte
Verwertung mancher N-haltigen Humusformen, welche reich an Amino-N sind,
ist z.T. auf das Vorhandensein verschiedener Hemmstoffe zurück zu führen.
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W. WITTICH: Vergleiche zwischen Böden, auf denen seit langer Zeit die Streu
nach dem Abfall entfernt worden war, und solchen, auf denen die Streu verblieben war, zeigten: in den ersten Jahrzehnten wird fast ausschliesslich a-Amino
-N mineralisiert. In späteren Stadien wird auch der heterocycklisch gebundene
N abgebaut. Ob dieser, vielleicht auf dem Umweg über das Mikrobeneiweiss,
für die Pflanzen aufnehmbar ist, konnte noch nicht einwandfrei geklärt werden.
Vegetationsversuche von uns sprechen für eine Verwertbarkeit des mikrobiell
abgebauten heterocycklischen N. Als Beweis reichen sie aber nicht aus.
I. V. TIURIN: Was für (welche) Leguminosen haben Sie untersucht und welche
wollen Sie rekommendieren für Verbesserung der Humuszustand der Böden?
W. WITTICH: Unsere Untersuchungen betreffen vor allem die perennierende
(blaue) Lupine und Ginster (Sarothamnus Sc.) Eine Mischung beider Arten
empfiehlt sich auf Böden mit verdichtetem Unterboden, da Sarothamnus
verhältnismässig gut in diesen eindringt. Anspruchsvolle Leguminosen (Klee,
Luzerne) haben auf guten Böden eine günstige Wirkung gehabt. Da es sich im
allgemeinen bei der Melioration um arme Böden handelt, überwiegen stark
Lupine und Ginster, häufig ergänzt durch eine vorübergehende, weitständige
(4 x 5 m) Beimischung von Alnus glutinosa.
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DEFICIENCY SYMPTOMS IN FOREST TREES
by
JOHN

HACSKAYLO*

Throughout the course of establishing the forestry profession in the
United States both from the academic and applied fields, the emphasis
has been placed upon utilization and protection of existing forests, rather
than a basic program of development to understand the biological processes
of a tree.
The need for forest tree physiology was pointed out as early as 1926
in a report titled, 'A National Program of Forest Research' (3). In this
report it was indicated that research in tree physiology as well as morphology
in this country lies wholly in the future. This is still very true today, but
there is an awakening to the problems involved and as a result several
symposia (5, 14, 21) have been held in this specific area.
Recently several publications in the form of abstracts (22) and bibliographical listings (11) have appeared on the inorganic nutrition of forest
trees. This research has been applied field work with little emphasis on
research dealing with controlled inorganic nutritional levels and deficiency
symptoms. It is obvious that both applied as well as basic research is
necessary in order to evaluate forest tree nutrition. However, basic controlled experiments are paramount to a sound field program.
The work on inorganic mineral deficiencies in trees has been reviewed
by Colby (4), Hobbs (9), Leyton (12), Goslin (8), and Gessel and Walker (7).
In most instances the research studying inorganic déficiences has been
confined to N, P, K, Mg, and Ca, although in some instances S, Fe, Zn, and
B have been investigated. The present study was undertaken to observe
both, the major and minor element deficiency symptoms in white pine
(Pinus strobus L.), Scots pine (Pinus sylvestris L.), black locust (Robinia
pseudoacacia L.) and sweetgum (Nyssa sylvatica Marsh.).
METHODS

Seedlings for the experiments were obtained from seed of comparable
size that were water soaked for a period of one week at 34° F and allowed
to germinate under greenhouse conditions in acid washed silica sand flats.
Seedlings for any given experiment were selected on the basis of time
of germination. In the case of white pine, Scots pine and sweetgum those
seeds which germinate within a given 24-hour period were used. Seedlings
of black locust were obtained from root cuttings of a given tree by removing the succulent shoots from the rootstock and vegetatively propagating the shoots.
The seedlings were transferred from the sand flats into 3-gallon polyethylene lined plots.
The pots were fitted with glass tubes and rubber stoppers to allow for
aeration and determination of solution levels. The pots were filled to
within 2 inches of the top with acid washed silica quartz ranging from
1/8 to 5/16 of an inch in diameter (Fig. 1).
During the first two weeks the transplants were kept on exchange water
* Dept. of Forestry, Ohio Agriculture Expt. Station, Wooster, Ohio.
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TABLE 1. Compounds and PPM

of Each Experimental Ion Used in the Complete Nutrient Culture Solution
P P M of I o n

Compound
N
KNOj
KH8P04
Ca(NOa)s. 4H20
MgS04 • 7 H , 0
Fe-EDTA
H3B03
MnClj • 4 H 2 0
ZnClj
CuCl, • 2 H 2 0
M0O3
Total

P

K

62.05

78.18
78.18

28.00

Ca

Mg

S

48.64

64.12

Fe

B

Zn

Cu

Mn

Mo

120.21

84.00

5.00
0.40
0.40
0.05
0.02
0.03
112.00

62.05

156.36

120.21

48.64

64.12

5.00

0.40

0.05

0.02

0.40

0.03
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(total solution content 0.8 to 0.2 ppm) then shifted to 1/2 the normal
concentration of the complete nutrient solution for a period of 4 weeks
then placed on a normal concentration of the deficiency culture solution
for the duration of the experiment.
The series of inorganic nutrient cultures used were: Complete (Table 1),
—N, —P, —K, —Ca, —Mg, —Mn, —Fe, —S, —Cu, —Zn, —B, —Mo, and
exchange water (XX-H 2 0) (10). These treatments were replicated four
times using a single tree in each -pot. Two and a half liters of the culture
solution were renewed at 2-week intervals. The initial pH of the solutions
were adjusted to 5.4 with 0.1 % Na OH.
De-ionized water was used in making up the stock and culture solutions
as well as maintaining the solution levels in the pots during the experiment.
A.CS. chemicals were used in preparing the solutions except iron which
was prepared from pure iron wire according to Jacobson (12) using Na OH
instead of K OH.

Fig. 1. Typical greenhouse set-up for running inorganic nutrient deficiency
experiments.
The day-length was maintained at 15 hours by supplementing normal
daylight with fluorescent lighting. The light intensity ranged from 300-foot
candles on cloudy days to 12,000-foot candles on clear days. The fluorescent
light measured 300-foot candles.
The day temperatures ranged from 70 to 100 degrees F. and the night
temperature from 60 to 80 degrees F. The night temperatures were normally
20 degrees lower than day temperatures.
The aeration was intermittant for the pines, but continuous for black
locust and sweetgum.
The plants were harvested by series in any given experiment when it
was judged that the visual deficiency symptoms were at their peak. In the
case of Scots pine all series were harvested at the same time (10).
Records of water uptake growth in height and diameter, residual pH
at culture solutions were recorded periodically and at harvest.
At harvest the plants were dissected into root, stem, and leaves; wet
weights and dry weights recorded; then ground to a 60 mesh screen in a
Wiley mill and stored in desiccator for chemical analyis.
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RESULTS

The results in this paper are based upon the average responses of all
the plants in any given series at the time of harvest. The data on Scots
pine is that reported by Goslin (9).
VISUAL SYMPTOMS

In general the leaves of the plants grown on a complete mineral nutrient
solution had a good healthy green color. White pine manifested a slight
amount of yellow tipping of both the primary and secondary needles
during the final stages of the experiment.
In the Scots and white pine visual foliar symptoms developed first in
the —Fe, —N, —Mg, —P and XX-H 2 0 series. In black locust and sweetgum
the symptoms were first noted in —Fe, —N, —Ca, •—B, —Mn, and —S
series. The symptoms for the other elements were recorded at the termination of the experiment. Normally the deficiency symptoms for any given
element was apparent in all the plants of a given series within a period of
one week. This was particularly true in the black locust series where the
plant response was very uniform.
XX-H20.
All the plants were relatively short and spindly with chlorotic
leaves. Scots and white pine needles became pale yellow with reddish tips.
The leaves of black locust and sweetgum were yellow-green, with yellow
to yellow-red veins and petioles. The roots in all species appeared healthy
but stunted. The root nodules in black locust appeared to be well developed but small and few in number as compared to the complete. The terminal
bud died only in the black locust series.
—N. The plants were stunted with pale yellow-green foliage. Scots
and white pine needles became pale yellow-green with reddish-brown tips
in both the primary and secondary leaves. The leaves of black locust and
sweetgum became chlorotic with red petioles. The terminal buds persisted
in all cases and the root systems were less developed and darker in color
as compared to the complete plants. The nodules on black locust roots
were very numerous and relatively large in size.
—P. The primary needles of Scots and white pine became yellow tipped
and as necrosis became evident the needles became a light reddish-purple.
In black locust the leaflets on one side of the leaf became yellow with no
anthocyanin pigment evident. In sweetgum the veins and petioles became
red. All the plants were stunted except black locust. The roots were relatively small, thin, and dark. The nodules in black locust appeared normal.
—K. In general all plants were short and stunted. The needles of Scots
and white pine became yellow-tipped and eventually a light brown color.
The margins of the lower leaves of black locust and sweetgum fired or
became light brown. The roots were dark in color and somewhat restricted.
The nodules in black locust were small.
—Ca. The needles of Scots and white pine became a pale green in the
terminal regions with necrosis apparent in the terminal bud. Some recurving of the secondary needles was evident. The terminal leaves of the
black locust and sweetgum became chlorotic, dwarfed and delicate. The
terminal buds died. In general the roots were black and new tip growth
was very white in color and somewhat bulbous. The nodules on black locust
were relatively few and small.
—Mg. The primary needles of Scots and white pine were blue-green
with yellow tips, while one-half of the secondary needles were long and
became yellow-green in color with golden to brown tips. In black locust the
upper leaves showed a light green scalping of the edges. The upper leaves
396

IV.50
of sweetgum became a mottled light yellow-green between the veins. The
root systems were sparse and dark in color. The root nodules on black
locust were variable in size and sparse.
—S. The plants in these series grew well untill the terminal portions
became yellow. This was followed by necrosis in the leaf tissue. The roots
were dark in color and fibrous in the pines. In black locust and sweetgum
the roots were light brown in color with bulbous tips. The nodules were very
scarce but when present of normal size.
—Fe. The plants in this series developed deficiency symptoms first.
The new leaves during the peak of deficiency were yellow the pine needles
were entirely yellow in the terminal portions and in the black locust and
sweetgum yellow mottling occurred between the veins. Height and diameter
growth was greatly retarded. The roots were sparse; the pines were a light
reddish-brown and those of the black locust and sweetgum were a buff
color. The root nodules were numerous and normal in black locust.
—Mn. The growth of the plants in the series was normal in the pines
with yellowing of the base of the terminal needles noted in the new growth.
In black locust and sweetgum the terminal leaves became light yellow
between the veins becoming gray spotted. The terminal buds became
yellow and died. Little difference was noted in the root systems from the
complete.
—CM. The growth of the plants was near normal in all series and in
the case of white pine the growth in height and diameter was greater than
the complete. The needles of the pines were long and wavy with light yellow
tips. The lower leaves of black locust and sweetgum developed yellowbrown patches. The roots were dark in color and somewhat thickened.
The root nodules on black locust were sparse but near normal in size.
—Zn. Height and diameter growth was comparable in all species to
the controls. The primary needles in the pines were blue-green in color with
yellow-orange tips that became necrotic and dark brown. Some of the upper
primary needles were recurved. Narrow brown bands were evident in some
of the primary needles. Secondary needles were long, blue-green in color
with light yellow tips. Needle fusion was noted in the pines. The lower
leaves in black locust and sweet gum became golden yellow. The root
systems were short in the pines and dark in color, while in the black locust
and sweetgum the roots appeared normal.
—B. All plants exhibited stunting and terminal bud necrosis. The
terminal buds in the pines appeared to be less affected than the sweetgum
and black locust which died. The primary needles of the pines were light
yellow-orange in color on the tips with light brown banding and edging
throughout. The secondary leaves were blue-green with light yellow tips
that became light brown. Light buff edging and banding was evident.
The terminal leaves of black locust and sweetgum were recurved and
chlorotic. There was a tendency of shortened nodes at the apex. The roots
were dark but well developed with swollen ends. The nodules in black
locust were very small and abortive.
—Mo. Generally the plants grew well in this series. The primary new
growth in the pines appeared chlorotic with light yellow tips. The secondary needles were long and pale blue-green in color. The margins of sweetgum
and black locust leaves became a light buff color. The root systems were
dark in color. The root nodules were few and greatly enlarged in black
locust.
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GROWTH RESPONSES

The growth responses reported are the average figures for a given series
of plants. The data was subjected to a statistical analysis and the least
significant differences are reported at the five per cent level.
The growth of black locust and sweet gum was very rapid and the response of the plants was likewise rapid to the experimental treatments.
In the case of the pines, the growth was relatively slow and the visual
responses were likewise slow.
WHITE PINE. The average total height was similar in the complete,
—Ca, —Mo, and —Mn. —Cu was significantly taller, while the remaining
series were significantly shorter than the complete series. The average
height of the complete plants was 9.05 cm. while the plants in XX-H 2 0
were 4.87 cm. (Fig. 2).
The average diameter was not significantly different in the —P, —Zn,
—B, —Mo, —S, —Mn and —Cu series as compared to the complete. The
remainder were significantly shorter. The average diameter of the complete
series was 5.8 mm. and 2.3 mm. in the —Fe series (Fig. 3).
The average wet weight and dry weight in grams was significantly
lower in the —N, —K, —Ca, —Fe and XX-H 2 0 series as compared to the
complete. There was no significant difference in the remaining series. The
wet weight production in the complete series was 35.65 grams and 10.20
in —Fe series. The dry weight production in the complete series was 9.55
grams and 2.61 grams in the —Fe series (Fig. 4 and 5).
The per cent dry weight production in the —Mn, —Cu, —Zn, and —Mo
series was significantly higher than the complete. The remaining series
were similar except for XX-H 2 0 and the —N series which were significantly
lower. The per cent dry weight was 26.87 for the complete series and 23.90
for the —N series (Fig. 6).
BLACK LOCUST. The average total height and diameter were similar
in the —Cu, —Zn, and —Mo series as compared to the complete. The
remaining series were significantly shorter. The average height for the
complete series was 314.7 cm. and 43.7 cm. in the XX-H 2 0 series. The
average diameter for the complete series was 9.3 mm. and 4.3 mm. in the
—B series (Fig. 2 and 3).
The average wet weight production was significantly lower in all series
as compared to the complete. Wet weight of the complete series was 466.68
grams and 36.0 grams for the XX-H 2 0 series (Fig. 4).
All of the series were significantly lower in dry weight except the —Cu,
—Zn and —Mo series, which were similar to the complete series. The
dry weight of the complete series was 125.22 grams and 9.24 grams for the
XX-H 2 0 series (Fig. 5).
The per cent dry weight is similar in all series to the complete except
in the —N, —Mg, —Fe, —Mn, and —B series which were significantly
lower. The percent dry weight of the complete was 26.61 and 18.48 for the
—N series (Fig. 6).
SWEET GUM. The average total height was similar for —K and —Mo
as compared to the complete series. The remaining series were significantly
shorter. The height for the complete was 73.7 cm. and 23.2 cm. for the
XX-H 2 0 series (Fig. 2).
The diameters were significantly smaller as compared to the complete.
The diameter of the complete was 17.5 mm. and 5.7 mm. for the XX-H 2 0
series (Fig. 3).
The wet and dry weight production was significantly lower in all series
as compared to the complete. The wet weight was 318.12 grams for the
complete and 29.87 grams for the XX-H 2 0 series. The dry weight for
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Fig. 2. The average relative
heights of each species in a given
series is expressed as a percentage of the average growth of
the plants in the complete series.
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Fig. 3. The average relative diameters of each species in a given
series is expressed as a percentage of the average growth of the
in the complete series.
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Fig. 4. The average relative wet
weight of each species in a given
series is expressed as a percentage of the average wet weight of
the plants in the complete series.
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Fig. 5. The average relative dry
weight of each species in a given
series is expressed as a percentage of the average dry weight of
the plants in the complete series.
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Fig. 6. The average relative per
cent dry weight of each species
in a given series is expressed as
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Fig. 7. The average relative water requirement of
each species in a given
series is expressed as a
percentage of the average
water requirement of the
plants in t h e complete
series.
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the complete series was 103.86 grams and 9.37 grams for the XX-H 2 0 series
(Fig. 4 and 5).
The per cent dry weight production was similar in all series to the complete except for the —N, —Mg, —Fe, and —Ca series which were significantly lower. The per cent dry weight for the complete series was 32.65
and 23.76 for the —Mg series (Fig. 6).
WATER

REQUIREMENT

The water requirement is based upon the average amount of water
taken up by the plants in any given series per average gram weight of
dry matter produced. In general the deficient plants required more water
per dry weight produced as compared to the control plants. The black
locust was more efficient than the sweet gum and both more efficient
than the white pine in water utilization (Fig. 7).
WHITE PINE. The water requirement was significantly lower in the
—Mo and —Mn series as compared to the complete series. The water requirement of —Mg, —Cu, —Zn, —Ca, and —P was similar to the complete
series, while the —N, —K, —S, —Fe, —B, and XX-H 2 0 series were significantly higher. The water requirement for the complete series was 852.62;
for the —Fe series, 1657.63; and for the —Mo series, 664.38 (Fig. 7).
BLACK LOCUST. There was no real significance in the water requirement between the series in this experiment. The water requirement
for the complete series was 262.0; for the —K series, 331.67; and for the
—Zn series, 246.33 (Fig. 7).
SWEET GUM. The water requirement was similar for the complete
series and —P, —K, —Cu, —Mo, and —S series. The remaining series had
a higher water requirement. The water requirement for the complete
series was 368.25 and 596.00 for the —Ca series (Fig. 7).
CONCLUSIONS

In general the plants grown in culture solutions deficient of a given
inorganic element exhibited visual foliar symptoms and growth patterns
reported by other workers (1, 2, 7, 8, 9, 13, 15, 16, 17, 18, 19, 20 and 23).
The black locust plants of the —P series exhibited golden yellow chlorosis
of one half of the leaf on side of the rachis instead of the normal anthocyanin
pigmentation of the veins and petioles. There is no real explaination for this
phenomena except that the movement of materials was somehow influenced
by the structure which resulted in the flow of materials out of the leaflets
on one side from the base towards the tips then again back down the other
side from the tip towards the base. This then poses an anatomical problem
which is involved in translocation.
Appearance of foliar deficiency symptoms appeared in the lower leaves in
both the pines and deciduous plants in the —N, —P, —K, —Mg, —Cu,
—Zn, and —Mo series. However, the new leaves of the —N series were
very chloratic and often the terminal regions became necrotic. The upper
and terminal portions of the plants exhibited deficiency symptoms in
—Ca, —S, —Mn, and —B. In all of these instances the terminal elongation
was restricted and necrosis occured in the apical regions. The ions which
are considered to be mobile in the plant tissue exhibited the symptoms in the
lower regions while those incorporated in the plant tissue and immobilized
exhibited deficiency symptoms in the upper or apical regions of the plant.
In all instances the growth in height and diameter and dry or wet weight
production was similar in the —Mo, —Mn, and —Cu series to that of the
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complete series in all species except white pine where the —Cu series was
significantly taller. The remaining series were shorter in general as compared to the complete series. The same pattern was generally true for diameter, dry and wet weight production.
The water requirement was in general the highest in white pine and lowest
in black locust, with sweet gum being the lowest. In white pine and sweet
gum the requirement was highest in the —N, — P , — F e , — B , a n d the X X H 2 0 series.
The water requirement in black locust was not significantly different in
any of the series. This may be accounted for in t h a t the trees all grew
rapidly over a relative short period of time and were harvested before any
differences occurred in dry weight production.
The root systems were affected as were the stem and leaves showing
decided reduction in growth within the X X - H 2 0 , —N, — P , —K, —Ca, and
— B series as compared to the complete series.
The work here should be regarded as a gross morphological study which
could be used to guide practicing foresters in identifying deficiencies of
inorganic nutrient origin in the field. In most instances the tree species
used in these experiments responded as do other plants investigated in
other fields such as agronomy, horticulture, and botany.
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SUMMARY

Scots pine, white pine and sweet gum seedlings were grown from seed
under greenhouse conditions. Black locust was started from root cuttings
of a given tree.
The plants were subjected to the following inorganic culture solutions;
exchange water (XX-H 2 0) complete, —N, — P , —K, —Ca, —Mg, — S ,
•—Fe, —Cu, —Zn, — B .
Visual deficiency symptoms are described of the leaves, stem, and root.
Growth is expressed as the total amount of wet and dry weight produced,
and the total height and diameter of each series plants.
Water requirement appears to be higher in some of the deficiency series
of white pine and sweet gum. In the case of black locust there is no significant difference in the water requirement of the plant when subjected
to the various treatments.
RÉSUMÉ

Des jeunes plantules de Pinus strobus L. de Pinus sylvestris L. et de
Nyssa sylvatica Marsh, ont été cultivées à partir de semences. Des Robinia
pseudoacacia L ont été produits à partir de boutures de racine provenant
d'un même arbre.
Ces diverses plantes furent ensuite établies dans les solutions nutritives
inorganiques suivantes: E a u d'échange ( X X - H 2 0 ) , Complète, —N, — P ,
—K, —Ca, —Mg, — S , — F e , —Cu, —Zn, — B .
Des symptômes de carence visibles des feuilles, tiges et racines, ont été
décrits.
La croissance a été exprimée en quantité totale de matière sèche et humide, en hauteur totale et en diamètre, pour chaque série de plantes.
Les besoins en eau semblent être plus élevés dans certaines séries déficientes de Pinus strobus et de Nyssa sylvatica. Dans le cas du Robinia, les
besoins en eau restent les mêmes pour tous les traitements.
ZUSAMMENFASSUNG

Sämlinge von Schottische Tanne, Weisstanne und 'sweet gum' (Liquid a m b a r styraeiflua) wurden in Gewächshausverhältnissen aus Saat gezogen.
'Black locust' (Robinia pseudacacia) wurde Wurzelschnitten eines einzigen
Baumes entnommen.
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Die Pflanzen wurden je in den folgenden Kulturlösungen ausgesetzt:
Wasser (XX-H 2 0) vollständig, —N, —P, —K, —Ca, —Mg, —S, —Fe,
—Cu, —Zn, —B.
Sichtbare Defizienzsymptome der Blätter, Stengel und Wurzeln wurden
beschrieben.
Das Wachstum wurde in der totalen Menge Nassgewicht und Trockengewicht, sowie der totalen Höhe und Durchmesser jeder Pflanzenreihe
zum Ausdruck gebracht.
Das Wasserbedürfnis scheint in manchen der Defizienzreihen von Weisstanne und 'sweet gum' grösser zu sein. Bei 'black locust' wurde kein nennenswerter Unterschied was Wasserbedürfnis anbelangt, zwischen den verschiedentlich behandelten Pflanzen beobachtet.
DISCUSSION

ALBERT L. LEAF: HOW do you account for the nutrient elements stored in
seed, in your greenhouse minus nutrient greenhouse cultures? What is the
effect of these nutrients in seeds when comparing species of different, seed size
and possibly different amounts of nutrients?
JOHN HACSKAYLO: The seeds were selected on the basis of weight, size and a
24 hour period of germination to reduce variability. Seed lots have yet t o be
analyzed for a specific analytical evaluation. The black locust was started from
root cuttings by removing the succulent stem and allowing it to develop its own
root system in acid washed quartz sand.
T. T. KOZLOWSKI: You showed a deficiency symptom (—phosphorus) in
black locust characterized by yellow leaflets on one side of a leaf and with opposite leaflets showing a healthy green color. What is the explanation of this?
JOHN HACSKAYLO: All plants responded in this manner and it might appear
that the movement of material in the leaflets followed a pattern that might be
dictated by structure and may be an anatomical problem. Actually we do not
know.
E. L. STONE: What is the explanation of the marked nitrogen deficiency
of the well nodulated black locust in the —N cultures ?
JOHN HACKSKAYLO: I t would appear that the nodules were able to grow
under the —N conditions and perhaps fix enough nitrogen for their own utilization, but not sufficient to prevent the chlorosis from developing in the foliar
tissue of the plant.
GUY J. LEMIEUX: What was the pH of the solution at the end of two weeks
just before you changed it? And was there any difference due to species in culture?
JOHN HACSKAYLO: When the plants were small the p H change was from
5.5 to approximately 6.0 ± 0.2. When the plants were actively growing, especially the black locust and sweet gum, the p H rose to 6.5. The pines were slightly
lower.
C. O. TAMM: How did you control p H in your — P solution?
JOHN HACSKAYLO: The solutions were checked periodically and when necessary adjusted with 0.1 % HCl.
Culture solutions were changed every 2 weeks and the pH adjusted with
0.1 % NaOH or 0.1 % HCl to 5.5 ± 0 . 1 .
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RECHERCHES SUR L'ACTION DE DIVERS TRAITEMENTS
CHIMIQUES DES HUMUS BRUTS SUR LA NUTRITION ET LA
CROISSANCE DES RESINEUX
par
PHILIPPE DUCHAUFOUR

Ecole Nationale des Eaux et Forêts, Nancy
I. D I S P O S I T I F E X P E R I M E N T A L

Une expérience de traitements chimiques des humus bruts, et d'étude
de leur effet sur la germination et la croissance de deux espèces résineuses,
Pin sylvestre (Pinus sylvestris) et Epicéa (Picea excelsa), a été poursuivie
aux Barres (Loiret), pendant deux saisons de végétation en 1958 et 1959.
Cette expérience a été effectuée sur 'bâches de semis' de 0,5 m2 de superficie pour chaque lot expérimenté; ces bâches de semis étaient constituées
d'une couche d'humus brut (Mor) de 0,30 m d'épaisseur, ce qui représentait
environ 100 kg d'humus humide (50 % d'eau) par lot. La composition du
Mor utilisé était la suivante: pH 3,8, carbone organique 20 %, azote 0,56 %,
C/N 36,1, Ca échangeable (m.é./100 g) 8,9, P 2 0 5 °/00 0,06.
Les expériences ont été faites en double pour chaque espèce et ont comporté 4 modalités: il y avait donc au total 16 lots, les traitements expérimentés
étant les suivants:
T: témoin, traitement mécanique sans traitement chimique.
N: injection de NH 3 gazeux, jusque pH 7 environ.
E: incorporation d'engrais: 0,5 kg S0 4 (NH 4 ) 2 à 21 % de N + 1 kg de
scories (18 % phosphore), par 200 kg d'humus humide.
E-Ca: incorporation d'engrais aux mêmes doses, et en plus neutralisation
par du carbonate de chaux, à raison de 2,2 kg pour 200 kg d'humus
humide.
Les semis des deux espèces ont été effectués, 2 mois après la préparation
des bâches, au printemps 1958; les 2 plants ont été repiqués sur place, au
printemps 1959, à raison de 500 au m .
Enfin, les plants ont été arrachés, mesurés, pesés et analysés en novembre
1959. L'évolution des humus a été suivie, en outre la nutrition des plants a
été contrôlée par l'analyse foliaire et aussi l'analyse globale par 'plant moyen'.
II. PRINCIPAUX RESULTATS OBTENUS

1. Traitement mécanique de l'humus brut (témoin).
Ce traitement a provoqué une activation de la minéralisation, caractérisée
par une baisse du taux de carbone, une baisse de C/N (30 au lieu de 36);
élévation du pH et de la teneur en bases échangeables: le taux de calcium
a sensiblement doublé par rapport au taux initial.
Cette évolution favorable des humus s'est cependant avérée trop lente
pour l'Epicéa, qui a souffert d'une insuffisance d'azote, la première année
(révélée par l'analyse foliaire). Par contre, le Pin sylvestre s'est bien comporté et a montré une croissance presque aussi satisfaisante qu'en E; sa
nutrition en tous éléments, d'après l'analyse foliaire, est normale.
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2. Traitement à l'ammoniac gazeux.
Ce traitement a provoqué, la première année, une forte solubilisation de
matière organique: mais, dès la seconde année, il ne laisse que des traces
assez faibles: l'humus est redevenu acide (pH 4,3), l'azote ammoniacal n'est
pas plus abondant que dans les témoins (sauf dans un cas); la matière
organique soluble est peu abondante. On note, en outre, une certaine perte
en bases échangeables, solubilisées et probablement lessivées par les pluies,
en même temps que la matière organique soluble.
L'effet du traitement sur la germination et la vigueur des plants est
déplorable: la fonte des semis, en particulier pour les Pins, a sévi de façon
massive; la croissance, médiocre en première année, s'améliore toutefois la
deuxième année, à mesure que l'humus s'acidifie à nouveau.
L'analyse foliaire accuse un certain déséquilibre de la nutrition: la première
année, la teneur en N des feuilles apparaît anormalement élevée (une fois
et demie celle des témoins pour l'Epicéa), mais elle baisse et redevient
normale la deuxième année.
La nutrition en phosphore est exaltée par le traitement (teneur des
feuilles doublée pour l'Epicéa, 0,80 au lieu de 0,40), par suite de la mobilisation
du phosphore par la matière organique solubilisée; comme pour l'azote, cette
teneur baisse à nouveau en deuxième année.
Pour ces deux éléments, on assiste donc à un 'effet de dilution' de N et P,
dû à la reprise de la croissance la deuxième année: les éléments qui s'accumulent dans les tissus sont 'dilués' dans une quantité de matière organique
plus importante; cette observation confirme l'action très peu durable de
l'ammoniac gazeux sur les humus.
3. Traitement par les engrais (E).
Malgré la forte augmentation de la teneur des humus en calcium échangeable, ce traitement n'élève pas exagérément le pH (5). Malgré l'apport
initial de sulfate d'ammonium, on constate qu'au bout de 2 ans la teneur en
azote ammoniacal est plus faible que dans les témoins: cette disparition d'azote
ammoniacal paraît due surtout à la consommation de cet élément par les
microorganismes stimulés par l'effet du traitement. La teneur en acides
humiques n'a pas sensiblement augmenté par rapport aux témoins.
Ce traitement correspond à l'optimum pour les plants: la fonte des semis
est minima; la reprise au repiquage donne les taux les plus forts (98 % pour
le Pin, 85 % pour l'Epicéa). Enfin, la croissance a été favorisée, surtout en
ce qui concerne l'Epicéa, qui a fabriqué plus de deux fois plus de matière
sèche en E qu'en T.
L'analyse foliaire accuse un certain déficit en azote par rapport aux témoins,
ce qui confirme la baisse déjà signalée d'azote minéral des humus traités.
Toutefois, la teneur des feuilles est encore très supérieure au seuil de
carence (1,85 % pour le Pin, 2,17 % pour l'Epicéa.
En ce qui concerne le phosphore, la teneur des aiguilles de Pin n'est pas
modifiée par le traitement, alors qu'elle est considérablement augmentée
pour l'Epicéa (0,72 au lieu de 0,48 % dans les témoins): cette dernière
espèce a donc beaucoup mieux utilisé les engrais phosphatés que le Pin.
Il n'y a rien à signaler au sujet de la nutrition en bases, qui est normale,
sauf que la teneur en calcium des aiguilles est en augmentation sensible
par rapport aux témoins.
4. Traitement par le carbonate de calcium ( + engrais) — E-Ca.
Suivant les bâches, le traitement a amené le pH à 6,8 ou 7,1 cette légère
différence paraissant due à une différence d'humidité initiale des humus.
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Comme dans le cas précédent, on note une diminution de l'azote ammoniacal
par rapport aux témoins, qui semble imputable d'une part aux pertes à l'état
gazeux, d'autre part à la fixation biologique de l'ammoniac sous forme
organique. Par contre, le taux d'acides humiques est sensiblement plus
élevé que dans les témoins; enfin,
on constate une certaine diminution du
K+ échangeable, alore que Mg + + échangeable ne varie pas.
En ce qui concerne la croissance des plants, après repiquage, le traitement
ne montre aucune supériorité par rapport au traitement précédent; le
résultat final varie suivant le pH obetenu; à pH 7,1, la croissance est très
médiocre pour les deux espèces (1/4 du poids sec fabriqué par rapport à E).
En outre, les aiguilles sont jaunes, indice certain d'une carence; à pH 6,8
au contraire, la croissance, tout en étant inférieure à celle des lots E, est
presque normale.
L'addition de carbonate de chaux a manifestement contrarié la nutrition
en azote des plants, déjà difficile pourtant dans les lots témoins, l'humus
brut présentant un C/N supérieur à 30. Malgré l'apport d'un engrais azoté à
dose relativement forte, l'analyse foliaire accuse une diminution du taux
d'azote lorsque le pH augmente.
Voici les chiffres obtenus en % de matière sèche:
Azote
Pin
Epicéa

Témoin (pH 4,4)
2,60
2,78

pH 6,8

pH 7,1

2,45
2,40

2,07
1,98

Ces chiffres restant néanmoins très au-dessus du seuil de carence.

La nutrition en bases, dans les lots neutralisés par le calcaire, offre les
particularités suivantes: la teneur en calcium des feuilles est plus que doublée
par rapport aux témoins, ce qui traduit une consommation de luxe.
L'effet du traitement est inversé, en ce qui concerne l'absorption du potassium et du magnésium: alors que la nutrition en potassium est peu modifiée
{ou même améliorée), celle de magnésium est fortement freinée : le seuil de carence
est dépassé à pH 7,1, ce qui semble expliquer la baisse de croissance et la
couleur jaune des aiguilles.
Teneurs relatives en calcium et magnésium des aiguilles
PH

Calcium %

Magnésium %

Pin

Témoin
Bâches chaulées !

4,4
6,8
7,1

0,47
0,89
1,18

0,12
0,10
0,06

Epicéa

Témoin
Bâches chaulées 1

4,4
6,8
7,1

0,77
1,85
2,05

0,13
0,09
0,07

Il semble donc que notre expérience mette en évidence un véritable antagonisme calcium-magnésium, en milieu calcaire.
RÉSUMÉ

Les conclusions essentielles, qui peuvent être tirées de cette expérience,
se résument ainsi:
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1. Le traitement mécanique, accompagné d'une exposition au soleil d'un
humus formé à l'ombre, provoque à lui seul une forte activation biologique:
accélération de la minéralisation, baisse de C/N, élévation du pH et du taux
de calcium échangeable.
2. L'effet du traitement à l'ammoniac gazeux des humus bruts paraît
défavorable à l'évolution de ces humus; une partie de la matière organique
est solubilisée, ce qui entraîne des pertes par lessivage. En outre, la neutralisation obtenue est fugace, et l'humus s'acidifie à nouveau et devient semblable au témoin, dès la deuxième année.
Il est à noter que la solubilisation de la matière organique, obtenue au
début, provoque une mobilisation du phosphore.
En ce qui concerne la germination, ce traitement provoque une fonte
massive des jeunes semis.
3. Le traitement par les engrais s'est avéré le plus favorable, le pH 5
obtenu paraissant l'optimum: c'est lui qui a permis d'obtenir la meilleure
croissance.
L'Epicéa a mieux utilisé les engrais phosphatés que le Pin sylvestre.
L'enrichissement en azote ammoniacal, utile la première année, n'a, en
fait, exercé qu'une action très fugace, la nutrition azotée s'étant révélée
moins bonne que dans les témoins sans engrais.
4. La neutralisation par le calcaire (avec engrais) s'est montrée plus
nuisible qu'utile.
Les pertes en azote gazeux et la fixation biologique de l'ammoniac, sous
forme organique, paraissant avoir été immédiates et plus intenses encore
qu'en E: la nutrition en azote des plants s'avère, comme dans le cas précédent, nettement moins favorable que dans les témoins.
L'absorption excessive de calcium, provoquée par le chaulage, semble
avoir nui à celle du magnésium: à pH 7,1, une carence marquée en cet
élément a provoqué un jaunissement des aiguilles et une forte baisse de
croissance. Il semble donc qu'on ait mis en évidence un 'antagonisme'
calcium-magnésium, provoqué par la neutralisation des humus à l'aide
de calcaire.
SUMMARY

The essential conclusions to be drawn from this experiment are:
1. Mechanical treatment accompanied by exposure to the sun of a humus
formed in the shade leads to strong biological activation — acceleration of
mineralization, narrowing of C/N ratio, rise of pH and increase of exchangeable calcium.
2. The effect on raw humus of treatment with gaseous ammonia would
appear to be unfavourable to its evolution; a part of the organic matter is
solubilized, and suffers loss by leaching. Besides, the neutralization is
temporary, the humus becomes acid again and similar to the control, after
the second year.
The solubilization of organic matter, obtained at the beginning, produces
a mobilization of phosphorus.
As regards germination, this treatment produces a solid mass of seedlings.
3. The treatment with fertilizers is established as the most favourable,
pH 5 being optimal; at this pH best growth is obtained.
Spruce utilizes phosphate fertilizers better than pine.
Enrichment in ammoniacal nitrogen, useful in the first year, has only an
ephemeral effect, nitrogen nutrition being less marked than in the controls
without fertilizers.
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4. Neutralization with lime (without fertilizer) is more harmful than
useful.
Excessive absorption of calcium produced b y liming seems to have beerf
detrimental to the absorption of magnesium: at p H 7,1 a marked deficiency
of the latter is shown by a yellowing of the leaves and a reduction of growth.
This is evidence of a calcium-magnesium 'antagonism' caused b y neutralizing
the humus with lime.
ZUSAMMENFASSUNG

1. Wenn ein im Schatten gebildeter H u m u s der Sonne ausgesetzt und
mechanisch behandelt wird, so ruft dies ohne Weiteres eine starke biologische Wirksamkeit hervor; Beschleunigung der Mineralisation, Erniedrigung von C/N, Erhöhung des p H und des Gehalts an austauschbarem Ca.
2. Der Einfluss der Behandlung von Rohhumus mit gasförmigem N H 3
scheint ungünstig zu wirken auf die Entwicklung dieser Humusarten;
ein Teil der organischen Substanz wird löslich gemacht, was Verluste
durch Auslaugung mit sich bringt. Ferner ist die Neutralisierung vorübergehend, und der H u m u s versauert aufs Neue und wird nach dem zweiten
J a h r wie das Ausgangsmaterial.
Man bedenke dass die anfangs entstandene Löslichmachung der organischen Substanz eine Mobilisierung von P hervorruft.
Was die Keimung angeht, bewirkt diese Behandlung eine starke Erweichung des Saatgutes.
3. Die Behandlung mit Düngemitteln hat sich als die günstigste erwiesen, wobei p H = 5 als Optimum erscheint; dabei erreicht man das
beste Wachstum.
Epicéa hat P-Düngestoffe besser ausgenützt als Pinus sylvestre.
Die Anreicherung mit Ammoniak-N, im ersten J a h r nützlich, h a t tatsächlich nur eine sehr vorbeigehende Wirkung ausgeübt, da die Stickstoffernährung sich ferner weniger gut entwickelte als bei den ungedüngten Bäumen.
4. Die Kalkung (neben anderem Dünger) hat sich mehr schädlich als
nützlich erwiesen.
Die N-Verluste in Gasform und die biologische Festlegung in organischer
Form des Ammoniaks scheinen sofort stattgefunden zu haben und noch
viel intensiver als bei der Düngung beschrieben unter E im Text; die NErnährung zeigte sich in gleicher Weise wie sub. 3, weniger günstig als bei
den nicht behandelten Bäumen.
Die aussergewöhnliche Kalkabsorption, durch die Kalkung hervorgerufen, scheint die Mg-Absorption geschädigt zu haben; bei einem p H = 7.1
verursachte ein deutlicher Mg-Mangel eine Vergilbung der Nadeln u n d
eine starke Wachstumsverminderung. Es scheint demnach, dass hier ein
Ca-Mg-Antagonismus auftritt, infolge der Neutralisierung des H u m u s
durch den Kalk.
DISCUSSION

M. E. MALDAGUE: Quelle a été l'évolution du rapport C/N dans les différents
traitements et spécialement dans le cas du traitement à l'NH 3 gazeux.
P H . DUCHAUFOUR: Le rapport C/N a évolué à peu près de la même façon
pour les différents traitements, pour le traitement mécanique aussi bien que
pour les traitements chimiques: il a passé de 38 à 25 environ. Toutefois la baisse
a été un peu plus accentuée pour le traitement à l'ammoniac gazeux.
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FOREST SITE QUALITY AS
RELATED TO SOIL NITROGEN CONTENT
by
P A U L J. Z I N K E

School of Forestry, University of California
INTRODUCTION

The productive capacity of forest land is evaluated by the determination
of site quality. The height attained by the dominant trees on an area is
used as an index of the site quality. This height when adjusted to the height
which the trees would attain at a definite age (i.e. 100 or 300 years) is
termed the Site Index at the reference age stated. The purpose of this paper
is to describe correlations which have been obtained between Site Index
at 300 years for Pinus f onder osa Laws, and the total nitrogen content of the
soil.
METHODS

The total nitrogen contents of soils associated with twenty three mature
ponderosa pine site trees located throughout California were determined.
The site indices of the trees at age 300 years were also determined. The
objective of the sampling was to obtain as wide a variety of site qualities as
possible. The sampling sites were located in areas which were free from
recent disturbance from fire, timber harvest or other causes. The sampling
sites were all on similar topographic situations having 20 % westerly slopes.
The soils varied widely, being derived from granite, basalt, peridotite and
serpentine, sandstone, alluvial material, and hydrothermally metamorphosed material. The trees under which the soil sampling was carried out were
dominant mature trees in well stocked forests. The soil pit to be sampled
at each site was located south of the trunk of the site tree at a distance midway between the tree trunk and the edge of the crown canopy projection;
a distance ranging from 1.2 meters to 3.2 meters (4'—8') from the tree
trunk.
The mineral soil was sampled at each site in uniform depth intervals
between the depths 0, 6.35, 15.2, 30.5, 61, and 122 cm. (0, 2.5, 6, 12, 24, and
48 inches). Determination was made of bulk density, weight of the > 2 mm
fraction, and total nitrogen content of the fine earth fraction ( < 2 mm) of
the soils. The total nitrogen contents of the soil samples were determined
by the Kjeldahl method. The nitrogen content in the soil expressed as
grams per square meter for a given depth increment was determined by the
following relationship:
(%NF.n
) x ( 1 0 0 - % > 2 m m ) x (BulkDensity) X (SoilDepth) X (254)
lne ear
gms/cc
inches
The summation of the nitrogen contents of the depth increment samples
for a soil profile equaled the total soil nitrogen content used in this study.
Conversion to pounds per acre can be made by multiplying the nitrogen
contents expressed as grams per square meter by a factor of 8.9.
The height and age of each ponderosa pine beneath which soil samples
were taken was determined in the field at the time of sampling. These measurements were adjusted to the Site Index in feet at 300 years using Dunnings
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(1) site curves. Relationships between the Site Indices of the trees at the
sampling sites a n d the total soil nitrogen contents were then evaluated.
SITE

CHARACTERISTICS

The Site Indices at age 300 ranged from 65'—210' (20 meters—64 meters)
as shown in table one. The average annual precipitation associated with
the site tree locations ranged from 203 m m (8") to 1778 m m (70"). There was
no general trend of increasing site quality with increasing precipitation
for all the locations. However for the site trees located on soils derived
from one parent material (i.e. granite or basalt) there was generally an
increase in site index with increasing rainfall. The average annual temperatures at the site tree locations ranged from 6° C (46° F) to 20° C (67° F ) .
The sampling sites ranged in latitude from 33° 00' N (near Julian, San
Diego County, Calif.) to 41° 30' N (near Alturas, Modoc County, California).
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Figure 1. Site index for ponderosa pine site trees and associated soil nitrogen
contents.
SOIL NITROGEN AND SITE

INDEX

The total soil nitrogen contents ranged from 220grams (1960 lbs./acre/48")
to 1390 grams per square meter to a depth of 122 cm. (12,350 lbs./acre/48").
The data indicate a positive correlation between total soil nitrogen content
and site index as seen in figure 1. The increment of site index associated
with an increment of total nitrogen decreases with increasing nitrogen
content, a typical relation of the Mitscherlich type. However, since height
is not the same as yield, a direct empirical correlation was made. The d a t a
as seen in figure 2 form a linear regression:
Site Index = a Log Q N — b
(1)
QN is the total amount of nitrogen (gms/m 2 /122 cm) associated with the site
tree. The least squares regression line derived for the d a t a in this study has
the equation:
Site Index = 159 (Log Q N ) - 296
(2)
The units for site index are height in feet at 300 years. The correlation
coefficient for this relationship is 0.71, and the standard error of estimate
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TABLE

1. Characteristics of the Sites studied in Association with Site Trees of
Pinus ponderosa

Site Index
Ht. in Ft:
300 yrs.
65
70
87
89
105
107
115
115
124
134
148
150
155
158
158
158
170
180
181
182
182
199
210

Soil
nitrogen
gms/m 2 /
122 cm
330
220
271
570
410
553
305
749
600
386
313

1390
717
768
698
543
977
753
676
583
705
954
786

Avg. Annual
Precip. Temp.
inches
°F.
70
8
25
12
60
35
40
65
15
55
15
40
55
15
39
55
45
35
16
51
55
55
38

52

—
54
51
54
55
53

—
49
51
51
54.
48
67
53
47

—
50
48
52
46
48
57

Soil Series — World Group

Cornutt Red Podzolic (Per)*
(Hydrothermally altered area)
Cuyamaca Gray Brown Podzolic (Ai)
Shaver Gray Grown Podzolic (Ai)
Cornutt Red Podzolic (Per)
Underwood Brown Forest (Bi)
Shaver Gray Brown Podzolic (Ai)
Salminas Red Podzolic (Bi)
Underwood Brown Forest (Bi)
Josephine Gray Brown Podzolic (Ss)
Underwood Brown Forest (Bi)
Gray Brown Podzolic Alluvium
Shaver Gray Brown Podzolic (Ai)
Hornitos Prairie Lithosol (Ss)
Shaver Gray Brown Podzolic (Ai)
Windy Gray Brown Podzolic (Bi)
Arnold Gray Brown Podzolic (Ss)
Underwood Brown Forest (Bi)
Shaver Gray Brown Podzolic (Ai)
Musick Gray Brown Podzolic (Ai)
Shaver Gray Brown Podzolic (Ai)
Windy Gray Brown Podzolic (Bi)
Sierra Red Podzolic (Ai)

* Parent Rock
Ai, granite; Bi, basalt; Per., peridotite; Serp., Serpentine; Ss, sandstone.
is 29 feet. For side index in meters at 300 years the relation is 49.4 (Log QN)
— 90. The range of -± two standard errors of estimate about the regression
line in figure 2 includes all of the data obtained in this study of Pinus
Ponderosa.
The distribution of total soil nitrogen content as a function of soil depth
in representative soil profiles under site trees of different site index (figure 3)
indicates that a differentiation between different site indices can be obtained by sampling to as shallow a depth as 60 cm. (24") instead of the
depth used in this study. The data plotted in figure 3 indicate that for soil
depths less than this, the results may not differ between various site indices.
This may be due to local variation within the soil profile resulting from
stoniness, local litter accumulations, effects of burrowing animals, and
variable root distribution.
The generality of the relationship obtained for the data relating the Site
Index for Pinus ponderosa to total soil nitrogen content applies to other
species for which data is available. The data for site index (feet at 300 years)
for site trees of Pseudotsuga menziesii, Pinus radiata, and Sequoia sempervirens are seen in table 2. The data for Pinus radiata are obtained from a
study by McDonald (2), while those for the other species are from other
studies being conducted by the author. The data are plotted in figure 4
along with the regression equation 2, developed from the ponderosa pine
data. There is a tendency for most of these relationships be above the
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Figure 2. The least squares regression line developed of the relationship between
site index for ponderosa pine and total soil nitrogen content. Bounding lines
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regression line. The equation is for site index in feet. Site index in meters equals
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Figure 3. The cumulative amount of nitrogen in the soils as a function of soil
depth for four soil profiles from this study with site trees ranging in site index
(SI) from 70 to 199 feet.
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TABLE 2. Selected site trees of various species and soil nitrogen contents (QN).
Avg. Annual
QN
Site Index gms/square
Ht. in Ft. meter to Precip. Temp
300 yrs.
rooting
inches
°F
depth

Soil Series — World Group

Pseudotsuga Menziesii
176
130
220
184
206
194
110
140
180
112

601
713
709
733
685
938
539
699
660
495

55
35
52
80
75
55
55
42
65
85

47
55
48
52
55
51
54
53

_
—

Windy (Bi)
Underwood Brown Forest (Bi)
Shaver Gray Brown Podzolic (Ai)
Hugo Gray Brown Podzolic (Ss)
Josephine Gray Brown Podzolic (Ss)
Josephine Gray Brown Podzolic (Ss)
Dukabella Red Podzolic (Serp.)
Shaver Gray Brown Podzolic (Ai)
Salminas Red Podzolic (Bi)
Dubakella Red Podzolic (Serp.)

18
18
18
18
18
18
18

56
56
56
56
56
56
56

Elkhorn Brown Podzolic (Ss)
Santa Lucia Prairie (Ss)
Santa Lucia Prairie (Ss)
McCluskey Prairie Planosol
Elkhorn Brown Podzolic (Ss)
Elkhorn Brown Podzolic (Ss)
Santa Lucia Prairie (Ss)

60

65

Ferndale Podzolic Alluvium

Pinus radiata*
190
155
155
130
130
105
80

1290
780
772
231
174
170
107

Sequoia sempervirens
290

2415

From McDonald (2)
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regression line established for ponderosa pine. However, all b u t one are
within t h e bounding lines formed by twice the standard error of estimate.
CONCLUSIONS

Whether the relationship between site index and soil nitrogen content
is cause or effect is not explained by this study. The soil sampling sites were
selected under the influence of mature trees and the nitrogen contents of
the soils were most likely equilibrium amounts developed during the period
of occupancy of t h e soil by these trees. There is evidence from the work
of Dickson and Crocker (3) t h a t nitrogen accumulation in a soil under t h e
influence of a forest of ponderosa pine can be fairly rapid. However the use
of total nitrogen content in the soil on a site should nevertheless be a good
indicator of site quality. A limitation that needs consideration is t h a t t h e
soil under consideration should be one that is normally capable of growing
the species for which t h e site quality is being evaluated. For example, a soil
with high nitrogen content b u t with a p H of 9.5 would be a poor site for
Pinus ponderosa.
Site index for ponderosa - pine can also be related to soil depth as shown
by Zinke (4). Insofar as total soil nitrogen content is related to t h e amount
of soil present a t the site, the variable soil depth would be reflected in the
total nitrogen content. The soils analyzed in the presence of ponderosa pine
site trees in the present study were all selected a t locations where soil depth
would not be a variable.
Correlations between soil nitrogen content and site index m a y make
it possible to evaluate the effects of timber harvesting, silvicultural activities
and changing species composition as they influence the productivity of t h e
site. For example, if it is found that a mixture of a particular species increases the general nitrogen level of t h e soil by 200 gms per square meter,
it might be possible to make the assumption t h a t a corresponding increase
in site index will occur. Conversely, a decline in nitrogen content of a like
amount might be shown to result in a correlated decline in site quality.
The increase in site quality due to addition of nitrogen in fertilization might
also be possible of prediction in this manner. The d a t a presented in this
study indicate that increasing nitrogen content by fertilization m a y increase
site quality, and t h e greatest increment in site quality per increment in
nitrogen m a y be made in t h e lower site classes. A caution to observe is t h a t
the d a t a in this study deal with total nitrogen content, and m a y not necessarily be nitrogen available for tree growth.
Correlations between site index and soil nitrogen content m a y make
possible a reasonable field appraisal of soil nitrogen content by means
of site index determination.
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SUMMARY

The study reported in this paper relates forest site quality to total soil
nitrogen content. Twenty three mature site trees of Pinus ponderosa at
locations of widely varying site quality were used in the study. The site
index of each tree adjusted to age 300 years was determined, and the total
soil nitrogen content determined for soil in which the tree was rooted. The
site indices ranged from 20 meters to 64 meters (65'—210') and the total
soil profile nitrogen contents ranged from 220 grams to 1390 grams per
square meter to a depth of 122 cm. (1,960—12,350 lbs. per acre to 4 8 "
depth). Site index (height in feet at 300 years) was found to be related to
soil nitrogen content Q N (gms/m 2 /122 cm) b y the regression equation:
SI = 159 (Log

QN)

-

296

The correlation coefficient is 0.71, and the standard error of estimate is 29
feet.
/
RÉSUMÉ

Cette étude met en évidence le rapport qui relie la qualité d'un site forestier et la teneur en azote total de son sol. Nous avons étudié 23 arbres
de l'espèce Pinus ponderosa, qui provenaient de différents sites ayant
atteint la maturité mais de qualité très inégale. L'index de site, ou la hauteur
en pieds à 300 ans, fut déterminé pour chaque arbre ainsi que la teneur en
azote total du sol dans lequel il avait ses racines. Les indices de site variaient
de 20 à 64 mètres (65'—210') et l'azote total du profil variait de 220 à
1390 g/m 2 pour une profondeur de 122 cm. (1,960—12,350 lbs/acre pour 4 8 "
de profondeur). Il fut trouvé que l'indice de site pouvait être mis en rapport
avec la teneur en azote du sol Q N (g/m 2 sur 122 cm) par l'équation de régression :
SI = 159 (log QN ) — 296
Le coefficient de corrélation est de 0.71 et l'erreur standard d'estimation est
de 29 pieds.
ZUSAMMENFASSUNG

I n dieser Arbeit wird über die Beziehung der Waldbestandsbonität
zum total N-Gehalt des Bodens berichtet. Drei und zwanzig Bäume (Pinus
ponderosa) in reifen Beständen, an Stellen mit weit auseinander laufenden
Bestandsbonitäten, wurden für dieses Studium ausgesucht. Der Bestandsindex eines jeden Baumes wurde extrapoliert auf das Alter von 300 Jahren
u n d der Total-N-Gehalt des Bodens, in dem der Baum wurzelte. Der
Bestandsindex wechselte zwischen 20 und 64 m (65'—210') und der TotalN-Gehalt der Bodenprofile zwischen 220 und 1390 g/m 2 bis zu einer Tiefe
von 122 cm. (1.960—12.350 lbs. per acre to 4 8 " depth). Es wurde gefunden,
dass die Beziehung der Bestandsindex (Höhe in Fuss bei 300 J a h r ) zum
Bodenstickstoffgehalt G> (gms/m 2 /122 cm) sich angeben lässt durch die
Gleichung:
B I = 159 (Log Q N — 296)
Der Korrelationskoeffizient ist 0.71 und der normale Schätzungsfehler
beträgt 29 Fuss.
DISCUSSION

DARRELL A. RÜSSEL: Total nitrogen content of the soil is used by some
soil testing jobs as a basis for N fertilizer recommendations for agronomic
crops. Your correlation with site index was positive, but the total of the surface
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2 feet was necessary. Would convential soil tests for P and K be likey to give
positive correlations if these tests also were extended to a greater soil depth?
PAUL I. ZINKE: I think that it is essential that percent nitogen by weight of
the fine earth fraction be converted to nitrogen content in weight per unit
area to give a meaningful correlation with site quality. For example, forest
soils are often very rocky and the nitrogen contents when expressed as per
cent by weight of the fine earth may be high, but when converted to grams per
square meter of the forest site the rate content will enter as a factor. Likewise,
bulk densities vary widely in forest soils from as low as 0.5 to above 1.5, and this
detracts from the value of per cent nitrogen figures. The same should be true
for potassium if extended at least to the depth of rooting of the crop. Phosphorus is a complicated matter and Colwell of the California Soil Vegetation
Survey is now working on its relationship to site quality.
JOHN HACSKAYLO: In the profiles are there any other correlations of other
ions to tree response as you found for nitrogen. ?
PAUL I. ZINKE: I have data for exchangeable Ca, Mg, K, and Na for these
profiles but I have not made correlations of their quantities with site index.
However, it was noticeable that there was more organic matter with higher site
quality. The exchange capacity likewise was higher, as were exchangeable bases.
However, this was true only to a certain point as with increasing rainfall there
was increasing exchangeable hydrogen.
GUY J. LEMIEUX: As there seems to be a relation between tree growth and total
nitrogen in the profile, can we assume a high availability of nitrogen? In other
words, how much of this nitrogen is available to the trees ?
PAUL I. ZINKE: I do not know the answer to this. Despite the correlation
between site index and nitrogen content this does not mean the nitrogen
content causes the high site index. It may be a function of the same factors
that bring about site quality. However, it would seem that a test could be made
by successive addition of nitrogen to stands of various site qualities and known
nitrogen content, and the increment in site index determined and in this way
a ratio made of the amount needed to bring about the increment and that indicated as occurring between the normal nitrogen contents on the same sites.
This may give an answer to the question.
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THE GROWTH AND MINERAL NUTRITION OF TREE SPECIES IN
RELATION TO SITE FACTORS
by
L.

IEYTON

Department of Forestry, Oxford University
INTRODUCTION

The restriction of forest planting in Britain largely to sites of marginal
fertility has frequently been reflected in poor or crippled tree growth, much
of which can be attributed to nutrient deficiency. As a result, much attention
has been directed to the application of commercial fertilizers as an aid to
establishment and to increase the yield of existing plantations (cf. Leyton,
1958-a). On moorland sites, characterized by peaty soils, phosphatic fertilizers have proved particularly beneficial and in certain extreme cases, their
application has meant the difference between complete failure and reasonably successful growth; on sandy heathland sites, deficiencies in nitrogen
and occasionally in potassium, have also been recognized. For successful
timber production therefore, it is necessary not only to have some guidance
as to the nature and extent of a particular nutrient deficiency limiting
growth, but also, from the more general point of view, to improve our
knowledge of the nutrient requirements of the different tree species, especially of those which are of economic importance and widely planted.
As one approach to the study of tree nutrition, much attention has been
paid to foliar analysis on the assumption that the sufficiency or otherwise
of a particular nutrient is reflected in the concentration of that nutrient in
the foliage, (e.g. Leyton, 1958-b). Within the growth limiting range of
supply of a particular element, reasonably well defined relationships can
usually be established between the level of supply of that element, its
concentration in the foliage dry weight and the growth of the tree: under
certain prescribed conditions, these relationships provide a very useful guide
to the species'requirements for that element (cf. Leyton, 1958-c). However,
over a wide range of environmental conditions, when growth may be variously influenced by a number of different factors (both nutritional and
otherwise), interactions between these factors may alter these relationships.
For example, whilst it has proved possible for a number of investigators
to quote, for certain species and certain elements, minimum or optimum
concentrations, or at least ranges of concentration, the general applicability of such data is still a matter for conjecture. The aim of the present
investigation is to see how far a detailed analysis of the growth and mineral
nutrient status of a particular tree species, growing under a wide range of
edaphic and climatic conditions can lead us to a better understanding of
these relationships.
EXPERIMENTAL MATERIAL AND METHODS

In 1950, the British Forestry Commission laid down a large number of
fertilizer trials with newly planted Japanese larch and Sitka spruce on
various sites covering a wide range of soils and climates (for details cf.
Green & Wood, 1957). Depending on the site, the fertilizers used were either
Fisons No. 7 (0-15-8) or No. 8 (5-10-5) at If and 2 ounces respectively, per
plant. In terms of height growth to 1955, the response of Japanese larch
419
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TABLE 1. Site factors and growth of Japanese larch
Site factors and growth
Site

Location

April-Sept. (Incl.)

1956 Ht. incr.(ins)
Geology

O
P
A

Tintern, Mon.
Wentwood, Mon.
Glasfynydd. Brocon

Old
Red
Sandstone

J

Rheola, Glam.

I

Michaelston, Glam.

Sandstone of
Upper Coal
Measures

B
L
F
G
K
N

Brynmawr, Card.
Dyfnant, Montg.
Brechfa, Glam.
Brechfa, Glam.
Coed Clwyd. Denbs.
Myherin, Card.

C
D

Mean
Total Ht.
Altitude (ft.) (ins.) Mean

Mean

Range

Calc.
Total
Total Mean Ht.
Incr.
Rain- Mean Sunfall T° F shine
(ins.)
(ins.)
(h)

550
950
1100

148
130
75

33
27
20

26-41
14-34
8-33

19.6
21.0
46.1

53.8
52.5
51.8

32.3
33.0
30.0

19
24
21

425

134

38

26-46

38.9

54.6

32.5

25

725

72

18

10-24

39.9

53.7

32.0

21

Silurian
Shales

650
800
825
825
900
1100

106
85
98
50
72
51

30
25
31
20
19
16

22-34
19-31
17-42
12 — 30
11 — 30
10-22

37.6
32.0
27.8
27.8
20.1
24.0

52.5
52.4
52.6
52.6
52.2
50.9

30.8
30.6
31.6
31.6
31.3
30.6

26
25
26
22
23
19

Aberhirnant, Mer.
Aberhirnant, Mer.

Precambrian
Shales

1100
1100

57
56

12
18

4-24
11 — 22

15.3
15.3

51.9
51.9

30.1
30.1

18
21

M
E

Dalby, Yorks.
Bickley, Yorks.

Jurassic
Cal. Grit

550
600

78
78

21
18

13-28
8-24

18.4
18.4

52.0
51.8

31.7
31.7

19
24

H

Bin, Aberdeen

Glacial drift
over Gabbro

700

53

14

9-19

20.5

49.8

29.6

15

Q

Ferness, Nairn

QuartziteGranite

600

42

10

6-13

28.6

50.2

27.7

18
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varies from zero to an increase of over 40 per cent but appeared to be
largely independent of soil type or geological substrate. Nor could any well
defined relationship be established between the response and the total
P 2 0 5 content of the subsoil, even less so with the available P content of the
A horizon.
In the autumn of 1956, about 5 representative trees were selected from
each of the fertilized and control plots on 17 of these sites (giving a total
of 172 trees) and analyses made of needles from the uppermost lateral
shoots. Data on these sites and the range of growth encountered are given
in Table 1 and values for the corresponding N, P and K contents of the
foliage, summarized in Table 2. At the time of sampling the mean heights
of the trees ranged from 4.2 to 14.8 inches and the individual 1956 increments
from 4 to 46 inches; wide variations in needle composition were also found
with N in individual trees ranging from about 1 to 3 per cent., P from 0.1
to 0.9 per cent, and K from 0.2 to 2.3 per cent, of the dry weight. Because
of this variability and the small number of trees sampled from each plot,
no attempt has been made to compare trees from fertilized and control
plots.
TABLE 2. Foliage composition (% D.Wt.) of Japanese larch, 1956

N

P

K

Site
Mean
O
P
A

J
I
B
L
F
G
K
N
C
D
M
E
H
Q

2.25
2.07
2.28
2.32
2.21
2.19
2.15
2.18
1.85
2.09
2.06
2.14
2.01
1.80
1.94
1.81
1.52

Range

Mean

Range

Mean

Range

1.96-2.80
1.87-2.77
1.86-2.96
1.97-2.74
1.83 — 2.84
2.00-2.54
1.85-2.44
1.91-2.41
1.52-2.20
1.76-2.55
1.74-2.36
1.64-2.65
1.69-2.47
1.41-2.17
1.52-2.35
1.48-2.04
1.11-1.88

.62
.45
.22
.46
.26
.32
.27
.51
.31
.29
.18
.17
.26
.17
.32
.14
.21

.31-.93
.28-.62

1.20
1.26
0.58
1.66
0.97
1.02
1.23
1.22
0.87
0.86
0.77
0.87
0.60
1.06
1.11
0.56
0.58

0.75-2.09
0.43-2.25
0.20—1.09
1.40-2.31
0.69-1.26
0.65-1.48
0.85-1.72
0.73-2.26
0.45-1.61
0.54—1.40
0.25-1.44
0.33-1.35
0.41-0.97
0.48-2.00
0.62—1.36
0.41-0.68
0.39-1.10

.14-32
.27-.76
.13-, 55
.25-.46
.18-.37
.37 —.67
.13-.47
.19-.49
.15-.21
.12-.25
.21-.31
.13 —.21

.12-61
.10-.17
.15-34

A N A L Y S I S O F T H E DATA

In figure 1, the 1956 height increment of each tree has been plotted against
the N, P and K contents of its foliage, expressed as per cent, dry weight.
Irrespective of origin and the initial fertilizer treatment, there is some
evidence of increment increasing with P content, up to about 0.5 per cent;
somewhat similar but more erratic trends can be distinguished in the cases
of N and K. All three diagrams of course, reveal an appreciable scatter,
indicating the absence of any unique relationship between growth and the
concentration of any one element. This is only to be expected since over
such a wide range of conditions, the growth of the trees will be influenced to
different extents by various environmental factors and their interactions,
the whole being reflected in widely differing foliar compositions. The point
at issue is whether any consistent relationships underlie this scatter.
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Figure 1. Relationship between 1956 height increment of Japanese larch and
the N, P, K composition of the foliage.
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One approach to the study of complex relationships of this kind is provided
by multiple regression analysis. If we assume that growth is at least partially a function of nutrient uptake and that the latter is related to the concentration of the various elements on the foliage sampled, the ensuing
relationship between growth and fob'ar composition can be analysed by
conventional statistical techniques; the derivation of a multiple regression
does not necessarily commit us to the concept of a direct causal relationship
between these variables, which, from a physiological point of view, is hardly
tenable (cf. Leyton, 1958-c).
As an illustration of this approach we might consider the regression of
growth on the 3 factors, N, P and K. Since is it more than likely that an
underlying relationship, if any, would
be curvilinear, we can allow for this by
including the quadratic terms, N2, P 2 and K2. Alternative curvilinear
functions suggest themselves (e.g. exponential as per Mitscherlich) but,
because it is the simplest and approximates to many more complicated
functions, attention will be limited to the binomial
expression, giving in this
case, a regression of the form y = aN + bN 2 + CP + dP 2 + eK + fK2 +
constant. The aim of this analysis is to establish the general nature of the
relationships involved rather than an actual mathematical function which
at best must be largely hypothetical.
For the 172 trees, considered as belonging to one population, calculation
discloses a highly significant multiple regression of the 1956 height increment
on the N, P and K contents
of the foliage (R = 0.791) and, with the possible
exception of the N2 term, all factors make significant contributions to this
regression. In other words, in terms of the linear and quadratic components
of the 3 nutrient factors, we can account for about 63 per cent, of the
variation in growth over the whole population. At the same time, since both
linear and quadratic terms are involved, we can calculate by differentiation,
the levels of each nutrient corresponding to maximum growth; these are
N = 3.86, P = 0.67 and K = 1.93 per cent, and on this basis, most of the
trees appear to be deficient, to a greater or lesser extent, in all 3 elements, in
so far as the majority contain much lower concentrations than the calculated
optima.
However, the derivation of a multiple regression equation for the population as a whole does not necessarily mean that it applies equally well to the
individual sites. This can be checked by calculating the corresponding
regressions for each of 17 sites and determining from these how much of
the variation in growth can be attributed to a common regression covering
all sites and how much to differences
between sites. In the case of the 6
factors mentioned above (N, N2, P, P 2 , K, K 2 ), a significant regression
equation is still found (R = 0.560) but there are also significant differences
between sites. In other words, considering each nutrient factor independently, we can account for a substantial proportion of the total variation
in growth for the population as a whole, but there appear to be additional
factors peculiar to each site which render the common regression equation
inadequate.
Subsequent analyses have clearly shown that only when we include interaction factors does this difference between sites disappear; at the same
time we can also improve the precision of the relationships. For example,
if besides the above 26 factors,
we include both linear and quadratic interactions (e.g., NP, N P, NP 2 , NPK etc.), the result is an expression with
16 terms accounting for almost 70 per cent, of the variation in growth over
the population as a whole (R = 0.833) and for the individual sites, a common
expression accounting for about 55 per cent, of the variation in growth
(R = 0.740), with no significant differences between sites.
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Even when all these terms are included, there remains an appreciable
amount of variation in growth on the different sites which is not accounted
for by the regression. Undoubtedly some of this is due to the inadequacy
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of the regression itself but it is of interest to speculate on other sources of
variation. For example, besides possible differences in seedling origin and
perhaps, differences in the uptake of nutrients other than N, P and K,
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the different sites are also associated with very different climates and soil
physical properties which may influence tree growth independently of
nutrition. As will be seen from Table 1, there is some indication that for
any particular region, growth decreases within increasing altitude of the plantation; there are also differences in the April-September (growing season)
rainfall, mean temperature and sunshine figures as obtained from published
meteorological records for the areas concerned. To a greater or lesser extent,
all these factors will influence the growth of the trees.
The precise relationships involved between tree growth and the environment will therefore be extremely complicated but it is possible to make at
least a partial analysis if we assume that some of the nutritional factors
involved can be accounted for by the above mentioned regression of growth
on foliar composition. Thus we can calculate from a common regression,
applicable to all sites, a value for the mean height increment for each site,
based on the mean N, P, K values for that site; the difference between this
calculated value and the actual value can then be interpreted as being at
least partially due to factors other than those governing the N, P, K status
of the foliage. This has been done in 2the case
of the
common regression
2
2
16
terms,
N,
N
,
P,
P
K,
K
,
NP,
NK, PK, N 2 P,
equation
based
on
the
2
2
2
2
2
N K, P N, P K, K N, K P, NPK, and the calculated values for mean
height increment are given in the last column of Table 1. Because of scaling
problems, the actual regression equation used was calculated, omitting
data from sites, F. J and O, but for the sake of completeness, this equation
has been assumed to apply also to these sites.
As will be seen, remarkably close agreement exists between calculated
and actual values for certain sites (e.g. A, L and H) whilst for others, there is
an appreciable divergence. As argued above, this latter may be due to the
inadequacy of the regression or to the effect of growth factors on these sites
other than those influencing the N, P, K status of the trees. In order to test
this latter possibility, the differences between actual and calculated increments have been plotted against various recorded site factors; little agreement was obtained with the rainfall or sunshine data, but, as shown in
figure 2, there is a distinct tendency for the difference to increase with
increasing mean monthly site temperature (sites H and I excepted).
CONCLUSIONS

The fact that over such a wide range of edaphic and climatic conditions
resulting in very different rates of growth, common relationships can still
be established between growth and foliar composition which are applicable
to any site, suggests that these relationships, though their origin is complex,
are hardly fortuitous. Whether functions other than the ones used better
represent these relationships, is for the purposes of the present investigation,
irrelevant; the important point is that growth can be consistently interpreted in terms of curvilinear functions of the nutrient concentrations N,
P and K and that these concentrations can provide a basis for diagnosing
the nutrient requirements of the tree. As a first approximation we can use
the optimum concentrations suggested by the regressions for the population
as a whole, from which it would appear that most of the plantations are
deficient to a greater or lesser extent in all three nutrients, but particularly
in P. However, for any particular site, it seems that interaction factors must
be considered and hence, if the concept of optimum concentrations is still
valid, these will vary from site to site according to the level of other nutrients.
It would appear therefore, that whilst all sites tend towards the same basic
relationship, certain factors peculiar to each site introduce some degree
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of divergence. Apart from errors and omissions in the regression itself, there
must be factors other t h a n those affecting the N, P, K, status of the foliage,
which influence growth, so that, except perhaps in cases of extreme deficiency, any approach based solely on nutrition, must be incomplete. Nevertheless an appreciable amount of the variation in growth from site to site can
be interpreted in terms of nutrition; evidently m a n y factors react on growth
through the uptake and utilization of mineral nutrients and the restriction
of the plantations to marginal sites would tend to emphasize these nutrient
factors. I t is of course, still impossible to estimate, except in very general
terms, the response in growth to a given increment in nutrient supply since,
because of the large number of variables involved, we cannot forecast the
resulting change in foliar composition; diagnosis based on soil analyses are
similarly limited.
An a t t e m p t has been made to determine the amount of growth on each
site attributable to other factors b y calculating for each site the amount
of growth associated with the mean N, P, K status of the foliage and subtracting this from the actual growth. Whether this is a valid approach is
perhaps debatable, nevertheless, the indication t h a t the difference is related
to the mean site temperature is in keeping with experience; in Britain,
exposure (which must be partly reflected in temperature) is an important
factor limiting tree growth at even moderate altitudes. The failure to find
any relation with rainfall (inadequate as this term m a y be) is not surprising,
considering t h a t most of the plantations investigated are located in the
wetter regions of the country (e.g. Wales).
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SUMMARY

I n Britain, the restriction of plantations largely to marginal sites has
been reflected in widespread nutrient deficiencies limiting tree growth.
On peaty moorland sites, phosphatic fertilizers have proved particularly
beneficial. I n order to assess the value of foliar analysis as a means of
studying growth-nutrient relationships, investigations have been made on
young Japanese larch planted in various parts of the country on a variety
of soil types and showing variable responses to fertilizer amendments. A
significant proportion of the variation in annual height growth over these
sites can be accounted for b y multiple regression analyses based on the
N P K status of the needles. However, only by including interaction terms
can relationships be established common to all sites, indicating the limited
value of diagnoses based on individual nutrients. Much of the variation
in growth not accounted for in terms of the N P K - s t a t u s can apparently be
related to differences in exposure (temperature) between sites.
RÉSUMÉ

E n Grande Bretagne, les plantations forestières se limitent pour ainsi
dire aux sites qui ne conviennent à aucune autre spéculation, ce qui se
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reflète dans les carences nutritives très répandues qui y limitent la croissance
des arbres. Sur les sols tourbeux, les engrais phosphatés ont eu un effet
particulièrement bienfaisant. Afin d'estimer la valeur de l'analyse foliaire
pour étudier les rapports entre éléments nutritifs et croissance, des recherches ont été effectuées sur des jeunes mélèzes du Japon, plantés dans
différentes parties du pays sur des types de sol très divers et qui réagissaient
d'une manière différente sur les apports d'engrais. Une partie significative
de la variation de croissance en hauteur annuelle peut être couverte par
des analyses à régression multiple, basées sur les teneurs en N P K des
aiguilles. Toutefois, ce n'est qu'en incluant des termes d'interaction que
l'on peut établir des relations communes à tous les sites, ce qui indique la
valeur limitée des diagnostics basés sur les éléments nutritifs individuels.
Une grande partie de la croissance que les teneurs en N P K ne parviennent
pas à expliquer, est vraisemblablement liée aux expostions (températures)
différentes des sites.
ZUSAMMENFASSUNG

In Grossbritanien sind die Waldbeständen hauptsächlich auf den marginalen Standorten beschränkt. Dies widerspiegelt sich in die weit verbreiteten Nährstoffdefizienzen, welche das Wachstum der Bäume stark
beeinträchtigen. Auf Moorbodenparzellen wirkten P-Düngemittel besonders
günstig. U m den Wert der Blattanalyse als Mittel zum Studium des
Wachstums in Beziehung zu den Nährstoffverhältnissen auszuprobieren, wurden Untersuchungen ausgeführt an jungen japanischen Lärchen, in verschiedenen Teilen des Landes auf vielerlei Bodentypen angepflanzt und auf Anwendung von Düngemitteln verschiedenartig
reagierend. Die Schwankungen im jährlichen Höhenwuchs in diesen Gebieten können überwiegend abgelesen werden an den 'multiple regression' Analysen, begründet im NPK-Zustand der Nadeln. Jedoch allein
durch Mitbeachtung von auf Wechselwirkungen beruhenden Bedingungen können alle Gebieten gemeinschaftliche Beziehungen, welche den
beschränkten Wert von auf individuellen Nährstoffen basierten Diagnosen angeben, festgestellt werden. Viele der Wachstumsvariationen, welche
nicht auf Verhältnisse des NPK-Zustandes zurückzuführen sind, können
offenbar der Exposition (der Temperatur) der verschiedenen Standorte
zugeschrieben werden.
DISCUSSION

GUY J. LEMIEUX: Have you tried foliar analysis on species of the lesser
natural vegetation as a possible indicator of nutrient status of the soil?
L. LEYTON: Yes. Some years ago (1954) I published analyses on natural
Calluna vegetation which suggested a possible use of the N status of the
Calluna foliage as a grade to the N nutrition of Giant and Silver spruce planted
on the same site. Unfortunately little work along these lines has been carried
out since.
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T H E R E L A T I O N O F P L A N T G R O W T H AND
Y I E L D TO SOIL O X Y G E N A V A I L A B I L I T Y *
by
A. E.

ERICKSON AND D. M.

VANDOREN**

During periods of high moisture, especially in soils with fine pores, soil
oxygen m a y be limiting to plants. Because periods of oxygen deficiency
are usually of short duration, they are often overlooked or considered
unimportant. This paper reports studies of the response of plants to available oxygen and of oxygen availability in field soils.
The platinum microelectrode method of Lemon and Erickson (7, 8) was
used to measure the oxygen diffusion rate f (ODR) or the oxygen availability in soils. The method measures the diffusion rate through the soil
moisture films in the environment of the plant roots and consequently is
an excellent criterion of oxygen availability.
Many greenhouse studies have been performed by students (1, 2, 4, 5, 6, 9)
at Michigan State University in which the response of various plants to
available oxygen was measured. The oxygen diffusion rate in soils has been
regulated either by varying aggregate size or using the whole soil and varying the depth of soil above a free water surface. The measurement of oxygen
availability was made with platinum microelectrode either at the depth of
the germinating seed or in the center of the plant root zone (usually 2 to
4 inches deep). Some of these data are summarized in table 1.
JLE 1. Response of plants to a uniform oxygen diffusion rate in the greenhouse.
ants:

DRt

Sugar Beets
215 x
216

30B3-0

Emergence %
.-20
-25
-30
-35
-45
-60
-70
-80
250
360

9

37
51

Potatoes
Emergence %

44

100
100

Peas
Green Seeded
Perfection

Mira Green
Emergence %

Tomatoes

Yieldgm.

Heightcm.

Yieldgm.

Plant
wt.-gm.

0

0

37

3

56

14
19
36

1.5
2.3
3.0

62

12

217
226

85
90
95

29
54
56

0
12
12

93
88

Gms. O a x 10- 8 cm- 2 min- 1 .
* Authorized for publication by the Director as Journal Article No.2691 of
the Michigan Agr. Exp. Sta., East Lansing, Michigan.
** Professor in Soil Science and formerly Graduate Research Assistant at
Michigan State University, now Assistant Professor, Ohio State Agricultural
Experiment Station, respectively.
f Oxygen diffusion rate will be abbreviated to ODR and expressed in
units of gm X 10 - , cm- , min - 1 .
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Emergence of sugar beets (1) was influenced by the oxygen diffusion rate.
A varietal difference was observed in the two varieties studied. The 216
X 216 variety increased in emergence with increasing oxygen availability to
the maximum rate of 42 x 10 - 8 gm. cm -2 min _1 (ODR of 42) while the
30B3-0 did not respond to ODR over 35. Potatoes (4) did not emerge
when the ODR was below 24 nor did they respond to ODR above 61.
Mira Green Peas (5) did not emerge at ODR of 16.
These emergence data suggest that there is a limit of oxygen availability
below which plants will not germinate or if they germinate they will not
emerge. This threshold value seems to be different for various crops and
different varieties of a particular crop. Transplanted plants have been observed to either die or exist in an unthrifty state in soil environments near
or below ODR threshold value for that plant.
Growth of Green Seeded Perfection Peas (2) achieved maximum height
at an ODR of 72 while the maximum yield was not attained until 250.
The yield of Mira Green Peas was increased with increasing ODR to 62
which was the maximum used in the experiment. Tomato (6) yields leveled
off between ODR of 44 to 52. These data indicate that there is a range of
oxygen availability in which there is growth and yield response by plants.
This response range seems to vary with different crops. It is also dependent
on depth at which the ODR is measured as well as other factors such as
light, temperature, and fertility which affect the crop. Once the maximum
growth or yield is reached there is no response to additional oxygen. The
minimum ÖDR for maximum growth is referred to as the 'minimum rate'
and soils having ODR below this are considered as being oxygen deficient.
A field experiment was performed with tomatoes (9) to determine if
similar phenomena could be demonstrated under field conditions. Oxygen
availability was varied by using different types of tillage and compaction
with different amounts of irrigation applied at weekly intervals. The yield
of tomatoes from individual plots are plotted against the average oxygen
diffusion rate measured 24 hours after the irrigation on 3 dates between the
26th and 43rd days after transplanting in figure 1. The resulting scatter
diagram indicates a zone of response to oxygen to a ODR of 40. This value
is compared to the ODR of 44 to 52 obtained in the greenhouse. At ODR
TOMATO FRUIT YIELD - P O U N D S PER PLOT
~l

1

1

1

r~

S

3 to *
l — <j>
ro o
3 2

Fig. 1. Relation between yield of tomatoes on individual plots and the average
of three oxygen diffusion rate measurements taken 24 hours after irrigation
and between 26 and 43 days after transplanting. (Conover loam soil).
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above this rate, some other factors such as water or fertility m a y have
been critical.
TABLE 2. Relationship between corn and sugar beet yields and oxygen diffusion
on the Ferden rotation plots.
Sugar Beets
Rotation

2 yrs. alfalfa brome,
sugar beets, barley
Beans, wheat, corn,
sugar beets, barley

Year

1955
1956
1957
1955
1956
1957

Corn

ODR*

Yieldtons/A

ODR*

40.7
30.5
30.0
40.3
32.0
30.5

21.25
10.25
9.5
21.9
9.2
7.75

43.25
34.5

80.5
110

43.5
35

63.5
65.5

Yield
-bu/A

* Rates mesaured in situ early in the growing season in gm. x 10-8cm~2
min - 1 .
Another field study is reported in table 2 which was performed on a
Sims sandy clay loam soil. Oxygen diffuison measurements were made on
three dates occurring within 18 days of planting in 1955, within 27 days of
planting in 1956 and within 21 days of a 7-inch rain occurring 69 days after
planting in 1957. The three sampling dates are averaged for each year.
There is a marked relationship between the yield of sugar beets and the O D R
measured during the first month after planting in 1955 and 1956. The
average O D R in 1956 which was in the low thirties was obviously in the
oxygen deficient range for sugar beets. Oxygen deficiency was the cause or
one of the causes for the 50 % reduction in yield between good sugar beet year
of 1955 and 1956 when there was a very wet spring. In 1957 there were
very heavy rains early in J u l y which reduced the O D R to the deficient range
during this month. This deficient period caused severe reduction in yields.
I t appears t h a t sugar beets are sensitive to oxygen deficiency conditions
in the middle, as well as early in the growing season. Average O D R in the
low thirties appear to be in the deficient range.
Examination of the average ODR for corn taken the first month after
planting shows t h a t there was a higher average r a t e in corn than in the
sugar beet plots. This is probably largely due to the fact t h a t the corn plots
were spring plowed while the sugar beets were fall plowed. Also, corn is
planted later and usually when the soil is less moist. There was not a
relationship between the average ODR and the yields of corn which indicates t h a t an average ODR of 34.5 was probably not in the oxygen deficient range for corn.
Measurements of ODR of natural field soils in situ indicate t h a t there is
a continuous variation in ODR depending on precipitation, drainage,
extraction of soil moisture b y crops, cultivation, etc. Figure 2 shows the
recovery of O D R with time after 4 inches of water was applied. I t also
shows the decrease in O D R due to a 0.9 inch natural rain. Studies of O D R in
field soils throughout the growing season indicate t h a t there are relatively
few times in cultivated soils when the soils could be considered to be oxygen
deficient. These occurrences are usually only after major rains and for a
short duration of time. This has often lead to the erroneous conclusion
t h a t oxygen deficiency is not the cause of reduced yields. However, the
evidence presented suggests that short periods of oxygen deficiency m a y re-
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SUGAR BEETS AND BARLEY
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Fig. 2. Oxygen diffusion rate recovery with time after a 4-inch artificial rain on
two sets of Ferden rotation plots. (Sims sandy clay loam soil).
duce growth and yields of crops. Studies of these short oxygen deficient
periods and plant response were therefore initiated.
Peas and tomatoes were grown in the greenhouse and subjected to one
"twenty-four hour" oxygen deficient period. Different plants were given
deficient periods at various dates after planting. Table 3 shows that the
TABLE 3. Effect of one day of oxygen deficiency on plants growing in the greenhouse
Peas
Day after
planting
that
deficiency
occurred
12
14
27
36
43
54
69
71

Never

Tomatoes

Green
Dry weight
weight of
of plant
peas —gm.
-gm.

20.5
19.4
20.1
25.2
21.5
15.6
13.4
17.0
21.9

19.6
21.0
20.0
22.3
21.1
14.3
19.5
19.0
25.0

Day after
planting

that

deficiency
occurred
11
13
34
41
52
67
69
74
81

Never
L.S.D. .01

5.0

4.0

Solar
radiation
during
Dry weight
deficient
of plantperiod-gm.
—gm,
-2
cal. c m
-1
min
54
437
508
368
213
388
371
713
695

—

41.2
24.1
44.6
39.9
38.4
39.4
44.2
46.0
49.5
47.5
8.3

dry weight of pea plants was reduced by these deficient periods but the
greatest reduction occurred when the one-day of deficiency was 54 days
after planting. This was just prior to blossoming which began on the 56th
day after planting. The yield of peas was not significantly affected by the
early deficient periods, however, the deficient periods just before and during
bloom reduced the yield. The period 69 days after planting reduced the
yield over one third. It appears the yield of peas is not affected by short
oxygen deficient periods until just before bloom and then the plant becomes
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very sensitive to oxygen deficiencies. These d a t a appear to be consistent
with field observations.
Tomato plants were stunted b y early oxygen deficient periods. The
deficient period had a greater effect on a bright day when the plants had
higher rates of photosynthesis and transpiration as shown b y a comparison
of the effects of deficiencies occurring on the 12th or 14th days.
These studies demonstrate the marked effects of only one d a y of oxygen
deficiency. In field soils periods of oxygen deficiency do occur often and
for varying durations of time. If the deficiencies occur on bright days and
at critical times in the life of the crop, growth and yield should be affected.
The cyclic nature of O D R in field soils a n d the fact t h a t it is only the
oxygen deficient periods t h a t are limiting crop yields makes average ODR as
reported in table 2 of limited value. A better measure of aeration would be
to measure the length of time a particular soil is oxygen deficient for a
particular crop. For relative comparisons between soils, it would be best
to measure the rate of recovery of ODR after a given uniform water a p plication. The latter was done on the Ferden rotation plots. A 4-inch artificial
storm was applied to the corn plots and the O D R recovery with time
determined. This d a t a was plotted in Figure 2. Even though both rotations
were very deficient, one hour after the rain, the O D R recovery on plots
following alfalfa, which had been in alfalfa 8 years in the last 20 years,
was much more rapid than after intensive rotation. If we assume an O D R
of 40 is critical as it was for tomatoes (Figure 1) or sugar beets, Table 2,
then the deficient period lasted for approximately one day on the alfalfa
rotation plots compared to two and a half days for the intensive rotation.
This procedure of measuring oxygen recovery after a uniform rain application can be used to evaluate cropping systems and soil management
practices based on plant-soil-oxygen relations.
That plants should respond this way to oxygen is not surprising because
other forms of life are killed quickest by suffocation, next by thirst, and
slowest b y starvation.
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SUMMARY

Studies in the greenhouse and in the field have demonstrated t h a t the
platinum microelectrode method can be used to determine when soils are
oxygen deficient for optimum plant growth and yield.
Oxygen deficiency for a one day period can have a great influence on
growth and yield of plants. The magnitude of this affect will depend on
the species and variety of the plant and its stage of development as well as
light, temperature, fertility, etc.
Cultivated soils are usually only oxygen deficient for short periods of
time. The importance of the length of time t h a t the soil is deficient is
discussed. The measurement of oxygen diffusion rate recovery after a
uniform storm is demonstrated as a means of measurement of plant-soiloxygen relations.
RÉSUMÉ

Des études en serre et en champ ont montré que la méthode à la microélectrode de platine peut être utilisée pour déterminer quand l'oxygène du
sol est insuffisant pour assurer une croissance et un rendement optimal des
plantes.
Une manque d'oxygène pendant une période d'un jour peut avoir une
grande influence sur la croissance et le rendement des plantes. La grandeur de
cet effet dépendra de l'espèce et de la variété de la plante, du développement qu'elle a atteinte, mais aussi de la lumière, de la température, de la
fertilité, etc. Les sols cultivés n'accusent des manques d'oxygène que pour
des périodes courtes. L'importance que revêt la longueur de cette période
est discutée. Il est montré que la mesure de la vitesse avec laquelle le t a u x
de diffusion d'oxygène se rétablit après une averse uniforme, permet
d'évaluer les rapports plante-sol-oxygène.
ZUSAMMENFASSUNG

Studien im Gewachshaus sowie auf dem Felde haben gezeigt, dass die
Platin-Mikroelektrodenmethode zur Bestimmung, wann Böden Sauerstoffmangel für ein Optimum Pflanzenwuchs- und -Ertrag aufweisen, benutzt
werden kann.
Sauerstoffmangel, sogar für eine Periode von nur einem Tag, kann
auf das Wachstum und den E r t r a g von Gewächsen einen grossen Einfluss
ausüben. Die Grösse dieses Einflusses ist aber abhängig von der Art des
Gewächses, seiner Varietät und dem Stadium seiner Entwicklung und ferner
von dem Licht, der Temperatur, dem Fruchtbarkeitsgrad des Bodens,
u.s.w.
Kulturböden sind gewöhnlich nur für kurze Zeitspannen sauerstoffbedürftig. Auf die Bedeutung der Länge dieser Zeitspannen wird näher
eingegangen. Die Messung der Diffusionsgeschwindigkeit des Sauerstoffs
in der Abhilfe nach einem grossflächigen Platzregen wird demonstriert als
ein Mittel zum Verständnis der Pflanze-Boden-Sauerstoff-Verhältnisse.
DISCUSSION

R. L. MILLINGTON : In your field studies where yield depression was associated
with heavy rainfall, can you separate the effect of rainfall from leaching out of
nutrient which accompany the reduction in oxygen availability?
A. E. ERICKSON: We believe we can because the plots are fertilized to a high
fertility level and sidedressed with nitrogen when this is necessary.
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F. KoENiGs: How was level of oxygen maintained in the plots of the greenhouse experiments?
A. E. ERICKSON: By varying aggregate size with a constant water table
or by using a whole soil and varying depth to water table.
P. C. EKERN: Was there control of the COa status in the soil air in attempt
to separate the influence of this component upon the growth status?
A. E. ERICKSON:

No.
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THE INFLUENCE OF MOISTURE AND TEMPERATURE ON
PHOSPHORUS AND POTASSIUM AVAILABILITY *
by
STANLEY A.

BARBER

The author has observed that the response of corn, soybeans and wheat
to additions of both potassium and phosphorus varies from year to year
even though the amount of these nutrients available in the soil as measured
by soil tests remains relatively constant (1). On permanent field plots,
the response to phosphorus or potassium may be large one year and almost
non-existant the next. The yield with large amounts of added fertihzer
remains about the same, so the obvious conclusion is that the availability
of both phosphorus and potassium in the soil was affected by climate.
Eck and Steward (5) have correlated the yield response of wheat to
phosphorus with temperature and yield level. They take the approach that
the available level of phosphorus in the soil remains the same and climate
affects the ability of the plant to respond to the added fertilizer. Van der
Paauw (9) found a relationship between the response of potatoes to potash
additions and the number of rainless days during the growing season.
Barber (2), has observed a similar relationship between the rainfall
during the growing season and the yield of corn where no potassium
was added calculated as a percentage of the yield with adequate levels
of potassium. Both Van der Paauw and Barber indicate that these differences in response are due to changes in the relative availability of potassium
in the soil.
The effect of climate on yield response may be attributed to several
factors such as: (1) changes in the top yield of the crop, (2) changes in the
soil nutrient availability (3) changes in the ability of the plant to respond
to added nutrients (4) changes in the availability of the added nutrients.
In addition, the climate prior to the growing season may affect the level
of available nutrients in the soil.
A knowledge of the climatic factors affecting soil nutrient availability is
important in developing correlations between soil tests and crop response
and in determining fertilizer recommendations. A soil test may correlate
highly with crop response where all field plots are conducted under the same
climatic conditions. However when the field plots are conducted at widely
separated locations and in different years the correlation could be much
poorer as has been shown by Barber and Stivers (3). This lack of correlation
may be due to the influence of climate on the soil nutrient availability,
rather than any inadequacies of the test procedure. Without a knowledge
of the climatic influence it would take a large number of experiments
conducted over a period of several years to determine the average crop
response to added phosphorus or potassium at a particular soil fertility
level. If climate is the main factor causing the variation in response at a
constant soil fertility level, then a knowledge of the relationship between
climate and fertilizer response will permit calculation of the average response and also the frequency of various degrees of response.
The objectives of the research reported in this paper are to determine the
correlation between various phases of climate at Lafayette, Indiana, and
* Journal Paper No. 1636. Purdue University Agricultural Experiment
Station, Lafayette, Indiana. Contribution from the Department of Agronomy.
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TABLE 1. The effect of seasonal rainfall and temperature on the response of corn to phosphorus and potassium, Purdue
Agronomy Farm, Lafayette, Indiana.
Year

1952
1953
1954
1955
1956
1957
1958
1959

Seasonal
rainfall*
12.36
15.16
10.76
9.96
7.91
17.68
25.73
5.43

Average
temp.**
77
71
61
64
63
71
64
68

Increase in yield from
Potassium
%

Phosphorus
%

23
7
33
26
43
6
52
21

11
13
27
0
8
6
11
27

Yield with
adequate
P + K

* rainfall for June, July and August.
** average temperature from planting until 30 days after planting.

78
123
106
112
130
156
140
101

Leaf content where the
nutrient was not added
% K

0.40
0.59
0.53
1.72
0.87
0.58

University

% P

Increase in corn
height at 1 month
from phosphorus %

0.17
0.22
0.24
0.28
0.25
0.17

48
12
23
13
8
23
21
9
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the response of corn to phosphorus and potassium and to elucidate some of
the reasons for these correlations.
EXPERIMENTAL

The yearly variation in the effect of added phosphorus and potassium on
yield, nutrient content and early growth of corn (Zea mays) is shown in
table 1. These data were taken from an experiment conducted at the Purdue
University Agronomy Farm, Lafayette, Indiana. This experiment consisted
of a factorial arrangement of a number of levels of phosphorus and potassium. The highest levels of each nutrient were sufficiently large to reach
the maximum yield attainable by adding t h a t particular nutrient. Levels
of other nutrients were believed to be adequate. A detailed outline of this
experiment is reported in a prior publication (1).
Calculations were made of the correlation of various aspects of rainfall and
temperature with the response of corn to added phosphorus or potassium.
Those which were highly correlated are reported here.
RESULTS AND DISCUSSION
T H E CORRELATION OF SEASONAL RAINFALL AND SOIL POTASSIUM AVAILABILITY.

The d a t a for per cent increase in yield from potassium additions plotted
against the rainfall occuring during the major portion of the growing season,
which was J u n e , J u l y and August in this case, is shown in figure 1. A
binomial regression was calculated. The variation accounted for b y rainfall
50
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Figure 1. The relationship between June, July and August rainfall and the
response of corn to potassium fertilizer.
was 57 % . If the d a t a for 1959 are omitted, the driest year and only year
when moisture seriously limited yields, variation accounted for increases
to 98 % . The d a t a prior to 1958 which were reported previously (2), are
very similar to the relationship observed by Van der Paauw (9). The large
response in 1958 when rainfall was excessive is probably related to the
influence of soil aeration on potassium availability. Lawton (7) has shown
t h a t soil aeration affects K uptake b y corn roots. H. E . Swingle, working in
this laboratory, grew millet at two moisture levels and found a much lower
potassium content at the high moisture level. The millet was grown in
gallon metal cans with perforated bottoms. The high moisture treatment
cans were placed in a shallow t r a y of water. The water was maintained in
the tray continuously. The low moisture treatment was watered to field
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capacity whenever the moisture content dropped appreciably. Three replications were used. The millet on the high moisture treatment had a potassium content of 1.58 % and gave a dry-matter yield of 12.0 grams per
can. The millet on the lower moisture treatment had a potassium content
of 3.19 % and gave a dry-matter yield of 9.5 grams per can. Both treatments
had an average phosphorus content of 0.26 %. Nitrogen contents were
1.93 % at the high moisture level and 2.91 at the lower moisture level.
Uptake of both potassium and nitrogen was less under conditions of excess
moisture.
Allan Burns working in this laboratory investigated the influence of
temperature and moisture on the release of non-exchangeable potassium.
When a soil is low in exchangeable potassium and the plant obtains sufficient
potassium for adequate growth, without causing a comparable reduction in
exchangeable potassium, the plant is apparently obtaining non-exchangeable
potassium. This non-exchangeable potassium either goes directly to the plant
or it goes to the exchangeable form and then is taken up by the plant.
Burns investigated the influence of temperature, 23 and 65° C. and moisture
level, 50, 80 and 110 % of field capacity on the movement of potassium
from non-exchangeable to the exchangeable form. The level of exchangeable potassium was reduced initially by cropping the soils with oats. The
soils were then adjusted to the desired moisture levels and incubated at a
constant temperature. The exchangeable K level was measured after
1, 3, 7, 30-, 38 and 46 days of incubation.
Observations made on 8 soils indicated that the release of non-exchangeable potassium to exchangeable potassium under these conditions was
slow. The average level before cropping was 174 pp2m, initial level of
exchangeable K was 80 pp2m, the level after 46 days at 23° C. was 131 pp2m.
Moisture level had no effect on the rate of release of potassium to the
exchangeable form. Temperature increased the amount of release. The
results of this research would indicate that the increased availability of
potassium does not come about because of the effect of moisture on the
release of non-exchangeable potassium to the exchangeable form in the
absence of plant roots. The results of this research will be reported in
greater detail in a later publication.
The influence of soil depth and of the moisture and temperature of the
soil prior to and during cropping on potassium availability are being investigated further.
THE EFFECT OF MOISTURE AND TEMPERATURE ON PHOSPHORUS AVAILABILITY

The data in table 1 indicate no apparent relationship between the availability of soil phosphorus to corn, as measured by the yield or early plant
response to phosphorus, and seasonal rainfall.
Danielson and Russell (4) have shown that there is an increase in phosphorus uptake with an increase in the level of soil moisture during plant
growth. A. R. Mack, working in this laboratory investigated the influence
of the moisture content and temperature of the soil prior to cropping on the
subsequent availability of soil phosphorus. Two soils, Bedford sil and
Parke sil, were incubated for 74 days at temperatures of —20.5°, 2.7° and
23.0° C. and at moisture levels of 40, 60 or 70 at 103 % of field capacity.
A factorial arrangement of treatments was used. After incubation the
soils were cropped to German Millet in the greenhouse. The greenhouse
pots were kept in a water-bath at 21° C. during cropping and were watered
uniformly. Moisture levels of the soil during incubation did not influence
subsequent phosphorus availability; temperature did. There was no sig438
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nificant difference between the two soils used. The relation between preconditioning temperature and the availability of soil phosphorus on the
Bedford silt loam soil is shown in figure 2. Lower preconditioning temperatures resulted in less growth of the millet. Where phosphate was added
all temperature treatments yielded the same. The results of these experiments are reported in detail elsewhere (8).

Figure 2. The relationship between the temperature of the soil for 74 days prior
to cropping and the availability of soil phosphorus.
In experiments designed to investigate the effect of soil moisture and
temperature on soil phosphorus availability the effect of these factors on
the soil are frequently confounded with their effects on the growth of the
plant. An increase in temperature usually increases plant growth and causes
a subsequent increase in phosphorus uptake. The increase in phosphorus
uptake may be interpreted as meaning an increase in availability of soil
phosphorus. The per cent yield concept which compares the growth of the
plant without phosphorus to that with phosphorus overcomes the confounding if we assume there is no interaction between the growth of the
plant and phosphorus uptake.
The data shown in table 1 were used to investigate the relation between
temperature and response of corn to phosphorus during the first month
of growth. Plant height was used as a measure of growth. The average air
temperature from planting until 30 days after planting was used to calculate
the temperature variable. The relationship between response to phosphorus
and temperature is shown in Figure 3. As the average temperature increased from 61 to 70° F., the response to the phosphate treatment decreased.
For two of the points, beyond 71° the response was much greater. In these
two years, the corn was planted May 29 and June 2. In all other years the
planting data was between May 11 and 18. A greater response apparently
occurred either because of the higher average temperature or because of
the later data of planting.
Ketcheson (6) has shown that the higher the temperature during early
corn growth in the greenhouse the less was the response of corn to added
phosphorus. The observations here would only agree in part with the results
of Ketcheson.
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Figure 3. The relationship between the average temperature for the first month
of the growth of corn and per cent increase in height due to phosphorus application.
UTILIZING CLIMATE-FERTILIZER RESPONSE DATA

A relationship between response to potassium and seasonal rainfall such
as t h a t shown in figure 1 can be used in two ways. It can be used to interpret
the results of potassium experiments where moisture conditions vary from
the average. The d a t a can be corrected for rainfall b y co-variance analysis.
D a t a are then a more reliable indicator of soil-potassium availability. Correction for moisture differences is particularly helpful where the d a t a
are being used to obtain a soil-test correlation.
The relationship m a y also be used to determine recommended fertilizer
practices. T h e average response can be determined using the average rainfall
for the area. The probability of the occurrence of various sizes cf yield
response can be determined. The probability of different size yield responses
was calculated from the relationship given in figure 1 and the rainfall
distribution for J u n e , J u l y and August for the past 50 years and is shown in
table 2. From this type of probability data, a farm operator can work out
his fertilizer program according t o the risk he wishes to assume. When
weather forecasting is developed more highly it can also be used to determine
the most profitable fertilizer application. I n years when the response is
large, it will require the addition of more potassium to get the greatest
yield and the most profit.
TABLE 2. The probability of obtaining various magnitudes of response of corn
to potassium. Calculated from the results shown in figure 1 and the frequency
distribution of rainfall for June, July and August at Lafayette, Indiana.
Response
Less than
10 20 More than
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SUMMARY

The response of corn (Zea Mays) t o applications of phosphate a n d
potassium varied from year t o year because of climatic conditions. This
was apparently due t o changes in t h e availability of soil phosphorus a n d
potassium. A relation was found between potassium availability a n d
seasonal rainfall. The lower the rainfall t h e less available was soil potassium
except that with excessive rainfall availability was also low.
Laboratory studies indicated t h a t moisture level did not affect t h e
rate of release of non-exchangeable potassium. Temperature increased t h e
r a t e of release.
Laboratory studies indicated that an increase in incubation temperature
of t h e soil increased t h e subsequent availability of soil phosphorus t o
millet. Moisture level h a d no effect. I n field experiments there was some
relation between t h e mean temperature a n d phosphorus availability.
An example of t h e utilization of climatic-fertilizer response d a t a is

given.
RÉSUMÉ

L'effet des applications de phosphate et de potassium sur le maïs {Zea
mays) varie d'année en année suite a u x variations des conditions climatiques.
Ceci est apparément dû à des variations dans la disponibilité d u phosphore
et du potassium d u sol. Une relation a été trouvée qui relie le potassium
disponible au précipitations totales saisonnières. Plus celles-ci étaient faibles,
moins le potassium du sol était disponible, sauf dans le cas de précipitations
excessives pour lesquelles les quantités de potassium disponible étaient
également faibles.
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Des études en laboratoire ont montré que le niveau d'humidité n'affectait pas le taux de libération du potassium non-échangeable. Une température plus élevée augmentait ce taux de libération. Ces études en laboratoire ont aussi montré qu'une augmentation de la température d'incubation du sol augmentait la disponibilité du phosphore du sol pour le mil.
Le niveau d'humidité était sans effet. Dans les expériences en champs il
existait une certaine relation entre température moyenne et disponibilité
du phosphore.
Une exemple illustre l'utilisation de données concernant l'effet des
engrais en fonction du climat.
ZUSAMMENFASSUNG

Die Reaktion von Zea Mays auf Düngungen mit P und K war infolge
verschiedener klimatischen Umstände von Jahr zu Jahr verschieden.
Offensichtlich war dies Schwankungen in der Zugänglichkeit des Boden-P
und Boden-K zuzuschreiben. Es wurde eine Beziehung zwischen der KVerfügbarkeit und dem Saisonsregenfall gefunden; je geringer der Regenfall,
desto weniger K stand den Pflanzen zur Verfügung; allerdings mit der
Ausnahme, dass mit übermässigem Regen die verfügbare Menge K ebenfalls
geringer war.
Laboratoriumstudien ergaben, dass der Feuchtigkeitsgehalt die Menge
ausgelösten, nichtaustauschbaren Kalis nicht beeinflusst. Temperaturerhöhung verstärkt jedoch die Loslösungsmenge.
Andere Laboratoriumsversuche ergaben, dass eine Erhöhung der Inkubationstemperatur des Bodens die Verfügbarkeit von Boden-P für
Hirse erhöhte. Das Bodenfeuchtigkeitsniveau hatte keinen Einfluss.
In Feldversuchen zeigte sich ein schwacher Einfluss der mittleren Temperatur auf die P-Aufnahme.
Zum Schluss wird ein Zahlenbeispiel des Einflusses der Kombination
von Klima und Düngung gegeben.
DISCUSSION

M. STELLY: In stating that as temperature increases, availability of phosphorus increases, are we not neglecting the distinction between availability
to the plant from a chemical viewpoint and the ability of the plant root to absorb
the nutrient at a given temperature?
S. A. BARBER: The temperature may increase the plants ability to take up
phosphorus, however, when we are comparing treated versus untreated plots
to get a response, both treated and untreated will have a similar temperature
effect. The changes in chemical availability that I refer to, which were temperature dependent, were where the soils were treated prior to cropping which
would eliminate plant effects.
W. K. ROBERTSON: I would like a comment on the reason for the phosphorus
response after the three temperature treatments. Have you tested whether it
might not be due to potash fixation? Freezing would dry the soil, and then allowing it to come to room temperature, would tend to wet it up again. This, of course
is known to fix potassium. The addition of phosphate (superphosphate) through
a pH change might counteract the K fixation. Measurements of pH before and
after P treatment or K additions in place of P might provide some information
on this matter.
S. A. BARBER: I believe the differences obtained were a result of the preconditioning soil temperatures, because nitrogen and potassium were added in
adequate amounts. The phosphorus percentage in the crop was lowest where
the growth was least. Addition of phosphorus greatly increased both growth and
phosphorus percentage. The additions of potassium should rule out any differences due to native soil potassium.
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T H E E F F E C T O F SOIL MOISTURE U P O N CATION E X C H A N G E
I N SOILS AND N U T R I E N T U P T A K E BY P L A N T S *
by
D. A. BROWN, G. A. PLACE AND J. V.

PETTIET**

INTRODUCTION

One of the more elusive problems associated with soil fertility investigations has been t h a t of establishing quantitative relationships between
soil moisture levels and nutrient absorption by plants. The absorption of
nutrients b y plants is affected not only b y the level of soil moisture, b u t
also b y the indirect effects of moisture upon the metabolic activity of the
plant, soil aeration, and the salt concentration of the soil solution. These
variables, plus the problem of growing plants to m a t u r i t y a t a constant
moisture level, have made an accurate evaluation of nutrient uptake-soil
moisture relationships very difficult. Conclusions relative to the availabihty
of water and its effect upon nutrient uptake reported in various agronomic
investigations are extremely divergent (1, 2, 4, 6, 7, 8, 12). An excellent
review of the problems involved in soil moisture-plant growth studies,
indicating the limitations of past research work and the need for future
work, has been reported b y Russell (10). While physiological investigations
(5, 9, 11, 13, 14) have shown the over-all effect of an inadequate or an excessive supply of water upon transpiration, turgidity, and the metabolic
function of water in plant growth, such data, do not, however, specifically
characterize the relationships existing between the uptake of individual
nutrient ions and soil moisture throughout the moisture range, saturation
to the wilting percentage. The exchange of cations from the soil to cationexchange resin sheets has been shown to increase markedly as the soil
moisture level was raised from the wilting percentage to saturation (3).
While these data m a y be projected to describe the exchange of cations
between the soil particles and plant root surfaces, they m a y not necessarily
characterize the effect of soil moisture upon the uptake of ions b y an actively
growing root where ion translocation a n d the metabolic functions of the
plant are of primary concern.
The objectives of this investigation were to measure the effect of specific
soil moisture levels in contrasting soils upon the absorption of N, Ca, K
and P b y cotton plants and to compare the effects of soil moisture upon the
exchange of Ca and K cation exchange resin membranes with the absorption
of these ions b y soybeans.
EXPERIMENTAL

TECHNIQUES

Plant Studies.
Specific moisture levels in Ruston and Beulah sandy
loam, and Sharkey clay soils were established to give a uniform distribution
of moisture treatments extending from below the wilting percentage to
» Contribution from the Dept. of Agronomy, Arkansas Agr. Expt. Sta.
Acknowledgement is given to the National Plant Food Institute for their
financial support of a portion of this research.
** Professor of Agronomy and former graduate assistants. University of
Arkansas, respectively.
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saturation. Each fertilizer was mixed with the required amount of water
to give the desired soil moisture content, atomized into and mixed thoroughly with each aliquot of soil. Phosphorus and K were added at the
rate of 50 pounds per acre, Ca 400, and N at the rate of 100 pounds per
acre. In the experiments with two-week old soybean plants and cotton
plants, 1000 grams of soil were used in each pot, while for the six-week old
plants, aliquots of five kilograms of soil were used. The soils were allowed
to equilibrate twelve hours in sealed containers prior to transplanting.
The two-week old soybean-transplants were grown in soil cores containing
40 grams of the respective soil, while the transplants for the six-week old
plants were grown in cores holding 400 grams of soil. Two plants, intact in
soil cores, were transplanted into each can of prepared soil allowing the
roots to continue growth without transplanting shock resulting to the plants.
The top of each can was covered with polyethylene having a slit large
enough for the plant stems to fit through. The slits around the protruding
plant stems and the edges of the cover were sealed to prevent moisture loss
by evaporation. All plants were grown in a controlled growth chamber
adjusted to a temperature of 80° F. and a relative humidity of 80 %.
The plants were grown in the growth chamber for 10 days, harvested and
the uptake of each specific ion was measured. Soil moisture was carefully
determined before planting and after harvesting. Plant height, and the
oven-dry weight of the tops and roots were obtained at harvest time. The
transpiration ratio was calculated from the amount of water lost and the
amount of dry matter produced over the ten-day growth period. The
amount of water transpired was also used to calculate the amount of ion
absorption per gram of water transpired. A randomized block design with
four replications was used to obtain a statistical estimate of the variations
in the uptake of each ion.
Resin Membrane Study. The use of synthetic-cation exchange resin
sheets to measure ion exchange in soils has been previously reported and
the reader is referred to this paper (3) for the experimental techniques
employed here.
R E S U L T S AND

CONCLUSIONS

The two coarse textured soils used in these investigations were the Ruston
and Beulah sandy loam soils while the Sharkey clay represented the fine
textured soil. Ruston sandy loam, a coastal plains soil had a pH of 6.1, an
organic matter content of 0.9 %, and an exchange capacity of 4.0 me./
100 gm. soil. The moisture content at 15 atmosphere tension was 2.6 %
and 6.5 % at 1/3 atmosphere tension. The Beulah sandy loam, a Mississippi
Delta soil, had a pH of 6.4, an organic matter content of 1.2 %, and an
exchange capacity of 11.9 me./100 gm. soil. The moisture content at the
15 atmosphere tension was 7.1 % and 14.8 % forthe 1/3 atmosphere tension.
The Sharkey clay, a Mississippi Delta soil, had a pH of 5.90, an organic
matter content of 2.5 %, and an exchange capacity of 32.1 me./100 gm. soil.
The 1/3 and 15 atmosphere moisture tension values were 32.0 and 21.6 %
respectively. The Sharkey clay contained 67 % clay, while the Ruston and
Beulah contained 10 and 14 % clay, respectively.
The effect of soil moisture upon the uptake of N by two-weeks old cotton
plants over a 10-day growth period is shown in Figure 1. The N content of
the top portion of cotton plants in the Ruston soil was increased significantly (.05 % level) as the moisture level was increased from 2 to 20 %. Increases in soil moisture over the available range (1/3—15 atmosphere tension) resulted in a linear increase in nitrogen absorption by the cotton
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plants. Soil moisture values from 20 to 50 % resulted in a significant decrease in nitrogen uptake. The uptake of nitrogen by cotton plants grown
in the Sharkey clay was also significantly increased over the available soil
moisture range, the maximum uptake occurring at the 1/3 atmosphere
tension, further moisture increases, however, significantly reduced the
uptake of nitrogen.
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Figure 1. The effect of soil moisture upon the nitrogen and phosphorus content
of cotton and soybean plants.

A comparison of the effects of soil moisture upon P uptake by soybeans
of two and six-weeks age are also given in Figure 1. The uptake of P by
the two-week old soybeans grown in the Beulah sandy loam and the Sharkey
clay increased greatly from the wilting percentage to the saturation point.
The response was much more evident in the soybeans grown in the Beulah than in the Sharkey soil. The effect of increasing soil moisture levels
was even more striking in the case of the six-weeks-old plants. No significant
decrease in the uptake of P occurred for plants growing at saturation of the
Beulah soil as was apparent in the case of plants grown in the saturated
Sharkey clay. These data indicate that the over-all effects of soil moisture
upon the uptake of P by two and six-weeks old soybeans were similar, the
difference being largely one of magnitude of uptake by the six-weeks old
plants.
In Figure 2, the. effect of the level of soil moisture in the Beulah and
Ruston sandy loam soils upon the uptake of Ca and K by two-weeks old
soybean plants and by cation exchange resin membranes are compared.
Soil moisture increased the uptake of Ca by the resin membrane to a much
greater extent than it did for the soybean plants. The uptake of Ca reached
a maximum in the case of the plants, while ih the case of the resin membrane
this was not the case. This is understandable since the exchange of Ca
to the resin does not involve the metabolic absorption and trarslocation
of the Ca ion as in the case of soybeans plants. The pattern of uptake for
the resin membrane and the plants, up to the 10 % soil moisture level,
however, was similar.
In Figure 2 these relationships are also shown for the uptake of K by
plants and resin membranes. Soil moisture increased the uptake of K by
soybean plants to a much greater extent than it did in the case of the resin
membrane. Very small increases in soil moisture increased the uptake of K
very greatly. In the case of the resin membrane, the exchange of both
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Ca and K was increased by raising the level of soil moisture; however, due
to the exchange characteristics of the resin, Ca was adsorbed at the expense
of K. This relationship was even more striking at the higher moisture levels,
where the adsorption of K reached a maximum, while Ca did not. The
reverse was true for the soybeans, the effect of moisture level being more
pronounced for K than Ca.
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Figure 2. Soil moisture effects upon the exchange of Ca and K to resin membranes
and uptake by soybean plants from Beulah and Ruston sandy loam soils.
Similar relationships for the uptake of Ca and K by two-weeks old soybeans grown in the Sharkey soil are given in Figure 3. Here again, the
uptake of Ca was significantly enhanced as the soil moisture level was increased. The uptake of Ca by the plants and the resin membrane followed
the same trend, the main difference being in the magnitude of Ca uptake;
the uptake by the membrane being about 10 times greater than that for
the soybeans. The uptake of Ca by the resin membrane remained constant
for moisture levels above 40 % due to a maximum adsorption capacity of
the membrane. However, the rapid initial increase in Ca uptake by the
soybean plants was followed by a significant decrease as the soil approached and reached saturation.
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Figure 3. The effect of soil moisture upon the exchange of Ca and K to resin
membranes and uptake by soybeans from Sharkey clay.
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The effects of soil moisture upon the uptake of K by soybean plants and
resin membranes for the Sharkey clay are also given in Figure 3. As in the
case of the Beulah soil, the uptake of K by soybeans was increased to a
much greater degree than the adsorption of K by the resin membrane.
It is of interest to note that the resin membranes adsorbed more Ca and K
from the Ruston sandy loam that they did from the Sharkey clay soil.
The two-weeks old soybeans again showed a significant decrease in K
uptake as the soil approached and reached saturation.
These data indicate that the uptake of Ca, K, N and P are very critically
associated with the level of soil moisture in both coarse and fine textured
soils. The data also indicate that the resin membranes were able to characterize the effect of soil moisture through the available moisture range
upon the uptake of Ca and K by soybeans grown in the Beulah sandy
loam. At the higher moisture levels, the complementary ion effects of Ca
and K became more apparent.
In each of the experiments with plants, it was found that increasing
moisture levels resulted in an increased root growth; however, the increased
growth was not sufficient to entirely explain the large increase in ion adsorption. Likewise, the additional top growth did not explain entirely the
additional uptake of ions, since increasing the moisture also increased
the ion uptake on a percentage basis; the relationships being very similar
to those for the total uptake of ions.
The transpiration ratio of soybeans was reduced from 567 to 316 as the
soil moisture was increased from the 15 to the 1/3 atmosphere tension in the
Beulah soil and, in the Sharkey soil the ratio was reduced from 400 to 344.
Increasing the soil moisture level from the 1/3 atmosphere tension to saturation increased the ratio from 382 to 605 for plants grown in the Beulah soil,
and from 400 to 1463 for plants grown in the Sharkey clay.
The relationship between nutrient uptake and transpirational loss of
water by the plant was also measured. The relationship was expressed in
terms of the amount of a given nutrient ion absorbed per gram of water
transpired. The absorption of ions, when expressed in micrograms per
gram of water transpired, by soybeans growing in the Beulah soil reached a
maximum at approximately the 1/3 atmosphere tension for all ions except
P, whose maximum occurred at the mid-range between this tension and
saturation. Increasing the soil moisture from 15 to 1/3 atmosphere tension
increased the ratio for P, followed by a slight decrease at saturation. The
ratio for K at saturation, however, was decreased from 4.4 to 3.6 and for
Ca from 0.25 to 0.001. The ratio of nutrient absorption to water transpired
for P and K by plants grown in the Sharkey soil was increased from near
0 to 1.8 and 1.2 for P and K respectively as the moisture content of the
soil was increased from 15 to 1/3 atmosphere tension; however, the values
decreased to 0.8 and 0.3 for P and K, respectively, at saturation. The
ratio for Ca was increased from near 0 to 0.9 at 1/3 atmosphere tension,
while increasing the soil moisture content to saturation resulted in a decrease
of from 0.9 to 0.2 for Ca. The maximum ratio for Ca occurred approximately
at the moisture equivalent value.
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SUMMARY

Increasing the soil moisture from t h e wilting percentage t o saturation
resulted in significant increases in t h e uptake of N, P , K and Ca b y cotton
and soybean plants. The relationship in most cases, was linear over t h e
available moisture range. Moisture levels between t h e 1/3 and 0 atmosphere
tension resulted in a reduction in t h e uptake of these ions in some instances.
The P uptake-moisture relationship for two and six-weeks-old soybeans were
similar, t h e main difference being in the amount of P absorbed.
Increases in t h e uptake of Ca and K b y plants and resin membranes were
similar over t h e available moisture range. At moisture values beyond this
the exchange properties of t h e resin membrane resulted in a preferential
absorption of Ca over K t h e reverse being true for t h e soybean plai.ts,
more K than Ca being absorbed. Transpirations! loss of water a n d t h e
absorption of Ca, K, and P increased simultaneously over t h e available
moisture range, however, beyond this, transpirational losses continued t o
increase while the uptake of Ca, K and P decreased.
RÉSUMÉ

L'augmentation de l'humidité du sol à partir du pourcentage de fanaison
jusqu'à la saturation a donné lieu à des augmentations significatives
de l'absorption de N, P , K et Ca par des plants de coton et de soja. Dans la
plupart des cas, la corrélation était linéaire dans le domaine de l'humidité
disponible. Des taux d'humidité correspondant à des tensions comprises
entre 1/3 et 0 atmosphères déprimaient l'absorption de ces ions dans certains
cas. Les rapports P absorbé/humidité pour des plantules de soja âgées d e
deux et de six semaines étaient similaires, la différence principale résidant
dans les quantités absorbées.
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Dans le domaine de l'humidité disponible, l'iaugmentation de l'absorption de Ca et K par des plantes et par des membranes de résine étaient
similaires. A des t a u x d'humidité plus grands, les propriétés particulières
de la membrane de résine donnaient lieu à une adsorption préférentielle de
Ca par rapport au K. Pour le soja on a constaté l'effet contraire, puisqu'il
absorbe plus de K que de Ca.
Dans le domaine de l'humidité disponible, les pertes d'eau par transpiration et l'absorption de Ca, K et P augmentaient parallèlement. Pour
des humidités supérieures, les pertes par transpiration continuaient à augmenter tandis que l'absorption de Ca, K et P diminuait.
ZUSAMMENFASSUNG

Erhöhung der Bodenfeuchtigkeit vom Verwelkungspunkt bis zur Sättigung h a t t e bei Baumwollen- und Soyabohnenpflanzen bedeutende Zunahme
an aufgenommenen N, P, K und Ca zur Folge. Die Beziehung war meistens
über das verfügbare Bereich linear. Wassergehalte zwischen 1/3 und 0
Atmospherenspannung bewirkten in manchen Fällen Verminderung
der Aufnahme jener Ionen. Das Verhältnis der P-Aufnahme zum Feuchtigkeitsgehalt für 2 Wochen- und 6 Wochen-alten Soyabohnen blieb sich
gleich, der Hauptunterschied lag in der Menge absorbierten Phosphors.
Über den Bereich der verfügbaren Feuchtigkeit waren die Zunahmen
der Ca- und K-Auf nähme durch Pflanzen und Harzmembranen gleich. Bei
darüber hinausgehenden Feuchtigkeitswerten zeigte die Eintauscheigenschaft der Harzmembran eine Vorzugsabsorption für Ca über K; bei
den Soyabohnen zeigte sich das Gegenteil, es wurde mehr K als Ca a b sorbiert. Wasserverlust durch Transpiration und Absorption von Ca, K
und P setzte sich in gleicher Weise fort über den verfügbaren Wasserbereich,
obwohl über dies die Transpirationsverluste sich zunehmend fortsetzten,
während die Aufnahme von Ca, K und P abnahm.
DISCUSSION

H. PAUL: In the graph which showed that the maximum uptake of nitrogen
was related to a progressive increase in moisture, could it be that at the particular
moisture level associated with the highest uptake of nitrogen, the nitrification
rate of the soil had increased? If so, at what moisture level did reduction of
nitrate commence?
D. A. BROWN: Nitrogen, as NH 4 OH was added to each pot at the rate of
100 pounds/A of N. It would seem doubtful that the increased uptake resulted
from
nitrification over a 10-day period. Further studies, using tagged nitrogen
(N1*) with NH 4 NO s , are underway to determine the effect of moisture upon
nitrogen uptake from the fertilizer and soil resources.
R. M. HAGEN: What provision was made to maintain constant soil moisture
levels at the root surfaces during the 10-day period over which nutrient uptake
was measured?
D. A. BROWN: The containers were covered with two layers of plastic film
and taped tightly over the top. A small opening was left for the plant stem.
The plants were grown in a constant temperature (80° F) and to relative humidity (80 % ) . The volume of soil was large relative to the amount of root
growth and therefore root growth over a limited time (10 days) can be envisioned
as moving through a uniform moisture regime.
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PHOSPHORUS AVAILABILITY AS RELATED TO SOIL MOISTURE *
by
F. S. WATANABE, S. R. OLSEN AND R. E. DANIELSON**

Nutrient uptake by plants responds to variations in soil moisture tension
as well as to concentration levels of nutrients. Plants may exhibit nutrient
deficiency symptoms in dry summers on soils that produce normal plants in
wet seasons (6, 14). In field studies of this problem, many experimental
difficulties are observed because the soil moisture content varies and the
equilibrium changes between the adsorbed ions and those in solution. Shortterm constant moisture-type experiments mostly remove these difficulties
and allow a more desirable control of the interacting factors, since the
tension in the entire root zone is maintained relatively constant (2).
The effects of soil moisture tension and phosphorus concentration level
on phosphorus uptake by corn seedlings are reported in this paper.
MATERIALS AND METHODS

Ten corn (Zea mays L.) seedlings with roots 2 to 3 cm. in length were
placed in boxes containing soil at five predetermined moisture tensions,
obtained with pressure cooker and pressure membrane apparatus (9, 12,13).
A lid was sealed on top of the box with masking tape. Air was passed through
the boxes to provide adequate aeration. Moisture content and moisture
tension are shown in table 1. All the soils are calcareous.
TABLE 1. Moisture percentage of four soils at various tension levels.
Moisture contents of soil types
Tension
Bars
1/3
1/2
1
3
9

Tucumcari
f.s.1.

Apishapa
si.cl.1.

Orman
si.cl.

Pierre
cl.

%

%

%

%

11.2
9.5
8.3
6.6
5.8

27.7
25.9
22.9
18.8
15.7

32.4
28.0
25.1
21.7
17.5

39.4
36.2
32.2
28.8
24.7

Phosphorus uptake was measured with the aid of P32 after a 24-hour
absorption period at 25° C. The roots were washed free of soil, excised
from the seed, and their dry weight determined. After digestion in a HN0 3 —
HC104 mixture, the P32 and P31 content of the roots was measured.
Uptake of P31 from the soil was calculated by dividing the P32 content
* Contribution from Soil and Water Conservation Research. Division, Agricultural Research Service, U.S.D.A., and the Colorado Agricultural Experiment
Station cooperating. Scientific Journal Series 674.
** Soil Scientists, Western Soil and Water Management Research Branch,
Soil and Water Conservation Research Division, Agricultural Research Service,
U.S.D.A., and Associate Agronomist, Colorado Agr. Exp. Sta., Fort Collins,
Colorado.
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of the roots by the specific activity of a soil extract. The specific activity
was the same for soil extracts with water or a 0.5 M NaHC0 3 solution (9),
provided the analyses were made using isobutyl alcohol to extract the
inorganic phosphorus (10). Part of the P32 becomes incorporated into
organic forms of P in the soil, and isobutyl alcohol extracts the inorganic
portion of the P32 and P31.
The dry weight of the roots varied from 0.22 to 0.14 g. between 1/3 and
9 bars tension. All P uptake data were calculated to a unit dry weight basis.
Soluble P levels in the soil were obtained by mixing concentrated superphosphate with the soil. After mixing, a crop of barley was grown on each
soil in a greenhouse experiment. These levels were determined by various
methods (9) as shown in table 2.
TABLE

2. Solubility of soil phosphorus in various reagents and the P31 exchangeable with P32.

Soil type

NaHCO s soluble P
in soil

Exchangeable •Water-soluble
P31 in soil
P in solution

* »Watersoluble P
in solution

Orman
si.cl.

ppm.
5.9
9.2
16.3

ppm.
16.6
21.8
33.6

ppm.
0.045
0.050
0.110

ppm.
0.081
0.109
0.119

Pierre
cl.

6.7
13.1
20.3

22.9
31.4
41.2

0.053
0.098
0.187

0.109
0.146
0.163

Apishapa
si.cl.1.

6.7
12.6
21.8

18.3
27.2
41.8

0.094
0.137
0.381

0.113
0.157
0.335

Tucumcari f.s.1.

5.4
12.4
19.2

7.0
18.1
28.1

0.085
0.344
0.818

0.118
0.218
0.493

* 1 : 5 soil : water ratio.
** Equilibrated at constant CO„ pressure, Pco, = 0.044 atm.
RESULTS

Uptake of P as related to moisture tension.
The relationship between the relative uptake of P and moisture tension
of the Apishapa and Tucumcari soils is shown in figure 1. In general, the
other two soils exhibited the same relationship. Uptake of P decreased to
80 per cent at 1 bar and to 50 per cent at 3 bars moisture tension relative
to uptake at 1/3 bar. Uptake of P follows a curve closely resembling the
moisture desorption curves for the soils. Thus, a linear relationship between
P uptake and moisture content was found for a given soil.
Uptake of P as related to soluble P level.
Uptake of P was linearly related to the P concentration in the soil
solution as shown in figure 2 for four soils. The highest soluble P level
(table 2) was selected from each soil and uptake of P measured in the same
experiment at a given time and moisture tension. The linear relationship
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Figure 1. Relative uptake of P by corn seedlings in relation to soil moisture
tension.

in figure 2 implies that the effect of soil differences on P uptake was negligible. A later experiment with five P levels on the Apishapa soil showed
a linear relationship between uptake of P and 5concentration of P in the
soil solution over the range of 0.4 to 4 x 10~ M as shown in figure 3.
Phosphorus uptake by corn seedlings from solutions of the same concentrations observed in soils is much larger than from the soil solutions.
The pH of the solution was 5.0 compared to a soil solution pH of 7. Since
the OH ion is competitive to P uptake by roots (5), the differences between
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Figure 2. Uptake of P by corn seedlings as related to P concentration in the
soil solution of four soils a t two moisture tensions.
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the two curves will be less for the same pH by a factor which varies with
solution P concentration. The exact relationship between pH and P uptake
for corn is not known, but for excised barley roots at 1 X 10 - 4 M the P
uptake is 1.75 times greater at pH 5 than at pH 7 (5).
The P uptake curves in figure 3 suggest that the soil imposes a limiting
factor in P uptake by the roots. A slower rate of diffusion of P through
thin moisture films to the roots is probably the major limiting factor,
but diffusion coefficients for P in soil systems at £ bar tension have not
been measured, so a test of this suggestion cannot be made at present. If
data for excised barley roots in solutions instead of corn seedlings were
plotted in figure 3, the difference between the two curves would be still
greater.
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Figure 3. Comparison of P uptake by corn seedlings from a nutrient solution and
from a soil solution.
Interaction of moisture tension and P concentration.
Uptake of P at the highest level of soluble P on each soil (table 2) at
\ and 3 bars tension is plotted in figure 2. Since the uptake of P was nearly
a linear function of P concentration at each moisture level, the possible
effect of soil differences appears to be insignificant. At low P concentrations,
P uptake declines less than at high P concentrations with an increase in
moisture tension. This interaction is significant but, on a relative basis, the
effect of moisture tension on P uptake is approximately the same at the
various P concentration levels normally found in soils.
CONCLUSIONS

An increase in soil moisture tension decreases P uptake by corn seedlings.
Results with Rb in soil and in sand agree with this observations (2, 15).
Moisture films connecting the roots and soil particles become thinner and
the path legth of ion movement increases as the soil moisture tension increases, and these changes probably reduce the rate of ion diffusion to the
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roots. Studies on cation exchange (1, 15), Rb movement through nonadsorbing porous media (7), and chloride movement in soil (11) indicate the
importance of these physical factors in ion movement. These studies suggest
that similar physical factors limit P uptake by roots as moisture tension
increases.
Physiological changes induced in the roots by high soil moisture tension
may also reduce P uptake. The moisture content of the roots decreased from
960 to 600 per cent between 1/3 and 9 bars moisture tension. Turgidity
decreased markedly for the roots at 3 and 9 bars moisture tension, fewer
root hairs developed, and elongation decreased about proportional to the
dry weight.
Lund, et al. (8) observed a low respiratory efficiency per unit of protein
from corn root tips 0.5 cm. in length and assumed that the immature mitochondria were not fully functional. In elongating cells, the respiratory
efficiency increased and the mitochondria showed more maturation and
differentiation accompanied by an increase in phosphorylation. The suggested effects of moisture tension on elongation, turgidity, and maturity of
mitochondria of root cells may change the carrier concentration (5) and,
as a result, reduce P uptake. Gates and Bonner (4) observed that moisture
stress causes decreased accumulation of ribonucleic acid in tomato leaves
and a depression in net accumulation of nitrogen and phosphorus. These
observations suggest that the carrier concentration and reaction efficiencies
for metabolic uptake of P (5) may be reduced in corn roots subjected to
high moisture tensions.
Uptake of P as related to P concentration.
A limiting rate of P uptake from solutions was found by Hagen and
Hopkins (5) as P concentration increased with excised barley roots. Corn
seedlings in solutions also exhibited a limiting rate of P uptake as P concentration increased, as shown in figure 3. Uptake of P from the soil system
at \ bar moisture tension was several times less, however, from the same
P concentrations. In the soil systems the concentrations of P were measured
in 1 : 5 soil: H 2 0 extracts. These comparisons imply that rates of P uptake
from a soil-root system may differ considerably from a solution-root
system and suggest that the soil limits the rate of P movement to the roots.
Rate of renewal of soil solution P is much faster than the capacity of the
roots to absorb P, according to Fried, et al. (3). They indicated that from
a given soil-solution P concentration, controlled by the soil, the limiting
rate of P uptake is associated with the plant. They stated that the effective
soil volume, however, may be limited by the rate of P movement and that
intensive removal of soil P from a small volume of soil around the roots
would lead to a decrease in P concentration in solution. Results of the
short-term studies with corn seedlings indicate that rate of P movement in
the soil at 1/3 and 1/2 bar moisture tensions is an important factor in P
uptake.
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SUMMARY

The relative uptake of P b y corn seedlings was 100, 94, 80, 50 and 35
for 1/3, 1/2, 1, 3 a n d 9 bars soil moisture tension, respectively. U p t a k e of
P increased linearly as soil moisture content increased for a given soil.
Physical factors related to thickness of moisture films and diffusion p a t h
length appeared to control P uptake as well as physiological changes in
the roots as moisture tension increased. U p t a k e of P a t constant moisture
tension on soils differing in texture was a linear function of solution P
concentration. Corn roots absorbed several times more P per hour from a
well-stirred solution t h a n from a soil-root system, suggesting t h a t t h e soil
introduces a limiting factor in rate of P uptake.
RÉSUMÉ

L'absorption relative de P par des plantules de maïs était de 100, 94,
80, 50 et 35 pour des tensions d'humidité du sol de 1/3, 1/2, 1, 3, et 9 bars
respectivement. L'absorption de P augmentait de façon linéaire avec les
teneurs croissantes en humidité d'un sol donné. Des facteurs physiques, tels
que l'épaisseur des films d'humidité et la distance à parcourrir par la diffusion, semblent déterminer l'absorption de P tout aussi bien que les changements physiologiques dans les racines, quand la tension d'humidité augmente.
Pour des sols de textures différentes, l'absorption de P était une fonction
linéaire de la concentration de P en solution. Cultivées en solution bien
remuée, des racines de maïs absorbaient plusieurs fois pius de P par heure
que les racines en contact avec d u sol. Ceci laisse supposer que le sol introduit
u n facteur limitant dans l'absorption de P .
ZUSAMMENFASSUNG

Die relative Aufnahme von P durch Maissämlinge betrug 100, 94, 8 0 ,
50 und 35 bei 1/3,1/2,1, 3 u n d 9 bar Bodenfeuchtigkeitsspannung. Aufnahme,
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von P nahm für einen gegebenen Boden linear zu mit dem Bodenfeuchtigkeitsgehalt. Offensichtlich beherrschen physische Faktoren, z.B. die
Dicke der Feuchtigkeitsfilme und die Länge der Diffusionswege, die PAufnahme, sowie ebenfalls physiologische Änderungen in den Wurzeln
bei wachsender Feuchtigkeitsspannung. Die Aufnahme von P bei konstanter
Feuchtigkeitsspannung durch Böden mit verschiedener Textur war eine
Linearfunktion der P-Konzentration der Lösung. Maiswurzeln absorbierten
pro Stunde einige Male mehr P aus einer ständig-gerührten Lösung als aus
einem Boden-Wurzelsystem, was zum Schluss führt, dass der Boden in die
Aufnahmefähigkeit für P einen beschränkenden Einfluss hat.
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ION UPTAKE BY CORN SEEDLINGS AS AFFECTED BY
TEMPERATURE, ION CONCENTRATION, MOISTURE TENSION
AND MOISTURE CONTENT *
by
D. B.

PETERS** AND M. B.

RUSSELL***

The research of Danielson and Russell (1) showed that uptake of rubidium86 was reduced by increasing soil moisture tension in soils, but that uptake was
relatively unaffected by increasing osmotic stress in solution cultures. They
hypothesized that the reduced uptake in soils was due to the reduction in
diffusion rate of the ion species as moisture content was decreased. Wiersum
(4), using an excised root technique, came to essentially the same conclusion.
This paper presents further research into the mechanisms of ion uptake
as influenced by the moisture regime and tends to show that ion uptake is
affected by an interplay of biological, chemical and physical factors.
EXPERIMENTAL

TECHNIQUE

The research reported herein was conducted on three types of porous
media. The moisture characteristic curves of the sand, silt and silt loam soil
used in these studies are shown in Figures 1, 3 and 9 respectively.
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With each medium the experimental technique was essentially identical,
varying only in minor degree. The experimental variables in each instance
consisted of four moisture tensions in factorial combination with three ion
concentrations. Three replications were used in each experiment. The data
were analyzed statistically using an analysis of variance appropriate for the
randomized block design which was employed.
The sand was initially saturated with a solution of 0.01, 0.10 or 0.25 m
RbCl (tagged with Rb86Cl) following which it was brought to moisture
equilibrium at 30, 45, 60 or 75 centimeters H 2 0 tension on a pressure plate
apparatus. The ion exchange capacity of the sands was so low that the concentration of the liquid phase at each of the equilibrium tensions was the
same as that of the solutions used to initially saturate the samples. This
was also true for the studies with silt.
200 gms of sand having a known concentration of RbCl and a known
soil moisture tension were transferred to small plastic growth chambers
whose inside dimensions were 13.2 X 10 X 1.2 cm. Openings at each end
of the plastic growth chambers allowed passage of air into and out of the
box at a controlled rate of 1 liter per hour. The air was saturated with
water vapor by bubbling through water before entering the sample boxes.
After placing a shallow layer of the equilibrated sand in each growth
chamber 10 germinated corn seeds, having an average radicle length of
8—12 mm, were arranged symmetrically on the sand. The seedlings were
then completely covered with the remaining portion of the equilibrated sand.
The seedlings remained in the germination boxes for 24 hours in a constant temperature room maintained at 25° C, after which they were removed.
Root lengths were measured before and after the growth period. At the end
of the 24-hour growth period the primary root and embryo were removed
from the seed, washed in cold, deionized water, weighed and dried at 60° C
to obtain the oven-dry weight. The amount of Rb 86 absorbed was determined
from the composite sample of 10 roots and embryos.
In the experiments with silt the same ion concentrations were used as
in the sand studies but higher tension values of 20, 27, 31 and 44 cm Hg
were employed. To determine the influence of temperature on the effects of
moisture tension on ion uptake the experiments with silt were run at
temperatures of 4°, 15° and 30° C. Temperatures were controlled precisely
in a water bath. Concurrently with the silt study a study of ion uptake by
young corn seedlings from solution cultures was made at 30° C.
Except for the differences in tensions used and the addition of temperature as an experimental variable, the sand and silt studies were identical
as regards experimental technique. It should be emphasized that in each
study the equilibrium moisture content for each experimental tension
value was achieved by a desorption process.
The experiments with soil also involved a factorial combination of three
levels of ion concentration and four levels of soil moisture tension. However,
because of the higher ion exchange capacity of the soil it was not possible
to accurately determine or maintain a given ion concentration. Therefore
the concentration variables of 0, 1 and 10 % Rb of the exchange capacity
refer only to the amount of normal rubidium added in the solutions used to
initially saturate the soil.
In the experiments with soil both a desorption and adsorption method
of obtaining the equilibrium moisture content for each of the experimental
tensions were used. In the desorption case the tagged rubidium was added in
solution to the initially saturated soil which was then allowed to air dry.
Following drying the soil was thoroughly mixed, placed in the pressure
membrane apparatus, saturated with water, and brought to moisture
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equilibrium at the desired tension. In this process some of the added rubidium
was removed from the soil with the result t h a t the concentration of the
equilibrium dialyzate was not the same at each final tension value. It was
highest for the 1/3 atmosphere tension, being reduced at the 1 atmosphere
tension and increasing slightly at 3 and 10 atmospheres tension. The techniques used to determine root growth and rubidium uptake were the same
as those used in the sand and silt studies.
The rubidum chloride was added to the soil in the adsorption study
in the same manner as in the desorption study. After air drying, sufficient
water was added to the soil to give the moisture content necessary for equilibrium a t the given tension as determined from the moisture desorption
curve. The water was added b y atomizing it onto the soil which was being
continuously mixed in a rotating horizontal drum mixer. Following the
addition of the desired amount of water the soil was stored in vapor tight
containers and was alternately frozen and thawed three times in an a t t e m p t
to reach a homogenous moisture distribution. With the above exceptions
all of the procedures were the same as those used in the experiments with
sand.
RESULTS AND CONCLUSIONS

The reduction in uptake of ions which occurs when the moisture content decreases, or tension increases, has been observed at this station for a
large number of ions, particularly potassium, rubidium and phosphorus.
Smaller reductions of calcium and magnesium also have been observed. In
general a curve of ion uptake vs. soil moisture tension is similar to the moisture characteristic curve. However, the reduction occurs to only a minor
extent in osmotic solutions. The observed effects are attributed to the rapid
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reduction in the transmission characteristics of the porous media that occur
in the vicinity of the absorbing root as a consequence of the reduction of the
volume fraction of the liquid phase.
If the reduction in ion uptake is solely determined by the reduced transmission characteristics of the medium, it should be possible to alter the
shape of the uptake curve by increasing the ion concentration in the liquid
phase. In studies involving slightly different techniques Wiersum (4) came
to the conclusion that the reduction in ion uptake that results from increased soil moisture tension could be counteracted by increasing the ion
concentration in the soil solution.
The results obtained in our investigations using sand as the porous
medium are summarized in Figure 2. The curves show that rubidium uptake
was greatly increased when the concentration of RbCl in the soil solution
was increased from 0.01 to 0.25 molar but that even at the highest concentration studied the relative uptake of Rb per unit length of root was

MOISTURE TENSION (CM. Hg)

Fig. 3. Moisture characteristic curve for silt and elongation of corn roots as
function of moisture tension.

greatly reduced when the soil moisture tension was increased from 30 to
70 cm of H 2 0. At the lower concentration the uptake of rubidium was
reduced and was less affected by changes in the soil moisture tension.
At a tension of 30 cm H 2 0 the increase in rubidium uptake as a function
of the concentration of the soil solution closely resembled that from stirred
solution cultures in which transmission to the absorbing root is never
limiting. However, at 75 cm H 2 0 tension the effect of concentration on ion
uptake was suppressed, presumably by the overriding effect of the reduced
transmission characteristics of the unsaturated sand at that tension. This
effect was confirmed by the higly significant tension-concentration interaction term in the analysis of variance.
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SILT STUDY

MOISTURE TENSION (CM. Hg)

Fig. 4. Influence of moisture tension on uptake of Rb 86 from silt porous
media a t several ion concentrations.
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Fig. 5. Influence of ion concentration on ion uptake at several moisture tensions
in silt porous media (15.5° C).
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The same relationships are shown in Figure 4 over the higher range of
tensions used in the experiments with silt. The uptake vs. concentration
curves for the experiments conducted at 15.5° and 30° C are plotted in
Figures 5 and 6 respectively for each of the four soil moisture tensions
studied. As in the experiments with sand these curves also show at low
tensions (high moisture contents), responses which correspond to those
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Fig. 6. Influence of ion c o n c e n t r a t i o n o n ion u p t a k e a t several m o i s t u r e tensions
in silt p o r o u s m e d i a (30° C).
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obtained from solution cultures. However, Figure 6 shows t h a t the uptake
from the unsaturated silt was less than t h a t from culture solutions. Note
also t h a t at both 15.5° C and at 30° C the slope of the uptake vs. concentration
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Fig. 8. Ion uptake as function of moisture content.
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curve steadily diminishes as the soil moisture tension is increased. These
data indicate that at high moisture contents ion uptake is regulated primarily by physiologic processes of the absorbing root, but as the moisture
content decreases the principal mechanism controlling ion uptake becomes
the transmission characteristics of the liquid phase in the rooting medium.
An examination of the temperature vs. uptake function at various tensions shown in Figure 7 leads to essentially the same conclusions. At low
tensions, i.e. high moisture contents, the effect of temperature on ion
uptake is much greater than at high tensions. Only at 20 cm Hg tension is
the slope of the temperature vs. uptake function greater than the temperature vs. fluidity function for water. At higher tensions the slope of the
uptake curve becomes less than that which could be accounted for by the
temperature effect on the viscosity of water, indicating that some mechanism
such as increased path length resulting from tortuosity is also affecting ion
movement to the root surfaces. Klute and Letey (2) have shown that in
porous media such as sands the diffusivity of Rb86Cl decreases very rapidly
as the moisture content is reduced. They attributed the rapid decrease in
diffusivity to the changing geometry of water in the porous system. Such
rapid changes may easily explain the very low uptake, regardless of ion
concentration, at low moisture contents in porous media such as sand and
silt. Klute and Letey found that relative diffusivity in porous media such
as sands was not linearly related to the volume fraction of water. A sharp
reduction in relative diffusivity was found at moisture contents slightly
below the drainage point. However, Porter, et al. (3) have shown that for
soils the relative diffusivity is a linear function of the volume fraction of
water throughout the 1/3—15 atmosphere tension range.
Results shown in Figure 10 for the soil experiments in which the equilibrium moisture contents were obtained by desorption reveal no interaction
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of concentration on the uptake vs. soil moisture tension response function.
This is consistent with the results predicted b y Porter et al. as a consequence of the linear variation of diffusivity with moisture content such as
they found for soils. The relative uptake curve would be simply displaced
to reflect the initial concentration of ions at the root surfaces. Note, however, t h a t in Figure 10 at the low ion concentration there was an actual
increase in ion u p t a k e at tensions above one atmosphere. This increase
was probably accounted for by the increased central ion concentration, t h a t
is increased root surface concentration at time zero.
Danielson and Russell found t h a t uptake was a linear function of moisture content for the soils studied. Such a relation holds in the studies reported here for the soil samples prepared by desorption techniques and
containing an amount of rubidium equal to 10 % of the exchange capacity.
However, in the silt study, Figure 8, the u p t a k e was found not to be linear
with moisture content. These discrepancies between porous media are
believed to be attributable to differences in the diffusivity vs. moisture
content functions for the respective porous media.
I n the soil study where an adsorption technique was used to establish
the desired tensions ion u p t a k e exhibited the usual reduction in the 1/3 to 1
atmosphere range, b u t increased even beyond the 1/3 atmosphere uptake
at tensions greater than 1 atmosphere. This was probably due to an inability
to establish moisture equilibrium throughout the entire soil mass at the
low moisture contents. At the high moisture content end of the tension curve
uniform moisture distribution was more readily achieved and probably
approached a true equilibrium condition. At lower moisture levels, loci of
high moisture contents probably existed in which both the ion concentration
and the volume fraction of water were higher than the calculated mean
values for the sample as a whole.
The growth and elongation of the corn roots in the several porous media
studied here gives further evidence t h a t flow conditions in unsaturated
porous rooting media strongly affect water uptake. The elongation vs.
tension curve in each medium conformed very closely to the moisture content
curve. However, in the sand the reduction in growth occurred in a tension
range from 30—75 cm H 2 0 tension, in silts from 20—44 cm Hg tension,
and in soils from 1/3—15 atmosphere tension. It is concluded therefore
t h a t the absorption of water from porous media is controlled b y transport
mechanism as well as energy of retention.
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SUMMARY

The absorption of ions b y plant roots from porous media is controlled
in part b y transport mechanisms affecting the flow of ions and water. The
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degree of the effect is controlled b y the kind of porous media, being more
pronounced in such media as sands and silts. Reductions in root elongation
and in the u p t a k e of ions and water occur in the range of soil moisture
tension in which the most rapid changes in moisture content occur for a
unit change in tension. The transport of ions to root surfaces is probably
limited b y the changing geometry of the water system as the moisture
content changes. The final concentration of ions in roots is controlled by the
initial concentration present and by the rate at which ions are transported
to the root surface, either by diffusion or mass flow of water.
RÉSUMÉ

L'absorption d'ions par les racines des plantes à partir de milieux poreux
est en partie déterminée par les mécanismes de transport qui affectent le
flux des ions et de l'eau. L'ordre de grandeur de cet effet dépend de la
nature du milieu poreux et il y est le plus grand dans des milieux tels que
le sable et le limon. L'élongation des racines et l'adsorption d'ions et d'eau
diminuent lorsque la tension d'humidité du sol passe par le domaine où
les teneurs en humidité varient le plus rapidement par unité de tension.
Le transport d'ions vers les surfaces des racines est probablement limité
par les variations de la géométrie du système eau lorsque le t a u x d'humidité
varie. La concentration finale des ions dans les racines est déterminée par
leur concentration initiale, et par la vitesse avec laquelle ces ions sont
transportés vers la surface des racines, soit par diffusion soit par des mouvements de l'eau.
ZUSAMMENFASSUNG

Die Ionenabsorption durch Pflanzenwurzeln aus porösen Medien wird
zum Teil beherrscht durch Transportkräfte, die Fliessbewegung der Ionen
und des Wassers beeinflussend. Das Mass des Effektes ist abhängig von der
Art der porösen Medien; es tritt deutlich zum Vorschein in solchen Medien
wie Sand und Staubfraktionen. Wenn innerhalb des Bereichs der Bodenfeuchtigkeitsspannung auf eine Spannungsänderung um eine Einheit die
allerschnellsten Feuchtigkeitsgehaltsänderungen folgen, treten Verkürzungen der Wurzeln und Verminderung der Ionen- und Wasseraufnahme auf.
Der Ionentransport nach der Wurzeloberfläche ist, wenn der Feuchtigkeitsgehalt sich ändert, wahrscheinlich beschränkt durch die wechselnde 'Geometrie' des Wassersystems. Die endgültige Ionenkonzentration in Wurzeln
wird durch die anfängliche Konzentration und durch das Mass in welchem
Ionen bis an die Wurzeloberfläche, sei es durch Diffusion oder durch Gesamtfluss mit dem Wasser transportiert werden, bestimmt.
DISCUSSION

C. H. M. VAN BAVEL: The phenomena demonstrated in this paper as well as
tnose in papers by Olsen, Brown and Barber are essentially three dimensional
or volumetric. Obviously, the specific gravity or the dry weight of the solid
phase is not involved. It seems highly desirable that all studies such as these be
reported in terms of volume fraction of water in the soil.
M. B. RUSSELL: I agree with this remark.
L. A. RICHARDS: Was water potential, though used in your discussion,
measured in any case in your experiments?
M. B. RUSSELL: All samples were brought to moisture equilibrium on pressure
plate apparatus adjusted to the desired pressure. No adjustment was made
for the effect of the dissolved ions on the total moisture potential.
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RELATION OF PLANT GROWTH AND ION ACCUMULATION TO
SOIL MOISTURE LEVEL STABILIZED WITH A DIVIDED ROOT
TECHNIQUE *
by
H. J. MEDERSKI AND J. STACKHOUSE**

Studies of the relation between soil moisture content and ion uptake
by plants are usually limited by a lack of technique for controlling or
stabilizing soil moisture content within narrow and well defined limits while
the plants are growing. The conventional method oi subjecting growing plants
to various soil moisture regimes is undesirable because of the oscillating
nature of soil moisture level, and because the plants are subject to internal
water stress. Relatively high internal water stress of prolonged duration
usually results in a decreased rate of dry matter production and an increase
in ion concentration within the plant tissue. Thus, ion accumulation may
vary either as a consequence of changes in ion entry, rate of plant growth,
or both, thereby confounding interpretation of the data. In their review,
Wadleigh and Richards (7) conclude that most experimental evidence shows
an increase in the nitrogen content and a decrease in the potassium content
of plants with decreasing soil moisture supply. However, there are numerous
exceptions to this generalization. Observations of the effect of soil moisture
supply on the Ca, Mg and P content of plants are conflicting.
In an effort to minimize or eliminate some of the objectional features
of controlling soil moisture via the moisture regime technique, the senior
author devised and reported results using a split root technique for studying
the relationship between soil moisture content and ion absorption (4).
With this technique the lower portion of a corn root system was in soil at
a known, previously adjusted moisture content while the remaining upper
portion of roots was in wet sand. The sand was wetted with a solution containing ammonium nitrate and trace elements. The P, K, Ca and Mg
absorbed by the plants were derived from the soil system and correlated
with soil moisture content. The continuously moist sand supplied most of
the transpired water, minimized soil moisture changes and eliminated the
need for adding water to the soil. Under humid atmospheric conditions, and
after three weeks of plant growth, the moisture content of the soil was found
to have declined only 2 % to 4 %. The sand-water system has the advantage
of minimizing internal plant water stress regardless of soil moisture content.
The results of the study (4) employing this technique showed that
both percent and total P, K, and Mg were closely correlated with soil
moisture content in the range of wilting point to field capacity.
The purpose of the investigation reported in this paper was to extend
the previous work with refinements in technique and to determine the
relation of K absorption to soil moisture content at several rather than one
level of available soil K.
METHODS AND MATERIALS

The soil used in this experiment was a slightly acid (pH 6.5) Wooster
silt loam with a low level of ammonium acetate exchangeable potassium
* Contribution from the Department of Agronomy, Ohio Agricultural
Experiment Station, Wooster.
** Professor and Graduate Assistant, respectively.
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(90 pounds per acre). The 1/3 and 15 atmosphere moisture contents of this
soil were 25 and 6.5 % respectively. The soil was air-dried and divided into
three lots receiving 0, 50 and 150 ppm of finely ground KCl, respectively,
to establish three levels of soil potassium. Five soil moisture levels (approximately 9, 11, 13, 16 and 19 %) were established in each of the three lots
of soil by adding the appropriate amount of distilled water to the dry soil,
mixing, screening through a 1/4 inch mesh screen and allowing to equilibrate for 24 hours while covered. This process was repeated three times to
insure a uniform mixture. The quantity of water added slightly exceeded
the calculated amount to allow for evaporation during mixing. Final
moisture content was determined gravimetrically immediately before
placing the soil in the pots.

Figure 1. Arrangement of divided compartment using a No. 10 tin can filled
with soil and covered with wax membrane. Upper section filled with sand or
vermiculite.

Four kilograms (air-dry basis) of treated soil was placed in a No. 10
tin can and the soil surface covered with a wax membrane prepared by
applying a heavy coating of soft wax (Multiwax) * to cotton cloth. A 4-inch
collar prepared of wax-dipped cloth and backed with heavy aluminum
foil for strength was wrapped around the top of the can. Drain holes were
punched through the collar just above the membrane and the collar filled
with fine white silica sand. A photograph of the intact system is shown in
figure 1. (These photographs are from a phosphorus experiment with
vermiculite substituted for the sand used in this experiment.) Corn seeds
planted in the sand developed a root system that eventually passed through
the membrane into the soil below. The roots made a tight seal at the point
* Address: Petroleum Specialties Incorporated, 205 E. 42nd St., N.Y. 17, N.Y.
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of penetration and prevented water leaking from the sand into the soil
below. No water was added to the soil at any time during the experiment.
Twelve corn seeds were planted in the sand layer grown for 25 days.
At the end of each day the sand was saturated with a standard nutrient
solution containing all essential elements except potassium. Throughout
the day the sand layer was maintained in a wet condition by frequent
additions of rain water. The drain holes in the collar enabled frequent
saturation of the sand without impounding water within the sand layer.
No provision was made for aerating the soil system.
After 25 days growth the whole plants were harvested, separated into
roots and tops, dried, and weighed. The dry plant material was wet digested
in a nitric-perchloric acid mixture, and potassium determined with a Beckman flame photometer. Final soil moisture content was determined on the
whole soil at the termination of the experiment by removing the root mass,
shaking to remove the adhering soil, and weighing all the recovered soil
before and after oven drying at 100° C.
The three soil potassium levels, each at the five moisture levels, were
randomized in three blocks. The entire system was enclosed within a transparent plastic canopy with the relative humidity maintained between
95 % and 98 % with a small jet of water vapor. The condition of high
humidity minimized transpiration and attendant changes in soil moisture
content.
TABLE

1. Initial and final soil water content after 25 days plant growth.
Initial Moisture

Final Moisture

%

%

9.1

8.0
9.5

10.8
13.3
16.2
19.5

10.6
11.5
13.2
RESULTS AND DISCUSSION

The data in Table 1 show the initial soil moisture content at the beginning
and at the termination of the experiment. These soil water losses which
ranged from 1 % at lowest to about 6 % at the highest level of soil moisture,
are 2 % to 3 % larger than in the previous work (4). The larger losses are
probably due to the greater dry-matter production in this experiment and
could have been reduced by discontinuing the experiment at an earlier date.
[It was felt that the use of containers larger than the No. 10 can with the
same number of plants would be more suitable and would exhibit a smaller
change in soil moisture content. The effect of container size on soil moisture
change was investigated using an otherwise identical technique. Container
sizes of 1, 2 and 4 gallons were planted to 12 corn plants, and grown for a
period of 18 days under normal uncontrolled greenhouse humidity that
ranged from 40 to 70 %. After 18 days growth the entire soil from the upper
and lower half of each container was oven-dried for moisture determination.
The data show that percent soil moisture change decreased with increasing
container size and reached a minimum change of about 3 % with the four
gallon container (Table 2). Had this experiment been conducted under
conditions of high humidity, the moisture loss would probably have been
less. The moisture content in the upper and lower half of the container was
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TABLE 2. Per cent soil moisture change 18 days after planting as affected by soil
weight and container size used in modified split root experiments.
Per cent soil moisture*

Container size
and soil weight
4 gal -

Initial

19 kg.

23.0

2 gal — 9.7 kg.

23.0

1 gal — 5.5 kg

23.0

Final
upper:
lower:
upper:
lower:
upper:
lower:

20.4
20.3
15.5
15.8
11.7
11.6

* average of duplicate containers.

practically the same. Moreover, an inspection of the soil in proximity to
the roots indicated uniform moisture conditions throughout the soil mass.
Obviously, small differences in moisture content cannot be determined
visually, nevertheless there was no visual evidence of any large moisture
gradients near the roots.]
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Figure 2. Per cent K in corn leaves as affected by soil moisture content at each
of three levels of available soil K. (L.S.D. between moisture levels for K„, Kj and
K2 respectively, are 0.20, 0.16 and 0.49 % K a t the 5 % level of significance.)

The per cent K in the leaves of the corn plant is shown in figure 2. Statistical analysis of the data indicates that the main effects of soil moisture
level, K level and their interaction are significant at the 1 % level. At
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each respective level of soil K, the per cent K in the leaves generally increased with increasing soil moisture. At any given level of soil moisture,
per cent K in the leaves increased with increasing level of applied K,
indicating the existence of three distinct levels of K availability.
Examination of the data in figure 2 shows that the increase in per cent K
with an increase in soil moisture between 9 and 16 % is larger at the K2 than
K0 level of soil K. Also, the increase in per cent K with increasing level of
applied K is larger at the high level of soil moisture. These interactions
indicate that soil K and moisture levels have an interdependent effect on K
accumulation by the plant. The per cent K at the higher moisture level in
combination with K0 approximately equals the per cent K at the lowest
moisture content in combination with Kv Similarly the maximum per cent
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Figure 3. Total K in corn leaves as affected by soil moisture content at each
of three levels of available soil K. (L.S.D. between moisture levels for K0, K^ and
K2, respectively, are 7.9, 12.8 and 16.2 mg. K at 5 % level of significance.)
K for Kx at 15 to 17 % moisture approximates the per cent K for K2 at
9 to 11 % soil moisture. Assuming this type of response curve to be more
than simply a coincidence it may contribute to understanding the observation that, under field conditions, crop yield response to applied potassium is usually larger under conditions of relatively low than high soil
moisture levels. Using the curves in figure 2 and assuming a hypothetical
situation in which 1.65 % K (K2 at 9 % moisture) represents the minimum
K concentration for optimum growth, the application of sufficient K to
the Kx soil at the 9 % moisture level would raise the concentration from
the suboptimum level of approximately 1.25 to the optimum of 1.65 % K.
On the other hand, at relatively high moisture levels the Kx soil results in
a nearly optimum concentration in the plant and added K at these higher
moisture levels would simply increase the per cent K above the optimum
without a commensurate increase in growth. In other words, low soil
moisture content may contribute to limited plant growth by significantly
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reducing K accumulation when soil K levels are low. When soil K level is
high plant K concentration may increase with soil moisture, but so long as
per cent K in the soil is within the optimum range, growth may not be
affected by differences in K accumulation. Over a 15 year period Van der
Paauw (5) observed a correlation of 0.84 between the response of potatoes
to potassium and the number of rainless days in May, June, and July.
He suggests that this relationship may be due to decreased K availability
with decreasing soil moisture. Barber (1) made a similar observation for
corn and secured a correlation of 0.97 between yield of the no potassium
plot expressed as a per cent of the fully treated K plot and inches precipitation during June, July and August.
The total K (per cent K x dry weight) absorbed by the plants (figure 3) increased generally with increasing moisture at all levels of soil K. The
decrease in total K at the highest moisture level is a consequence of decreased dry-matter production and has been observed in a number of our
experiments. Nevertheless, if allowances are made for variable behavior
which appears inevitable in most experiments, the data in figures 2 and 3
present convincing evidence of the importance of soil moisture to ion
absorption.
The dry weight of the corn leaves (table 3) tends to increase with increasing soil moisture and does increase with increasing soil K level, but
the data are somewhat erratic and variability within treatments obscures
any real relation between dry weight and soil moisture content. It should be
remembered that the techniques used here render the plant more or less
independent of the soil for water and all essential elements except potassium. Under these conditions the effect of soil moisture on dry-matter
production will be small and difficult to detect with certainty unless inherent experimental errors are small.
TABLE

3. Dry weight of corn leaves as affected by soil moisture level and soil K leve

Soil K
level

Ko
K,

Per cent soil moisture
9

11

13

16

19

g1.9
2.7
3.7

g-

g2.1
3.8
3.7

s-

1.6
2.9
1.6

3.0
3.2
4.7

g1.9
3.8
3.4

The reason for increased K absorption with increasing soil moisture is not
known. Schuffelen (6) has indicated that Donnan effects are responsible for
increased K availability with increasing soil moisture. Other workers (2, 3)
indicate that a discontinuity of moisture films at low soil moisture content
may impede transfer of ions from soil to root. In unpublished work the
authors of this paper have found that increasing the osmotic value of
solution cultures to
about 4 atmospheres with sucrose completely inhibited
the uptake of Kb86. It is possible that high soil water stress may impede
the uptake of ions through its effect on the water relations of the roots.
Although physiologists are in general agreement that ion absorption is not
controlled by plant water absorption there is evidence that ion uptake does
tend to increase with increasing transpiration. As is so often the case in
complex biological systems not one but several interdependent factors may
be responsible for changes in ion uptake with changing soil moisture. Moreover, the fact that K uptake is related to soil moisture indicates that a
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rather large proportion of the K absorbed by plants m a y not be derived
from the soil by direct contact exchange. A considerable portion of K
m a y be absorbed from the solution phase with the quantity, quality, and
mobility of solution determined b y soil moisture content.
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SUMMARY

A split root technique was devised in which a portion of a corn plant's
root system developed in soil at several known moisture contents while the
remainder of the root system developed in a sand culture. The sand culture
supplied most of the transpired water, minimized soil moisture change
during growth, and prevented moisture stress within the plant irrespective
of soil moisture level.
The d a t a show t h a t per cent K and total K increased as soil moisture
increased in the range of wilting point to field capacity. This increased K
u p t a k e with increasing soil moisture level is attributed to a more rapid
renewal of K in solution at the root surface. At low soil moisture contents
the K absorbed b y the plant m a y originate in the immediate vicinity of the
root surface. At high soil moisture levels the absorbed K m a y originate a t
greater distances from the root and m a y be transported to the root in
response to water absorption b y the plant.
RÉSUMÉ

Une technique, dite de la racine fendue, a été mise au point, dans laquelle
on laisse se développer une partie de la racine dans du sol que l'on maintient
à différentes humidités données, tandis que l'autre partie de la racine est
établie dans une culture de sable. La culture de sable fournit la majeure partie
de l'eau transpirée, réduit au minimun l'effet des variations de l'humidité
du sol pendant la croissance et prévient des tensions, dues à des manques
d'humidité, à l'intérieur de la plante, quelle que soit l'humidité du sol.
Les résultats montrent que le pourcentage de K et le K total augmentent
avec l'humidité du sol entre le point de fanaison et la capacité en champ.
Cette augmentation de l'absorption de K qui va de pair avec l'augmentation
du t a u x d'humidité est attribuée à u n renouvellement plus rapide de K
dans la solution proche de la surface radiculaire. Pour des faibles teneurs en
eau du sol, le K absorbé par la plante peut provenir du voisinage immédiat
de la surface radiculaire. Pour des niveaux d'humidité du sol élevés, le K
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absorbé peut venir de plus loin et peut être transporté vers les racines avec
l'eau qui sera absorbée par la plante.
ZUSAMMENFASSUNG

Eine geteilte Bewurzelungstechnik wurde vorgeschlagen, bei welcher
ein Teil des Wurzelsystems einer Maispflanze sich in Boden mit verschiedenen, bekannten Feuchtigkeitsgraden zu entwickeln hatte, während der
übrige Teil des Wurzelsystems sich als Sandkultur entwickeln durfte.
Die Sandkultur lieferte das meiste Transpirationswasser, die Änderungen
der Bodenfeuchtigkeit während des Wachstums auf ein Minimum zurückführend, und Feuchtigkeitsüberdruck in der Pflanze vorbeugend, ungeachtet
des Feuchtigkeitsgrades.
Die Versuchszahlen zeigen, dass % K und Total-K mit der Bodenfeuchtigkeit innerhalb des Bereichs von Verwelkungspunkt bis Feldkapazität zunahmen. Diese erhöhte K-Aufnahme mit erhöhtem Bodenfeuchtigkeitsgehalt wird einem schnelleren Nachschub von K in die Lösung um die
Wurzeloberfläche zugeschrieben. Bei niedrigen Feuchtigkeitsgehalten dürfte
das von der Pflanze absorbierte K aus der unmittelbaren Umgebung der
Wurzeloberfläche herkünftig sein. Bei hohen Feuchtigkeitsgraden mag das
absorbierte K aus grösserer Entfernung der Wurzeln stammen und diesen
zugeführt werden, der Wasserabsorption durch die Pflanze entsprechend.
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PLANT GROWTH AS A FUNCTION OF INTERACTING ACTIVITIES
OF WATER AND IONS UNDER SALINE CONDITIONS *
by
J. V. LAGERWERFF AND GEN. OGATA**

An analysis of factors that determine yield and mineral composition of
salt-affected plants points to the necessity of distinguishing between
variables influencing the free energy of water, and those describing the
ionic balance in the solution ambient to the roots. These variables give
rise to osmotic and ionic composition effects on plant growth, respectively.
The osmotic effect usually is related to the total salt level, irrespective of
the ion species. Ionic composition effects pertain to the absolute and relative
concentrations in which ions of any one species occur. It follows that ionic
composition effects always are part of osmotic effects, while the reverse
does not necessarily hold true, viz., trace element toxicities. Together,
osmotic and ionic composition effects on plant growth give rise to the
problem of salinity.
Under saline-sodic conditions, particular attention is being paid to the
relative proportions of sodium with respect to calcium and magnesium ions.
This relation has frequently been expressed as the sodium-adsorption-ration
(SAR), Na.+I\/Ca.++ + Mg ++ derived from millimolar concentrations, of the
irrigation water or saturation soil extract.
This paper deals with the interaction of osmotic and ionic composition
effects, in terms of salinity and sodium-adsorption-ratio, respectively, on
the growth of kidney beans. The interdependence has been studied between
tolerance with respect to salinity, and the SAR of the growth medium and
between tolerance with respect to the SAR ands alinity. Evidence has been
submitted to show that under conditions of equilibrium an approximately
linear relationship exists between the ratio Na+/Ca++ + Mg ++ of these
ions adsorbed on surfaces possessing a nearly constant charge, and the
SAR of the surrounding solution (1). This relationship has been applied
to the initial step of cation uptake, involving an adsorption in exchange for
hydrogen ions made available at the root exchange sites. In view of the
electronegative charge carried by plant roots, any cations that may have
entered the roots by diffusion eventually will also become subject to adsorption.
By varying the total salt level of the culture solution at any of a number
of constant values for SAR, plant roots were subjected to different osmotic
pressures while ionic composition at the exchange sites was kept nearly
constant. Alternatively, by changing the SAR of the solutions at any
of a number of constant values for the total salt level, conditions were
created inducive to varying ionic composition effects at a nearly constant
osmotic pressure (3). A similar procedure has been followed in the present
work. It by no means implies the belief that at the present state of knowledge ion uptake can be predicted by physico-chemical theory. The sole
* Contribution from the U.S. Salinity Laboratory, Soil and Water Conservation Research Division, Agricultural Research Service, U.S. Department of
Agriculture, Riverside, California, in cooperation with the 17 Western States
and Hawaii.
** Soil Scientists.
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purpose envisaged in selecting the total salt level and SAR as variables is
that of adopting a theoretically sound control of osmotic pressure and ionic
balance in the immediate substrate from which ions are to be metabolically
absorbed, i.e., the electronegative exchange sites of the roots.
A complication arises in that current techniques do not permit a separation
into independent variables of osmotic and ionic composition effects on plants
grown in electrolytic solutions. Osmotic effects, however, do not depend on
the type of solute (electrolytes or non-electrolytes), but on the total concentration of solute. Consequently, kidney beans grown in base nutrient
solutions containing an excess of NaCl and CaCl2 have been compared with
those grown in isotonic solutions of equal SAR containing a non-electrolyte.
After an extensive study (4), 'Carbowax' polyethylene glycol (molecular
weight 15,000—20,000) *, upon dialysis, was found to be sufficiently
inert with respect to kidney bean metabolism to suggest the absence of
additional 'specific', viz., toxic, effects. This finding makes it possible to
study the extent to which growth depression due to increasing salinity
reflects either the accompanying decrease of the free energy of water
(osmotic effect), or the unbalance of ions in the immediate root environment (ionic composition effects).
EXPERIMENTAL DETAILS

Design: The experiment was designed as a randomized block involving
13 treatments and one crop species. With two replications, the total number
of cultures amounted to 26. Red kidney beans were raised in aerated solutions, 4 plants per culture. The solutions were distinguished by different
amounts of NaCl, CaCl2 and MgCl2 (the latter two salts always in proportions of 3 : 1), and by the presence or absence of 'Carbowax' (Table 1).
The salts were combined to give three values for SAR, viz., 3.1, 22.5 and
64.1 calculated from activities, and three values for the osmotic pressure
(OP), viz. 1.3, 2.3 and 3.3 atm. Of the latter values, 0.3 atm was accounted
for by the presence of essential nutrients. The coefficient of variation of
the SAR at the outset of the experimental growth period was less than
6 %. The values chosen for the SAR and OP were considered representative
for the range of conditions occurring in salt-affected regions. 'Carbowax'
was dissolved in concentrations equivalent to 0.7 and 1.2 atm OP in solutions having a SAR of 3.1 and 22.5 and an OP due to ions of 1.3 and 2.3
atm.
Materials and methods: One-week old seedlings were grown to maturity
on the experimental solutions under Southern California greenhouse conditions during the period extending from February 10 through March 24.
The solutions were contained in 5-gallon jars. These were insulated by means
of aluminum-backed fiber glass to reduce temperature variations to a
minimum. The activity of the ions in solutions containing electrolytes only
was calculated by applying the extended form of the Debye-Hueckel
equation. The activity of the Na ions in solutions containing both ions and
'Carbowax' was obtained by using the newly developed Na-selective
glass electrode No. 78187V, Beekman Instruments, Inc. (2). Corresponding
values for the ionic strength were obtained from a graph relating the activity coefficients to the ionic strength on the basis of the equation mentioned. The values thus derived were 'apparent' to the extent that they accounted
for the difference between the parameters in the Debye-Hueckel equation
valid for' Carbowax' containing solutions, and the same parameters valid for
* Union Carbide Chemicals Company.
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BLÉ 1. Na+, Ca + + , and Mg + + content of the culture solutions as functions of the total electrolyte concentration and the sodium-adsorption-ratio.*)**.
Sodium-adsorption-ratio*
total electrolyte
.oncentration in
atm OP***
1.3
2.3
3.3
1.3 + 0.7 t
1.3+ 1.2 ft

22.5

3.1

Cation

64.1

Concen- Activity Concen- Activity Concentration
tration
tration Activity
Na
Ca
Mg
Na
Ca
Mg
Na
Ca
Mg
Na
Ca
Mg
Na
Ca
Mg

9.0
15.0
5.0
13.0
35.0
11.7
15.9
56.1
18.7
9.0
15.0
5.0
9.0
15.0
5.0

8.1
9.8
3.3
11.5
20.1
6.7
13.8
30.8
10.3
8.8
13.0
4.3
9.0
14.5
4.8

22.1
1.9
0.8
41.0
6.3
2.1
57.3
14.7
4.9
22.1
1.9
0.8
22.1
1.9
0.8

19.1
1.0
0.4
34.3
3.0
1.0
47.3
6.3
2.1
20.4
1.3
0.55
21.0
1.5
0.6

23.7
0.3
0.1
46.8
1.3
0.4
69.1
2.9
1.0

20.3
0.16
0.05
38.6
0.55
0.17
56.0
1.1
0.4

' Na+/VCa + + -f- Mg + + calculated from activities, derived from millimolar concentrations.
'* The concentrations are expressed in me per liter, and the activities are calculated from
:se.
•** Of these values, 0.3 atm is accounted for by K 2 S0 4 (3 me/1), N H 4 N 0 3 (2 me/1),
I , P 0 4 (0.5 me/1), B as H 8 BO, (0.5 mg/1), Mn as MnCl s .4H 2 0 (0.5 mg/1), and Fe as Ferate (1 mg/1). The Na, Ca and Mg salts were added as the chlorides.
\ 0.7 atm accounts for 'Carbowax', 62 gm/liter.
•f 1.2 atm accounts for 'Carbowax', 92 gm/liter.
purely aqueous solutions. This difference is due to the fact t h a t the effective
radius of ions in solutions containing polyethylene glycol, is different from
t h a t of ions in pure water. From the 'apparent' ionic strength values the
activity coefficients, and the activities of C a + + and M g + + in the 'Carbowax'
containing solutions have been calculated in the usual manner.
Basic theory predicts the activity of water in solution from OP measurements. On the average, the solutions were changed once a week so as to
maintain a nearly constant OP. The latter was measured using the thermocouple psychrometer method (5). The contribution of the 'Carbowax'
to the OP of the solutions has been measured using the refractive index
reference method (4).
Upon terminating the growth, the total fresh weight and the total
leaf surface area per plant were measured and statistically evaluated.
RESULTS AND CONCLUSIONS

The d a t a (Figure 1) illustrate the known fact t h a t a decrease in yield
results from an increasing salt level, and an increasing SAR. The yield
decrease of kidney beans with respect to the total electrolyte concentration
is not the same at different Na concentrations of the solution. Neither
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does the yield decrease with respect to sodium appear to be the same at
different total electrolyte concentrations. Salt tolerance, then, is not a
unique characteristic, but a variable measure of adaptation of any one
plant species to conditions unfavorable to normal growth because of the
presence of an excess of salt.
TOTAL

FRESH

WEIGHT,

Figure 1. Total fresh weight of red kidney beans as a function of the sodiumadsorption-ratio (calculated from activities) and the osmotic pressure (in
atmospheres) of the culture solution in the presence and absence of 'Carbowax'
polyethylene glycol (molec. wt. 15,000 — 20,000). LSD(0.05) = 12.
TABLE 2. Fresh weight difference between red kidney beans grown in the presence
and absence of 'Carbowax' in the culture solution, and OP of the solution
indicating incipient specific-ion effects.
Sodium-Adsorption-Ratio*
3.1

20.5

OP of solution due to ions + 'Carbowax' (atm)
Fresh
weight of

1.3+1.2

1.3+0.7

1.3+1.2

1.3 + 0.7

Yield difference in % of non-'Carbowax' cultures

Total
Leaves
Pods
Stems

+
+
+
+

+
+
+
+

9
2
23
25

25
23
60
61

+
+
+
+

+
+
+
+

13
4
32
14

37
12
50
25

OP of incipient ionic composition effects.
Total
Leaves
Pods
Stems
Ave rage

1.8
1.9
1.4
1.7
1.7

1.7
2.1
1.7
1.8
1.8

* N a + / \ / C a + + + Mg + + calculated from activities derived from millimolar
concentrations.
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The yield of plants grown on isotonic solutions with and without 'Carbowax' were found b y interpolating the available data on a two-dimensional
graph. I t appeared t h a t ionic composition effects per se cause yield depression at an O P as low as 2.0 a t m , i.e. 1.3 a t m due to ions plus 0.7 a t m
due to 'Carbowax' (Table 2). Extrapolation of the data suggests that, under
the prevaiHng experimental conditions, ionic composition effects start
affecting plant growth independently from osmotic effects at about 1.7
or 1.8 a t m O P . At lower total salt levels, therefore, yield depression m a y
have been mainly due to osmotic effects.
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SUMMARY

Red kidney beans were grown on culture solutions of which the osmotic
pressure (OP) was due to a base nutrient plus either an excess of ions, or
purified, inert, 'Carbowax' polyethylene glycol (molecular weight 15,000—
20,000). Different osmotic and ionic composition effects have been induced
b y varying the sodium-adsorption-ratio (SAR) at each of a number of
levels of OP. The total weight was found to be functions of both the O P
and SAR, underlining t h e relativity of salt tolerance. The yield of
'Carbowax'-treated plants was significantly greater t h a n that of plants
grown on isotonic solutions containing ions only. Extrapolation of d a t a
suggests t h a t ionic composition effects started suppressing plant growth
independently from osmotic effects at an O P of about 1.7 a t m .
RÉSUMÉ

Des haricots nains rouges ont été cultivés sur des solutions nutritives dont
la pression osmotique (OP) était due à un mélange de sels nutritifs de
base, additionné soit d'un excès d'ions soit de poly-éthylène glycol 'Carbowax', substance purifiée et inerte dont le poids moléculaire se situe entre
15.000 et 20.000. Différents effets osmotiques et ioniques ont été réalisés
en faisant varier le rapport d'adsorption de sodium (SAR) pour différentes
valeurs de OP. Il fut trouvé que le poids frais total était fonction à la fois
de SAR et de OP, ce qui souligne la relativité de la tolérance vis à vis du sel.
Le rendement des plantes traitées par Carbowax était significativement
supérieur à celui des plantes cultivées en solutions isotoniques, ne contenant
que des ions. Des données obtenues par extrapolation laissent supposer que
les effets de la composition ionique commencent à entraver la croissance des
plantes à partir d'une pression osmotique d'environ 1.7 a t m . , ceci indépendamment des effets osmotiques.
ZUSAMMENFASSUNG

'Red kidney beans' wurden gezüchtet in Kulturlösungen, deren osmotischer Druck basischen Nährstoffen, plus entweder einem Ionenüberschuss, oder gereinigtem inaktivem 'Carbowax'-Polyethylenglycol (Mol.
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gew. 15.000 — 20.000) zu verdanken war. Verschiedene osmotische Effekte
und solche durch die Ionenzusammensetzung wurden erreicht durch
Änderung des Na-Adsorptionsverhältnisses (NaAV) bei jeder einer Anzahl
von osmotischen Druckhöhen. Frischgewicht und Transpirationsaktivität
wurden gefunden Funktionen des OD und des NaAV zu sein, was die
Relativität der zulässigen Salzkonzentration bestätigt. Der Ertrag von
mit 'Carbowax' behandelten Pflanzen war erheblich höher als der von
Pflanzen, in isotonischen Lösungen, welche bloss Ionen enthielten, gewachsen. Aus Extrapolation von Versuchsdaten ging hervor, dass Effekte
der Ionenzusammensetzung das Pflanzenwachstum anfänglich zurückhielten, unabhängig vom osmotischen Einfluss bei einem OD von etwa
1.7 Atm.
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CYCLICAL VARIATIONS OF CROP YIELDS INDUCED
BY WEATHER THROUGH THE INTERMEDIARY OF THE SOIL
by
F.

VAN

DER

PAAUW

Institute for Soil Fertility Groningen, The Netherlands.
Crops yields are largely dependent on meteorological factors. In many
cases these effects are transmitted through the intermediary of the soil.
Rainfall in summer, for instance, controls the availability of soil potash (5) ;
rainfall in winter determines the amount of nitrogen available in spring (6).
However, in this paper still unknown cumulative weather effects will be
discussed.
The marine climate of Western Europe is variable. It is therefore, remarkable that regular cyclical variations of crop yields with a period of
about 4—5 years occur (3, 4).
These cyclical variations have been observed on experimental fields and
in practical farming. The yields of various crops show similar variations.
The same variations are found on different soil groups. This is demonstrated
by the agreement between the sequence of yields of rye grown on sandy
r e l . y i e l d in

field P r 4 2

I905

'IO

'60

Fig. 1. Cyclical variation of crop yields. Course of yields of rye on sandy soils
and wheat on clayey soils in practical farming in the northeastern Netherlands
and course of yields (different crops in rotation) on the experimental field
Pr 42 in the same region.
481

IV.61
soils, and of wheat grown on clayey soils in practical farming (fig. 1),
This agreement has been apparent especially since 1919.
So far the phenomenon of rhythmically varying crop yields has not drawn
much attention in the literature (1, 2, 3, 4).
The similar conduct of different crops makes it possible to observe this
phenomenon also on long-term experimental fields planted with crops in the
rotation. For this purpose yields are expressed in percentages of the average
yields obtained with the particular crop in the course of time. The sequence
of these relative yields of different crops shows periodical variations similar
to those obtained in practical farming with one single crop (also fig. 1).
It follows from this general agreement between results obtained in various
cases t h a t the phenomenon is probably controlled b y meteorological
conditions. On the other hand, the phenomenon of wave-like variations of
weather conditions, is unknown. Moreover, such variations would have to
be very regular and to bear on factors of considerable influence on the yields.
I t seems contradictory t h a t crops grown in different parts of the year and
with different ecological needs should behave similarly. It is also surprising
t h a t there is an agreement between soils generally supposed to show different
responses to weather conditions (clay, sand). This calls for an explanation.

pH_H 2 0
4.9

Pr 6 7

4.5

»04
4.1 -

-04

pH- . •
dev. from
average
I920

'2 5

years
'30

'35

'4 O

'SO

Fig. 2. Cyclical variations of a soil fertility factor. Course of pH determined once
a year at harvest in water suspension on the exp. field Pr 67 and the average
course of pH on 8 exp. fields.
Another aspect is t h a t cyclical variations also occur in the soil, as has
been found by means of annual determinations of soil factors, such as p H ,
water-soluble phosphorus and exchangeable potassium. Especially the
first-mentioned factor, determined at harvest on the experimental fields
once a year varies with an astonishing regularity (fig. 2). Average results
of 8 long-term experiments are also shown in this figure. In some years
all deviations tended in the same direction, in other years there were some
differences between the individual fields. I t is evident, however, t h a t the
average course of variations was regular in a period of considerable length.
A further study of weather reveals the occurrence of sharply alternating
periods of higher and lower average rainfall, especially m a r k e d between
1917 and 1950. The duration of these phases has often been about 2 years or
even more.
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This is clearly demonstrated b y a summation curve of the deviations
from average rainfall of each month (fig. 3). Rising parts of this curve indicate periods with a rainfall above the average. The same figure shows the
average course of p H and the yields of wheat in practical farming. For better
comparison the latter have been plotted reversely. It is evident t h a t there
is a fair agreement between these curves.

Fig. 3. Agreement between rainfall, variations of soil fertility and yields. Part
of summation curve of the deviations from the averages of monthly rainfall,
representing 1915—1958, computed for the period of 1-1-1880 till 31-12-1958,
course of average pH, course of yields of wheat in practical farming, and course
of average yields of potatoes and cereals grown on an old exp. field (Pr 8 + 9).
The fact t h a t the course of p H is really controlled b y rainfall is clearly
confirmed, if a larger number of pH-values is determined during the year
(fig. 4). p H rises continuously in wet periods and falls in dryer ones. In
other words, the course of p H is controlled b y the cumulative effects of
rainfall. The actual pH-value depends on the sum of effects during some
preceding years. As similar results have been obtained for available phosphorus and potassium (and it is probable t h a t also other factors are involved) it is obvious t h a t considerable fluctuations of soil fertility occur.
The close agreement between yield curve and p H curve suggests that the
cyclical course of crop yields is due to the same cause. The periodicity found
originated as soon as weather phases of about equal length and lasting for
not too short a time alternate. This actually happened between 1917 and
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1950. In later years the phases were shorter and the resulting periodicity
of crop yields was less pronounced.
This does not mean, however, that pH is the controlling factor of crop
yields. On the contrary, the fact that pH, soluble phosphorus as well as
exchangeable potassium show a similar pattern, suggests the conclusion
that a complex of soil factors undergoes the same changes.
pH-H20
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Fig. 4. Patterns of rainfail and pH are similar. Summation curve of the deviations
from the averages of \ monthly rainfall for a period of 6 years compared with the
course of pH on exp. field Pr 837 determined every two months.
The view that soil fertility is an intermediary factor explains why crops
with different ecological needs and different growth periods generally behave similarly. Apparently, both sandy and clayey soils undergo the same
harmful effects of long wet periods. It is evident that crop yields are largely
controlled by these fluctuations of soil fertility originating from continual
weather effects.
However, it seems rather unexpected that the regularity of the variations
of crop yields and soil fertility factors is so great in spite of a possible
influence of experimental errors and the rather restricted regularity of the
inducing agent. Possibly, this might point to an already existing susceptibility of soil fertility to a variability of a cyclical nature. Should this be
true, then more or less regular changes of weather might be looked upon
as coordinating rather than causing factors.
Part of the average results obtained on the oldest fertilizer experimental
field in the Netherlands, dating from 1881, are also shown in fig. 3. The
yield pattern resembles the pattern of cumulative rainfall. The same was
apparent before 1915.
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As long ago as 1916 Kamerling (2) pointed to the cyclical variation of
wheat yields on the well-known Broadbalk field of Rothamsted Experimental Station at Harpenden, England where this crop has been grown
since 1843. These fluctuations are similar to those observed on Dutch
experimental fields in recent years. I t could be shown t h a t the cyclical
variations observed on this field can also be explained to a large extent
b y cumulative effects of rainfall. In this earlier period similar alternating
wet and dry periods occurred.
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Fig. 5. Periodical lime response. Course of pH determined at harvest and course
of yields of oats in % grown without fertilizers and a t low p H (in % of yields
with complete dressing and with high pH).
The cyclical variation of the separate soil factors m a y of course also
give rise to a cyclical response to certain fertilizing treatments. The course
of relative yields of oats (% of maximum yields) from a plot receiving
no N . P, K and lime and the course of p H , show a high correlation (fig. 5).
I t seems likely, therefore, t h a t this rhythmical lime response is due to the
variations of lime status, which was induced by alternating weather phases.
A cyclical variation of phosphate response has been found on the above-
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Fig. 6. Periodical phosphorus response. Course of yields of potatoes in % obtained without phosphorus dressing on an old fertilizer exp. field Pr 8 + 9 (in %
of complete dressing) and course of content of water soluble soil phosphorus.
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mentioned long-term experimental field. Since 1881 the phosphorus response has generally increased. However, no response was found in 1916
(fig. 6). After this year the yield depression without phosphorus gradually
increased which again alternated with a regular decrease. The same phenomenon has been found three times. Since 1924 the water soluble phosphorus of the soil has been determined (fig. 6). The striking agreement
between the courses of phosphorus content and phosphorus response might
also indicate a causal relationship. It is a fact t h a t phosphorus responses are
largely dependent on the content of water-soluble phosphorus in the soil
of this experimental field.
In a recent nitrogen experiment steadily decreasing yields were observed
in the long wet period starting in 1950. Moreover periodical variations of
the fields of potatoes obtained without nitrogen dressing, possibly due
to the variations of rainfall in this period, were also observed.
These examples clearly demonstrate t h a t cyclical variations of soil
factors m a y largely affect the yields. The total effect is such t h a t crop
yields are about 1£ times higher after a succession of some dry years t h a n
after a succession of some wet years.
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SUMMARY

Soil fertility varies under the cumulative influences of the weather.
Large differences of crop yields originate from these fluctuations. The
occurrence of alternating periods of different average rainfall of about
equal length has caused a cyclical course of soil fertility factors and of
crop yields in certain periods. Cyclical response to nutritional factors (lime,
phosphorus, nitrogen) m a y be attributed to the same cause.
I t will be the task of soil science and agriculture to recognize the mechanism of the improvement and deterioration of soil fertility under
climatological influences, so t h a t a rational approach to the problem will
be made possible.
RÉSUMÉ

La fertilité du sol varie sous les influences cumulatives du climat. Des
grandes différences dans les rendements des cultures sont dues à ces fluctuations. L'existence de périodes alternantes de pluviosité moyenne différente et de longueur à peu près égale, a pu causer à certaines périodes une
variation cyclique des facteurs de la fertilité du sol, et du rendement des
cultures. Les réactions cycliques à des facteurs de nutrition (chaux, phosphore, azote) peuvent être attribuées à la même cause.
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Ce sera la tâche de la pédologie et de l'agriculture d'apprendre à connaître
le mécanisme de l'amélioration et de la détérioration de la fertilité du sol
sous l'influence du climat, afin que le problème puisse être abordé d'une
manière rationelle.
ZUSAMMENFASSUNG

Die Bodenfruchtbarkeit variiert unter den kumulativen Einfluss des Wetters. Grosse Unterschiede der Ernteerträge finden in den Witterungsschwankungen ihren Ursprung. Das Vorkommen abwechselnder Perioden verschiedenen mittleren Niederschlags von ungefähr gleicher Länge hat einen cyclischen Umlauf der Bodenfruchtbarkeitsfaktoren u n d der Ernteerträge
in gewissen Perioden zur Folge.
Cyclische Korrelationen mit dem Nahrungsfaktoren (Kalk, Phosphor,
Stickstoff) dürften derselben Ursache zugeschrieben werden.
E s wird die Aufgabe der Bodenkunde und Landwirtschaft sein, den
Mechanismus der Verbesserung und Zerstörung der Bodenfruchtbarkeit
durch klimatologische Einflüsse auszuarbeiten, damit eine rationelle
Annäherung des Problems ermöglicht wird.
DISCUSSION

L. DE LEENHEER: I suppose the experimental fields were located in an
area with a shallow ground water table. The seasonal changes in depth of the
ground water table may be, in dry years, an important factor of productivity.
Two soil types, very similar in the upper 40 cm., but with different internal
drainage of the subsoil, showed a difference in the elevation of the water table
of 20 cm. during April and March (Belgian Polder Soils) and a difference in
productivity of 25 %.
F. VAN DER PAAUW: Crop yields were observed to vary in cycles in all parts
of the Netherlands on all kinds of soils. The changes of water table have not been
determined. However, deviation of the general pattern is often observed. These
deviations are due to individual variations of factors but generally the pattern
of different fields is similar.
E. VON BOGUSLAWSKI: Have you found a correlation to the factor temperature,
too ? I ask because in western Europe there is a correlation between rainfall and
temperature.
F. VAN DER PAAUW: NO. Rainfall has been taken as a measure of weather
conditions. Of course, rainfall and other climatological factors are interrelated.
A separation will not be easy. It may be an object of further research.
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THE RELATIONSHIP OF SOIL MOISTURE STRESS AND NUTRIENT
AVAILABILITY TO THE GROWTH CHARACTERISTICS AND
QUALITY OF WHEAT *
by
W . L . HUTCHEON AND D . A .

RENNIE**

The climate of the hard red spring wheat producing area of Western
Canada is characterized by wide extremes of both seasonal and daily temperatures and relatively low precipitation (6). The average annual precipitation within the area ranges from 11 to 20 inches with approximately
50 to 60 per cent occurring during the growing season. A deficiency of moisture for crop production is a common characteristic of the area, and this
deficiency is often accentuated by wide variations from the average precipitation conditions.
The general relationships between seasonal precipitation and crop yield
have been extensively studied for certain of the characteristic climatic
conditions within Western Canada (15, 16). During the course of field
experiments the interactions between climate, soil and plant have also
been observed to have a pronounced and variable effect on the crop response
to phosphate fertilizers, the utilization of applied fertilizer, the interaction between nitrogen and phosphate, and on the phosphate and protein
content of the grain (1, 5, 8, 10, 11, 12, 13, 14). There is a decided lack of
correlation between crop yield and nutrient quality (11), and the observed
relationships between yield and seasonal precipitation sometimes deviate
widely from the predicted values.
Recent comprehensive reviews (3, 4, 7) indicate that there is a general
lack of agreement relative to the specific interpretation of many aspects
of the influence of soil and environmental conditions (including management
practices) on plant growth and growth processes.
This paper deals with some of the initial investigations from a continuing
study of the influence of soil moisture on crop quality and growth characteristics conducted under controlled conditions in a plant growth chamber. It is realized that the small volumes of soil used may restrict the application of the findings to field conditions. However, the technique was
selected as the most useful initial approach for study of an annual crop such
as wheat.
EXPERIMENTAL PROCEDURES

The experimental crop units consisted of two plants of Thatcher wheat
grown from seed on 10 pounds of black loam soil in one gallon, glazed
crocks. All treatments were replicated five times.
TABLE

1. Some Chemical and Physical Data for the Soil.

PH

N %

7.5

0.22

%

B.E.C.
M.Eq./
100 gm.

Sand %

Silt %

Clay %

2.81

23.8

51.1

28.6

20.3

Org. C

* Contribution from the Department of Soil Science, University of Saskatchewan, Saskatoon, Sask.
** Professor and Associate Professor of Soil Science, respectively.
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Moisture requirements were regulated by weighing the crock units and
water was added to the surface when necessary to maintain the moisture
conditions as previously determined from the moisture release curve (Figure
1). Each moisture regime was maintained within predetermined limits of

PERCENT

MOISTURE

Figure 1. Moisture release curve for the loam soil, determined by pressure plate
and pressure membrane apparatus.
moisture content, and therefore moisture tension, the upper limit being
Field Capacity, or higher. The important factor is that the plants grown
under a particular moisture regime were never subjected to moisture tension
conditions very much in excess of those characteristic of the lower moisture
limit of the particular treatment as designated in Table 2. Studies of water
distribution, when the crop was growing vigorously, indicated that the soil
at the bottom of the crock was moistened considerably above its driest
point within 4 hours after water was added to the surface.
Once the plants had emerged sufficiently, 500 grams of Ottawa Sand
was spread uniformly across the surface of the soil. This prevented the
growth of molds and algae and also protected the soil during water additions.
The light intensities varied from 1400 to 1600 foot candles at the top
of the plants (22 inches below the light source) and daylight was maintained
for 18 hours each day.
Temperatures were regulated at 65° ± 2° F for the first six weeks of
growth and at 70° ± 2° F for the remainder of the growing period.
All growth treatments received the equivalent of 50 lbs. per acre of
P 231O s which was applied as NH 4 H 2 P0 4 , and carried 870 uc. P 32 per gram
P . The phosphate was placed in liquid form with the seed at planting
time.
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TABLE

2. Showing the ranges of moisture content and characteristic soil moisture
tension limits for the various moisture regimes.

Moisture
Regime
A
B
C
D

Water limits (per cent)

Tension limits (cm. of H 8 0)

from

to

from

31
27*
27
27

25
17
14
9**

200
260
260
260

to
300
875
1980
18,600

* Field capacity.
**Permanent wilting percentage (Sunflower).
Supplemental nitrogen was added as ammonium nitrate. Treatments
which received 125 pounds per acre equivalent of N were fertilized with 50
pounds at planting time, and the remainder was added in solution at the
rate of 3 pounds every two days from the third to the tenth week of growth.
Treatments which received 250 pounds per acre were fertilized with 100
pounds at planting time and received an additional 6 pounds in solution
every two days from the third to the tenth week of crop growth.
The uptake of radioactive phosphorus by the grain was counted with
the aid of an end-window counter on briquets prepared from the ground
grain.
All protein data are expressed on the basis of grain samples dried at
60° C.
RESULTS AND CONCLUSIONS

Preliminary growth experiments on this soil, which will not be reported
in detail here, indicated a close set of interactions between the conditions
of soil moisture, total crop production, grain yields, and the protein content
of the grain. The lowest stress * treatment used, in which the soil moisture
conditions were never drier than 21 per cent, showed an increase of 63
per cent in grain yield, and a decrease of 27 per cent in the protein content
of the grain as compared to the highest stress treatment. The respective
grain protein values ranged from 11.5 to 17.0 per cent, and the grain samples
all contained numerous piebald kernels with the exception of the highest
stress treatment. This may indicate a lack of readily available nitrogen in
relation to the growth conditions stimulated by favourable water regimes
although all treatments did receive the equivalent of 40 pounds per acre of
nitrogen.
The succeeding experiments were designed to evaluate the influence of
moisture conditions with relatively high supplies of the major nutrients.
Table 3 shows the data from three stress treatments B, C and D (Table 2)
with two levels of nitrogen. Phosphate was included as indicated earlier.
The data for moisture regime B 1; Table 3, are not included in the statistical analysis. They were obtained from an earlier experiment conducted
under the same conditions except for the rate of nitrogen application.
They were inserted for purposes of comparison with the other two nitrogen
treatments studied under moisture regime B. It is apparent that the additional nitrogen from the 125 or 250 pound rates has not produced any addi* Stress is being used with reference to soil moisture tension only. The ionic
concentration of the soil solution was a negligible factor in this soil.
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tional increase of crop or grain yield, but has raised the general level of
protein content of the grain.
Disregarding the 40 pound rate of nitrogen, it is apparent that there
is a marked and significant decrease of crop and grain yields, and a significant
TABLE 3. Showing plant yield and grain quality characteristics as influenced
by soil moisture conditions.
Moisture
Regime

N added
lbs/ac.

40*
125
250
125
250
125
250
L.S.D. (.05)

B,
B
B
C
C
D
D

Total
yield
gm/pot

Grain
yield
gm/pot

Grain
Protein

30.5
28.3
28.8
18.9
20.9
9.5
9.7

12.9
12.5
12.5
8.9
9.4
3.1
3.3
0.8

/o

Grain
Phos.
mgm/gm.

'A' value
lbs. P a 0 6 /
ac.

11.6
16.4
17.6
17.6
18.6
18.9
19.0
1.45

5.30
5.22
5.19
5.28
5.58
5.70
0.59

143.1
134.7
102.5
87.6
63.0
50.7
38.9

* all data based on the average of 5 replicates.
increase of protein content due to increasing moisture stress conditions
between moisture treatments B, C and D respectively. An increase in
available nitrogen has not produced a significant variation in either yield
or protein content; analysis of variance indicated a significant, independent
effect of moisture stress on protein content in the presence of abundant
supplies of nitrogen and phosphorus in the soil.
The 'A' value (2) data also show a highly significant decrease in the
availability of soil phosphorus to the plant as the moisture stress conditions
increased. At least, this is based on the fact that the ratio between the
soil and fertilizer phosphorus in the grain showed a progressive decline
from treatment B to C to D. Figure 2 shows the average uptake of total P,
soil P, and fertilizer P in the grain for all fertilizer treatments under each
of the moisture conditions studied. There is a general increase in total P,
a decrease in soil P, and in increase in fertilizer P in the grain as a result
of increased soil moisture stress. All of these variations are significant,
and coincide with the general observations under field conditions (10).
The decline in the uptake of soil phosphorus may be due to any one of
several reasons:
(a) the moisture stress may be causing some injury to the absorption
mechanism of the roots;
(b) the availability of soil phosphorus to the roots may be decreased
because of the changing physical conditions of moisture in the soil; or
(c) there may be a differential effect of the moisture stress pattern in
the soil on the response of the plant root system within each cycle of moisture
fluctuation. All of these factors require further investigation, and are
undoubtedly of importance to the uptake of nitrogen as well as phosphorus.
These factors should be considered of importance apart from the direct
effects of water stress on the general physiology of the plant.
In the foregoing experiments all crops were cycled through their respective stress treatments a large number of times during the growing period.
Thus, each set of plants received the maximum stress (within its particular
range) at several critical stages of growth. An additional set of experiments
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were therefore conducted in which the major difference between treatments
was a single major stress applied at a particular stage of growth. The overall
moisture conditions for all treatments were maintained between 31 and 21
per cent (moisture regime A, Table 2), and a single major stress was applied

70

60

50

40 u)
CE
O

<

S3

30'

a
a.

2 0 lu

=>

-I
«
>

b>2
E

10 '<

-3oir

8V5

~mo

rebuff

MAXIMUM SOIL MOISTURE TENSION- L09. em. H,0

Figure 2. Influence of soil moisture conditions on soil, fertilizer, and total
phosphorus content of the grain, and on 'A' values.
once to sets of five replicates at different growth stages as indicated from
the data in Table 4. During the major stress period the soil moisture was
depleted almost to the permanent wilting percentage. After the stress
period was completed, the crops were restored again to the favourable
conditions of moisture regime A for the balance of the growing period.
All treatments received N and P fertilizer applications in a similar manner
to that described for the 125 N treatment of the previous experiment.
A single stress at a particular stage of growth has in all cases produced
a highly significant reduction in crop growth and grain yield, and an
increase in phosphorus and protein content of the grain, as compared to
the crop which was not subjected to any unfavourable moisture stress conditions. The most pronounced effects occurred from the stress applied at
the dough stage. This might be expected since the grain is very susceptible,
and the mature samples contained a high percentage of small, shrivelled kernels. There were also significant variations in protein content between
grain samples from the crops stressed at different stages of growth.
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TABLE 4. Showing plant yield and grain quality characteristics as influenced
by temporary moisture stress conditions at different stages of growth
of wheat.
Major stress
applied a t

Crop
yield
gm/pot

Grain
yield
gm/pot

Grain
protein
%

Grain
phos.
mgm/gm.

'A' value
lbs.
P 2 0 2 /ac.

No stress
Dough stage
Flowering
Shot blade
1 0 - 1 4 leaf
9 - 1 2 leaf

32.8
25.5
26.2
28.0
24.3
26.4

13.2
7.5
10.0
9.3
8.3
9.1

14.2
19.4
16.8
17.7
15.6
15.9

5.10
6.46
5.53
5.68
5.42
5.45

142.0
110.0
116.0
136.3
100.6
109.0

1.0

0.9

0.75

10.6

L.S.D. (.05)

All of the 'A' values calculated from soil-fertilizer ratios of the grain from
the stressed treatments were significantly lower t h a n t h e control with t h e
exception of the value for the shot blade stage. This would tend to indicate
t h a t the moisture stress must have affected the development of the root
system, or t h e ability of the roots to absorb phosphorus. The uptake of
both soil a n d fertilizer phosphorus varied between treatments b u t did
not have a consistent trend for all stress treatments in either case.
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SUMMARY

Hard red spring wheat was grown in the growth chamber under a range
of conditions of soil moisture, a n d with varying levels of supply of nitrogen
and phosphorus.
Under these conditions, and regardless of the quantity of available
nutrients, t h e total crop yield and the nitrogen and phosphorus content of
the grain were most strongly influenced b y water stress a n d associated
characteristics of available moisture. The variations in quality of the grain
were much more pronounced when nitrogen supplies were low, b u t significant variations still occurred when yields were n o t limited b y a lack of
either nitrogen or phosphorus.
A single period of stress a t a n y stage of crop growth, even though followed
b y favourable moisture conditions for t h e remainder of t h e growing period,
also produced a marked effect on yield and composition of t h e grain.
The total phosphorus, and the soil and fertilizer phosphorus content
of t h e grain varied depending on t h e moisture conditions. I t m a y be concluded t h a t even a moderate stress, never in excess of two atmospheres,
m a y have a detrimental effect on t h e plant, and t h e plant root system. I t
is also suggested t h a t t h e movement of soil phosphorus to the plant root m a y
be affected b y the physical condition of soil moisture.
These experiments were conducted in relatively small volumes of soil
and t h e variability of the d a t a in relation to moisture conditions indicates
the need for close study of techniques relative to the proper interpretation
of experiments conducted in greenhouses and growth chambers. Very
little attention is paid to t h e comparative regulation of the lower limits of
soil moisture conditions under these circumstances.
RÉSUMÉ

Un blé de printemps dur et rouge a été cultivé en chambre de culture
dans différentes conditions d'humidité du sol et à des niveaux différents
d'azote et de phosphore disponibles.
Dans ces conditons, quelle que fut la quantité d'éléments nutritifs disponibles, le rendement total de la récolte et les teneurs en P et en N de la graine
furent surtout influencés par les tensions d'eau et par les caractéristiques
associées à l'humidité disponible. Les variations de la qualité des graines
étaient beaucoup plus prononcées pour les faibles quantités d'azote disponible, mais on pouvait aussi constater des variations significatives pour les
rendements non limités par des carences d'azote ou de phosphore.
Une seule période de tension au cours de n'importe quelle phase de la
croissance, même si elle était suivie par des conditions d'humidité favorables
pour le restant de la période végétative, avait aussi u n effet très marqué
sur le rendement et la composition de la graine.
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Les teneurs de la graine en phosphore total, en phosphore provenant du
sol et en phosphore fourni par l'engrais, variaient toutes avec les conditions
d'humidité. On peut en conclure que même une tension modérée, ne dépassant jamais les deux atmosphères, peut nuire à la plante et à son système
radiculaire. On peut supposer aussi que la migration du phosphore du sol
vers les racines est influencée par la condition physique dans laquelle se
trouve l'humidité du sol.
Ces expériences ont été conduites dans des volumes de sol restreints et la
variabilité des données concernant les conditions d'humidité montre qu'il
sera nécessaire d'étudier de manière approfondie les techniques pour l'interprétation correcte des expériences effectuées en serre ou en chambre de culture. Il n'y fut consacré que très peu d'attention au réglage comparatif des
limites inférieures de l'humidité du sol.
ZUSAMMENFASSUNG

Harter, roter Frühjahrsweizen wurde im Gewächshaus gezüchtet in
einer Reihe von Bodenfeuchtigkeitsverhältnissen, und mit verschiedenen
Düngungshöhen von N und P.
Unter diesen Umständen und ungeachtet der Menge von verfügbaren
Nährstoffen wurde der totale Ernteertrag und der N- und P-Gehalt des
Korns in höchstem Masse durch den Wasserdruck und damit zusammenhängenden Eigenschaften der verfügbaren Bodenfeuchtigkeit beeinflusst.
Die Qualitätsschwankungen des Korns traten viel mehr hervor, wenn
die N-Versehung niedrig war, aber bedeutende Schwankungen kamen doch
noch vor, wenn die Erntenerträge nicht durch einen Mangel an entweder N
oder P eingeschränkt wurden.
Eine einzige Periode höheren Wasserdrucks während irgendeines Stadiums
des Wachstums, selbst wenn durch günstige Feuchtigkeitsverhältnisse
während der übrigen Wachstumszeit gefolgt, verursachte ebenfalls einen
deutlichen Einfluss auf Ertrag und Zusammensetzung der Korns.
Der Total-P-, der Boden-P- und der Düngemittel-P-Gehalt der Korns
variierten mit den Feuchtigkeitsverhältnissen. Man darf schliessen dass sogar ein massiger Wasserdruck, 2 Atm. nie übersteigend, einen zerstörenden
Einfluss auf die Pflanze, speziell auf ihr Wurzelsystem, ausübt. Auch wäre
daran zu denken, dass die Bewegung des Bodenphosphors der Pflanzenwurzel
entgegen, durch den physischen Zustand der Bodenfeuchtigkeit beeinflusst
werden kann.
Alle diese Versuche wurden mit relativ kleinen Bodenvoluminis ausgeführt und die Schwankungen der Versuchszahlen in Beziehung zu den
Feuchtigkeitsverhältnissen erörtern die Notwendigkeit speziellen Studiums
der Technik, zur richtigen Interpretierung von in Gewächshäusern und
Zuchtkammern ausgeführten Versuchen. Der vergleichenden Regulierung
dabei von den unteren Grenzen der Bodenfeuchtigkeitsverhältnisse ist
bisher wohl sehr wenig Aufmerksamkeit gewidmet worden.
DISCUSSION

M. STELLY: Data presented indicated an increase in per cent protein but not
in growth (yield). I believe that this finding would be considered unusual unless
there were growth limiting factors which did not inhibit uptake. Would you
please comment on whether or not the water regime was doing this?
W. H. HUTCHEON: In these experiments it is likely true that water was limiting the growth but not the condition of nitrogen supply for maximum permissible yields. However, this may be the reason for the wide variation in protein
content of wheat in the field where protein levels are on the average relatively high.
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INTERRELATIONS OF NITROGEN FERTILIZATION AND
IRRIGATION OF THREE FORAGE GRASSES *
BASIL

by
D. Doss, O. L. BENNETT, D. A. ASHLEY

AND

L. E.

ENSMINGER**

Irrigation is an important management practice, since drought periods
often occur even in humid regions where the total annual rainfall exceeds
50 inches (13). This amount of rainfall would be sufficient to meet the total
moisture requirements of most forage crops if properly distributed throughout the growing season. However, an ideal rainfall pattern seldom occurs
and many crops suffer even in so-called 'normal' rainfall years. When
sufficient water is applied to remove moisture as a limiting factor, nutrient
requirements are increased. This is especially true for nitrogen fertilization.
Several workers (4, 5, 7) have reported the effects of soil fertility on
the yields and amounts of water used by plants. Kelley (7) reported that
higher yields obtained by increased fertilizer usage, were associated with
corresponding increases in the efficiency of water-use. Montgomery and
Kiesselbach (10), Kiesselbach (8), and Schwartzbeck (12) found that the
water requirement of plants was lowered by the addition of fertilizers.
Hieck and Sandaer (6) reported that the most efficient use of fertilizer was
obtained when used with irrigation.
Carlson et al. (1) found that forage yields (silage) were not increased
appreciably by increasing the rate of nitrogen or irrigation alone, but a
considerable increase was obtained when both nitrogen and irrigation were
used together. Other studies (2, 3, 9) have shown that the greatest increase
in grass forage production was obtained when an adequate amount of both
nitrogen and water were used together.
Recent work by Schofield (11) showed that grass yields were increased
3-fold when nitrogen fertilizer was applied without a change in amount of
water used. Weaver and Pearson (14) found that nitrogen fertiUzer doubled
Sudangrass yields without a change in total amount of water used.
The purpose of this investigation was to determine the interrelations
of irrigation and nitrogen fertilization of three summer grasses.
EXPERIMENTAL

PROCEDURE

This study was initiated in 1956 on a Greenville fine sandy loam using
Coastal bermudagrass (Cynodon dactylon), Pensacola bahiagrass (Paspalum
notatum), and Dallisgrass (Paspalum dilatatum), with and without supplemental irrigation. The irrigated forage received rainfall plus overhead
sprinkler irrigation when the soil moisture tension reached an average of
0.67 atmospheres or when 30 per cent of the available water was used in the
surface 24 inches of soil. The available water holding capacity of the soil
was 1.2 inches per foot. The irrigated forage received an average of 12
irrigations for a total of 11 inches of water each year. The average annual
rainfall for the area was 56 inches.
* Contribution from the Soil and Water Conservation Research Division,
Agricultural Research Service, USDA, and the Alabama Agricultural Experiment Station, Auburn, Alabama.
** Soil Scientists, USDA, Thorsby, Alabama, and Soil Chemist, Auburn
University, Auburn, Alabama, respectively.
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The experiment was set up in a split-split plot design with four replications. Moisture levels were the main plots and species were the subplots. Nitrogen treatments were randomized within the subplots. Five rates
of nitrogen (0, 75, 150, 300, and 600 pounds per acre) were used in 1956 and
1957 and six rates of nitrogen (0, 150, 300, 450, 600, and 900 pounds per
acre) were used in 1958 and 1959. Ammonium nitrate was the source of
nitrogen. An initial application of one-fifth of the total amount of nitrogen
was made in the early spring before growth started, and the remainder was
applied in four equal applications following the first four clippings.
All grasses received an annual application of 225 pounds of P 2 0 5 and
450 pounds of K 2 0 per acre in 1956 and 1957. In 1958 and 1959 the amount
was increased to 280 pounds of P 2 0 5 and 560 pounds of K 2 0 per acre. Onethird of the total amount of each was applied in early spring before growth
started and the remainder was applied in equal amounts after the first and
third harvests.
Soil moisture was determined gravimetrically to a depth of 24 inches
by six-inch increments on an average of twice weekly.
R E S U L T S AND

CONCLUSIONS

The effect of nitrogen fertilization and irrigation level on forage yields
of Coastal bermudagrass, Bahiagrass, and Dallisgrass is given in Table 1
for the 4-year period. The average response to irrigation for the 4-year
period was relatively small for all species. However, the response to irrigation differed from year to year depending on the amount and distribution
of rainfall during the growing season. The total rainfall during the growing
season (April-September) was 19.95 inches for 1956, 29.68 inches for
1957, 31.29 inches for 1958 and 25.34 inches for 1959. The long-time average
rainfall for the same period was 28.20 inches. The greatest response to
irrigation occurred in 1956 which was the driest of the four years. However,
there were periods of two weeks or more without rainfall during 1957 and
1959 when a response to irrigation was obtained. Rainfall amount and
distribution in 1958 was such that there was little response to irrigation.
Irrigation tended to even out production during periods of low rainfall, even
in years of little total response.
The yields of the grasses increased with increasing nitrogen fertilization in each of the four years. The 4-year average yields show a significant
response to each additional increment of nitrogen.
The interaction of nitrogen fertilization and irrigation was greatest
for the 1956 season (Table 2). In 1956, there was a significant interaction
between rates of nitrogen x species; rates of nitrogen x irrigation; and between rates of nitrogen X irrigation x species.
Coastal bermudagrass, Bahiagrass and Dallisgrass were used because
of their wide adaptability and extensive use without irrigation and high rates
of nitrogen. Coastal bermudagrass and Bahiagrass performed well under the
intensive management of irrigation and high rates of nitrogen. However, the
stand of Dallisgrass was damaged when high rates of nitrogen were applied
with or without irrigation. Coastal bermudagrass was the most productive
for the 4-year period while Dallisgrass was the least productive. This
emphasizes the importance of using species that can be adapted to intensive
management practices.
The yield responses of Coastal bermudagrass and Bahiagrass to rates
of nitrogen and irrigation are shown in Figure 1 for 1956. The interaction of
nitrogen and moisture is well defined. Without irrigation there was a
response to only 150 pounds of nitrogen for bahiagrass and to 600 pounds of
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ABLE 1. Effect of nitrogen fertilization and irrigation level on forage yields of Coastal bermudagrass, Bahiagrass and Dallisgrass.

Species

Irrigation
level

Rate of
N
Lb./A

Forage yield
1956

1957

1958

Average
*

1959

Lbs./Dry matter per acre

Coastal
bermudagrass

Irrigated

0
150
300
600

1,971
8,350
13,622
17,816

3,117
10,437
16,346
18,811

3,861
9.592
15,959
20,174

4,250
10,649
17,326
21,795

3,300
9,757
15,813
19,649

Coastal
bermudagrass

Not Irrig.

0
150
300
600

Bahiagrass

Irrigated

0
150
300
600

Bahiagrass

Not Irrig.

0
150
300
600

Irrigated

0
150
300
600

Dallisgrass

Not Irrig.

0
150
300
600

3,479
4,144
5,695

3,341
11,169
15,531
19,911
3,845
9,238
15,001
20,756
4,069
10,442
14,620
18,127
1,644
5,566
7,145
10,197
2,693
6,889
9,901
12,201

4,190
10,152
15,559
19,234
2,893
8,255
14,001
19,918
3,239
9,268
15,033
19,831
1,882
5,250
8,833
10,027
2,041
5,749
6,776
7,634

3,034
8,066
11,992
18,232
3,404
8,491
14,571
20,016
2,386
7,310
12,617
17,503

Dallisgrass

1,348
4,940
8,473
9,837
2,547
8,364
11,514
15,432
1,263
3,652
3,554
3,746
1,497
4,601
8,108
10,184

2,978
8,582
12,871
16,804
3,172
8,587
13,772
19,030
2,739
7,668
11,456
14,802
1,674
5,139
8,029
10,442
1,884
5,372
6,940
8,510

919

* Four-year average except for Dallisgrass which has a three-year average because of loss
>f stand.

TABLE 2. Probability of chance variation for three species at two soil moisture
levels and four rates of nitrogen for four-year period (1956 — 59).
Probability level
Source of variation
Bet. Irrigation levels
Species
Irr. x Species
Rates of N
N x I
N x S
N X I X S

1956

1957

1958

1959

*<.005
<.005
<.025
<.005
<.005
<.005
<.01

>.05
<.005
>.10
<.005
<.025
<.005
<.025

<.005
<.005
<.10
<.005
>.10
>.10
>.10

<.025
<.005
<.10
<.005
<.005
<.05
>.25

< = Less than.
> = Greater than.
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nitrogen for Coastal bermudagrass. When irrigated, there was a response to
600 pounds of nitrogen for Coastal and Bahiagrass with no indication of the
yield curve leveling for either species. The increase in yield from 600 pounds
of nitrogen ranges from 8,489 pounds per acre for non-irrigated Coastal
bermudagrass to 15,845 pounds for irrigated Coastal bermudagrass and
from 2,483 to 12,885 pounds per acre for comparable moisture levels of
Bahiagrass. The increase due to irrigation was apparent at all nitrogen
levels and ranged from 623 pounds per acre at 0 nitrogen to 7,979 pounds
per acre at the 600 pounds of nitrogen per acre rate for Coastal, and 1,284
to 11,686 pounds per acre for comparable nitrogen rates on bahiagrass.
The response to nitrogen fertilization was greatest for Coastal bermudagrass,
but the response to irrigation was greatest for Bahiagrass.
18,000

16,000

. 14,000

S 12,000

S 10,000

g 8,000

6,000
4,000

2,00

75
150
300
Pounds per acre nitrogen applied

Fig. 1. Yield response of Coastal bermudagrass and Bahiagrass to rates of
nitrogen and irrigation.
Although the grass yields were increased by either additional nitrogen
fertilizer or by irrigation, a far greater influence was obtained when both
were used simultaneously. Bahiagrass offers a striking example of the
interrelation of nitrogen and irrigation. Yields made by Bahiagrass in 1956
with irrigation and a relatively high rate of nitrogen applied separately
and together are shown graphically in Figure 2. In this case the yield of
dry forage produced by irrigation and nitrogen was nearly five times that of
either one used separately. Coastal bermudagrass showed a considerably
higher yield potential without irrigation but a less striking response to
irrigation than did Bahiagrass.
When the grasses were well fertilized and irrigated, the efficiency of
both nitrogen and water was increased. This was clearly illustrated in 1956
when irrigated Coastal bermudagrass with no nitrogen produced only 59
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pounds of dry forage per inch of water used as compared to 532 pounds
produced at the 600 pounds per acre nitrogen rate. The amount of dry
matter produced per pound of nitrogen applied during the same season at
the 600 pound nitrogen rate was 16 pounds for non-irrigated and 30 pounds
for irrigated Coastal bermudagrass.
15432

15,000

I

Irrigated

l y S ^ a Non-irrigated

f 10,000

ï!
1 1 5,000

.
3,746

B

!,547

Ä

0

600

n II
600

Pounds per ocre nitrogen applied
Figure 2. Interaction of nitrogen and moisture level on yield of Bahiagrass, 1956.
'ABLE 3. Effect of nitrogen on water-use efficiency of three summer grasses.
Moisture level

Unirrigated
Irrigated

Rate of
N

Pounds dry matter produced per inch of water used
Coastal bermuda

Bahiagrass

Dallisgrass

Lb/A

1956

1957

1956

1957

1956

1957

0
150
600
0
150
600

81
297
592
59
249
532

196
655
1168
114
383
690

76
220
225
76
250
461

239
612
1063
141
339
762

55
209
342
45
137
304

158
404
716
60
204
374

Table 3 gives dry matter produced per inch of water used for all three
grasses at two soil moisture levels and three rates of nitrogen for 1956
and 1957. Water use efficiency for the three grasses was found to vary with
the rate of nitrogen. Efficiency was greatest at the 600 pound per acre
nitrogen rate and gradually decreased as the rate of nitrogen application
was reduced.
Water use efficiency decreased as the soil moisture level increased.
Efficiency values were larger for the 1957 season than for the 1956 season.
This probably resulted from differences in climatic conditions for the two
seasons.
All water use efficiency data indicate that in order to get the most
efficient use from rainfall or artificially applied water, adequate nitrogen
must be supplied.
The pounds of dry matter produced per pound of nitrogen applied under
two soil moisture levels and four rates of nitrogen for the three grasses
are given in Table 4 for 1956 and 1957. There was a wide variation in nitrogen
efficiency without irrigation which ranged from 6 for Bahiagrass at the 600
500
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TABLE 4. Effect of rate of nitrogen and irrigation on nitrogen efficiency of three summer grasse

Moisture level

Unirrigated

Irrigated

Rate of
N

Pounds dry matter produced per pound of nitrogen
applied
Coastal bermudagrass

Bahiagrass

Dallisgrass

Lb/A

1956

1957

1956

1957

1956

1957

75
150
300
600
75
150
300
600

54
33
29
17
60
56
46
30

112
74
53
33
89
69
54
32

29
25
12
6
67
56
38
26

87
70
48
30
92
61
50
35

26
23
14
9
43
31
27
17

46
46
33
20
44
37
24
17

pound nitrogen rate to 112 pounds dry matter per pound of nitrogen applied
for Coastal bermudagrass a t t h e 75-pound nitrogen rate. Nitrogen efficiency
for both seasons decreased as t h e rate of applied nitrogen increased.
Nitrogen efficiency for all three grasses increased with an increase in
soil moisture for t h e 1956 season, b u t decreased with increase in soil moisture
in 1957. This variation was probably caused by meteorological conditions.
There was a greater difference in efficiency values of t h e two seasons a t
t h e lowest rate of nitrogen than a t t h e highest rate. Since 1956 was a n
unusually dry growing season, there was probably a carryover of nitrogen
to t h e 1957 season which resulted in higher efficiency values for the nonirrigated grasses.
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SUMMARY

Yield response of Coastal bermudagrass, Bahiagrass and Dallisgrass
to six rates of nitrogen fertilization (0, 75, 150, 300, 450, 600, and 900
pounds per acre) with and without irrigation was determined in field experiments carried out at Thorsby, Alabama, from 1956 to 1959.
The response to irrigation differed from year to year depending on the
amount of rainfall received during the growing season. The greatest response
to irrigation occurred in 1956 which was the driest of the four years.
There was a highly significant yield response to rates of nitrogen b y all
three species for all years with the greatest response from Coastal bermudagrass a n d the least from Dallisgrass.
T h e yields of these grasses were increased b y either additional nitrogen
fertilizer or b y irrigation. However, a far greater influence was obtained
when both were used together. When the grasses were well fertilized and
irrigated, the efficiency of both nitrogen and water use was increased.
Failure to supply an adequate amount of either nitrogen or water can offset the gains possible from the other.
RÉSUMÉ

Les effets sur le rendement du Cynodon dactylon, du Paspalum n o t a t u m et
du Paspalum dilatatum, causés par six taux de fumure azotée (0, 75, 150,
300, 450, 600 et 900 lbs/acre) avec et sans irrigation ont été déterminés
par expériences en champ effectuées à Thorsby, Alabama de 1956 à 1959.
L'effet de l'irrigation variait d'année en année, suivant la quantité de
pluie reçue pendant la saison de croissance. L'effet était le plus marqué en
1957, la plus sèche des quatre années.
La réaction a u t a u x d'azote était hautement significative pour les trois
espèces, et cela pour chaque année, elle était la plus élevée pour le Cynodon
dactylon, la moins élevée pour le Paspalum dilatatum.
Le rendement de ces graminées était augmenté, soit par des apports
d'azote supplémentaires soit par irrigation. Un effet bien plus marqué était
toutefois obtenu quand les deux étaient appliqués ensemble. Quand les
graminées étaient bien fumées et irriguées, l'efficacité de l'azote et de l'eau
augmentait. Le fait de ne pas fournir une quantité d'azote ou d'eau pouvait
déprimer les gains que le facteur présent en quantité suffisante aurait normalement pu induire.
ZUSAMMENFASSUNG

In Feldversuchen, ausgeführt zu Thorsby, Alabama, von 1956 bis 1959,
wurde bestimmt, welche Erträge an Coastal Bermudagras (Cynodon
dactylon), Bahiagras (Paspalum notatum) u n d Dallisgras (Paspalum
dilatum) mit oder ohne Bewässerung und mit sechs verschiedenen NDüngungen (0, 75, 150, 300, 450, 600 und 900 pounds/acre) erreicht wurden.
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Die Reaktion der Bewässerung war von J a h r auf J a h r verschieden in
Abhängigkeit von der Regenmenge während der Wachstumszeit. Die
stärkste Reaktion auf die Bewässerung zeigte sich im J a h r e 1956, welches
das trockenste der vier J a h r e war.
Eine allerdeutlichste Reaktion auf die Erträge lieferten die verschiedenen
N-Düngungen, am stärksten beim Bermudagras, am geringsten beim
Dallisgras.
Alle Erträge dieser Gräser wurden entweder durch N-Düngung oder
durch Bewässerung erhöht, aber der weitaus grösste Erfolg wurde bei
Anwendung von den beiden Massnahmen zugleich erhalten. Waren die
Gräser gut gedüngt und bewässert, dann wurde die Wirkung von N- u n d
Wasserzugabe noch verstärkt. Ausfall der Versehung mit der geeigneten
Menge entweder N oder Wasser kann den guten Erfolg, potentiell im
anderen Faktor gelegen, deutlich herabsetzen.
DISCUSSION

C. GORING: 1) Was the per cent recovery of fertilizer applied estimated?
2) What was the per cent nitrogen in the forage? 3) Were the dry weights of the
roots estimated or could they be estimated?
H. Doss: 1) Yes, it was determined. Recovery was as much as 80 % in the
above ground portion of plants with irrigation, but was only about 40 %
without irrigation. 2) Approximate 3 % depending on the rate of nitrogen. 3) No.
F. SCHEFFER: If you increase the water and N quantities, I believe it to be
necessary to change at the same time the quantities of P 2 0 6 and K 2 0, as well
as minor elements. Otherwise, the nutrients are unbalanced and affect the
water and N influences.
H. Doss: P , 0 6 and K 2 0 were applied in sufficient amount to eliminate them
as a limiting factor for plant growth.
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TIMING N I T R O G E N APPLICATIONS F O R MAIZE IN T R O P I C A L
R E G I O N S C H A R A C T E R I Z E D BY W E T AND D R Y SEASONS*
by
ROMEO C. BRUCE AND EDWARD H.

TYNER**

College of Agriculture, University of Philippines
The western parts of the Philippine islands of Luzon, Mindoro, Panay,
Negros, and Palawan climatically are characterized by pronounced dry
and wet seasons. Dry-season crops are largely dependent on soil moisture
residual from the wet season. Occasional periods of excessive moisture
characterize the wet seasons. The scheduling of N applications for maize as
currently practiced is similar for both seasons; namely, half of the N in the
row at planting time and the remaining half topdressed 4 to 5 weeks later.
Conceivably, such timing could lead to inefficient N utilization during either
season.
Reporting in 1950 on some studies made in the Philippines in 1940—'41,
Calma and Castro (1) stated that, when N was applied in the row at planting
time, higher grain and stover yields were obtained from the dry-season crop
t h a n when equivalent quantities of N were side dressed 3 and 6 weeks later.
The wet-season crop failed to respond to N irrespective of the time of
application. This was attributed to leaching. Galvez et al. (3), employing
current N timing practices, have shown t h a t strong N responses are common
for the wet-season crop. Tilo (5) has recently suggested t h a t more efficient
use of N b y the dry-season crop might be secured if the topdress application
was made during the second rather than the fourth week following planting.
The objective of this study was to determine the N application schedules
associated with maximum grain yields in the dry and in the wet seasons.
This is a progress report.
EXPERIMENTAL AREA AND

PROCEDURES

These studies were conducted at the Central Experiment Station of the
College of Agriculture on a nearly level site occupied b y a moderately welldrained Latosol classified as Lipa clay loam developed from acidic volcanic
tuff. Some chemical and physical properties of the soil on the experimental
site are given in Table 1. Mineralogical studies by Galvez (2) have indicated
the presence of halloysite and interstratified montmorillonite-vermiculite
and intergradational vermiculite-chlorite in the clay fraction of Lipa clay
loam.
The mean monthly precipitation at Los Banos for the period 1949 to 1959
inclusive is shown in Figure 1 along with other pertinent information
regarding rainfall distribution. The months during which the dry- and
wet-season maize crops are commonly grown are also indicated. The risks
inherent in securing efficient use of topdressed N during the dry season are
apparent when one considers the frequency of months when less than 1 inch
of precipitation occurs following planting. The high rainfall during the wet
* Contribution from the Department of Soils, College of Agriculture, College,
Laguna. Published with the approval of the Director of the Central Experiment
Station.
** Former research assistant and Cornell University visiting Professor of
Soils respectively. Present addresses — Agronomy Department, University of
Illinois, Urbana, Illinois.
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TABLE 1. Some chemical and physical properties of the Lipa clay loam experimental site.
Depth

pH

Truog P

%

ppm.

ME/
100 grs.

ME/
100 grs.

%

1.91
1.80
1.47
0.97
0.77
0.66

23.6
18.2
14.0
6.6
6.0
1.0

0.96
0.85
0.92
0.82
0.78
0.85

32.8
33.0
35.3
40.7
42.4
41.5

35.7
38.3
42.9
50.0
51.0
53.5

inches
0-6
6-12

12-18
18-24
24-36
36-48

Field
Exchange- Cation
able K. Exchange Moisture
Capacity Capacity*

Organic
matter

5.7
5.7
5.8
5.8
5.7
5.8

Moisture equivalent (1000 x g) value.
season coupled with the frequency with which the mean monthly rainfall
is exceeded suggests a situation highly conducive to leaching and denitrification losses of early applied nitrogen.
A randomized block design split for seasons with 4 replications was used.
Individual plots were 4 x 12 meters in size. The specific N treatments and
application schedules are given in Table 2. A broadcast application of a
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SEASON

MEAN PRECIPITATION
EXCESS
PRECIPITATION
(INCHESI

2.22

.095

MAR.

APR.

MAY

CROP

1.43

JUNE

JULY

WET SEASON

1.21

5.36

7.56

6.02

AUG.

SEPT. OCT.

NOV.

DEC.

743

903

602

CROP

9.47

952

NO. OF YEARS WHEN RESPECTIVE MEAN MONTHLY PRECIPITATION WAS EXCEEDED

I

I

I

I

NO. OF YEARS WHEN LESS THAN ONE INCH MONTHLY PRECIPITATION RECORDED

Figure 1. Mean monthly precipitation and deviation from mean precipitation at
Los Banos, Philippines (1949 to 1950 inclusive)*.
* Precipitation data courtesy College of Agriculture Weather Station.
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BLÉ 2. Grain yields of shelled corn (15 % moisture) for 3 growing seasons*.
N application (kg./ha.)
treatment
No.

Total N
applied
At
kg./ha. planting

1
2
3
4
5
6
7
8
9

0
None
45
45.00
45
11.25
45
11.25
45
11.25
90
90.00
90
22.50
90
22.50
90
22.50
Season Means

4 weeks 7 weeks
after
after
planting planting
None
None
33.75
11.25
22.50
None
67.50
22.50
45.00

None
None
None
22.50
11.25
None
None
45.00
22.50

Yields of grain in cavans/
hectare
Dry
Season
1958-59

Wet
Season
1959

'Wet'
Dry
Season
1959-60

21.5
39.6
26.6
24.3
25.9
51.5
32.2
30.4
34.9
31.9

55.3
73.5
68.8
70.9
81.0
77.9
86.5
81.6
91.8
76.4

33.7
55.4
44.6
55.7
54.9
62.7
50.9
58.5
62.8
52.4

Treatment
Means

36.8
56.2
46.7
50.3
50.6
64.0
56.5
56.8
63.2
53.5

* Yields in cavans per hectare for maize numerically are about equivalent to bushels per
re.
mixture of 45 % superphosphate and 60 % muriate of potash sufficient to
supply 90 kgs. P 2 0 5 and K 2 0 per hectare, respectively, was disked into the
plowed surface just prior to each crop. Ammonium sulfate was the N source.
AU N applications made at planting time were placed approximately 5 cm.
below and 5 cm. to the side of the seed level. The topdressed N applications
were made as a surface band approximately 10 cm. from the plant row.
Philippine hybrid No. 3, a yellow flint variety, was planted in hills 50 cm.
apart in rows 1 meter in width. A plant population of 40,000 per hectare
was secured by early thinning of the seedlings to 2 plants per hill.
RESULTS AND CONCLUSIONS

Yields for 3 cropping seasons are given in Table 2. It will be noted that the
1959—60 season, which in a normal weather sequence would be a dry season,
is termed a 'wet' dry season. This growing season was characterized by
unusual precipitation with frequent typhoons. In fact, the precipitation
from planting to harvest was only 3 inches less than that for the previous
1959 wet season crop growth interval. The extraordinary nature of this 'wet'
dry season is obvious from the data presented in Figure 1.
The factorial treatments, e.g., N rates, time of application, and season
were appropriately subdivided for single degree of freedom analysis (4).
In the following only significant comparisons are discussed. It is apparent
(Table 2 and Figure 2) that the application of all N at planting time is
superior to split N applications in a dry season. In wet seasons no such trends
were secured. It is quite obvious that, in tropical regions where similar
precipitation patterns (Figure 1) prevail, all N for the dry season crop
should be applied as a single application in the row at planting time.
Inefficient utilization of N applied as topdressing may vary as a consequence
of insufficient precipitation to leach the N into the moist root zone. In
the Philippines, at the Los Banos location such dry-season conditions would
appear to prevail in the majority of years (Figure 1).
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The mean yield of all 90 kg. applications (Treatments 6, 7, 8, 9) exceeded
that secured for the 45 kg. rates (Treatments 2, 3, 4, 5) in both dry and wet
seasons. Although the precipitation for the 1959 wet season exceeded by
only 3 inches that for the 1959—60 'wet' dry season, it will be noted that
the 76.4 cavan average yield considerably exceeded that of 52.4 cavans for
the 'wet' dry season. Several reasons can be given for this wide yield spread
under similar total rainfall. First, considerable damage to the 'wet' dryseason crop might have resulted from frequent typhoons which characterized
this season. Second, the presence of undissolved topdressed N fertilizer on
the surface at the harvest of the 1958—59 dry-season crop suggested
substantial N carry-over effects for the 1959 wet-season crop. In fact,
inability to assess accurately carry-over effects is the major defect of the
experimental design employed in this study. On the other hand, N carryover effects of any magnitude from the 1959 wet season into the 'wet' dry
season, or in subsequent normal wet dry-season sequences, would appear to
be unlikely. In the main, the higher mean yields for the 1959 wet season were
believed to be due to this carry-over effect.
In future experiments of this type two modifications would appear desirable. First, incorporate into the design a feature which would permit an
inter-plot evaluation of seasonal or carry-over effects. Second, an additional
N rate, namely 135 kg./ha., appears desirable, since the N carry-over effects
which the authors believe enhanced the 1959 wet season yields suggest
that N in excess of 90 kg. might be profitable.
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Figure 2. Seasonal Y i e l d effects as related to t i m i n g of nitrogen application.

Although the data do not show a strong effect of time of N application
for the combined wet- and 'wet' dry-season crops (Figure 2), the combined
mean yields where 3 N applications (Treatments 4, 5 and 8, 9) were made
for the 2 wet-season crops at both 45- and 90-kg. rates were higher than
those for 2 applications (Treatments 3 and 7). This indicates that some N
applied at the 7-week interval during the wet season was desirable. On the
other hand, the combined mean yield for treatments 5 and 9 was greater
than that for treatments 4 and 8, respectively. The corn variety grown
tassels from 8 to 9 weeks after planting. Thus, while some N at the 7-week
interval was desirable, under the prevailing soil N fertility, greater mean
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yields were secured when the major portion of the N topdressing was applied
a t the 4-week interval (Treatments 5 and 9).
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SUMMARY

Efficient response of maize to N applications in tropical areas characterized b y pronounced wet and dry seasons is highly dependent upon the
time when the N is applied.
Under climatic conditions similar to those which prevail at the University
of the Philippines Central Experiment Station, maximum response to N
fertilization of the dry-season crop occurred only when all the N was
applied in the row at planting time.
The greatest response for the wet-season crop occurred when the total N
application was proportionately applied as follows: one-fourth in the row
at planting time, one-half topdressed 4 weeks after planting and one-fourth
topdressed 7 weeks after planting.
RÉSUMÉ

L'effet maximum des applications d'engrais azotés sur le maïs dans les
régions tropicales, caractérisées par des saisons pluvieuses et sèches très
prononcées, dépend énormément de l'époque d'application de l'azote.
Sous les conditions climatiques semblables à celles existant à la Station
Expérimentale Centrale de l'Université des Philippines, l'effet de l'engrais
azoté pendant la saison sèche est maximum lorsque la quantité totale d'engrais à appliquer est enfouie dans les rangées au moment des semailles.
D'autre part, pendant la saison humide, l'effet est maximum quand la
quantité totale d'azote à appliquer est proportionnellement répartie comme
suit: un quart (1/4) enfoui dans la rangée à l'époque du semis, un demi (1/2)
appliqué en surface (topdressing) quatre semaines après les semailles et un
quart, encore en surface, sept semaines après les semailles.
ZUSAMMENFASSUNG

I n Tropischen Arealen, mit bestimmten trocknen und feuchten Jahreszeiten, ist ein wirksamer Erfolg von N-düngung zu Mais, sehr von der Zeit
worauf N angewendet wird, abhängig.
Unter klimatischen Verhältnissen, ähnlich dieser die auf der Centralen
Versuchstation der Filipinischen Universität häufig sind, wird der höchste
Erfolg mit N-Düngung während der Trockenzeit nur erreicht, wenn aller N
in Reihendüngung mit der Saat verabreicht wird.
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Der höchste Erfolg während der Regenzeit kommt vor, wenn N folgendermassen angewendet wird: ein Viertel als Reihendüngung mit der Saat,
die Hälfte als Kopfdüngung Vier Wochen später und das letzte Viertel als
Kopfdüngung sieben Wochen nach der Saat.
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CONTRIBUTION DE LA CHIMIE DU SOL À L'HYGIÈNE ATOMIQUE:
ÉCHANGES DE TRACES DE Sr ET Cs DANS LE SOL
par
GEORGES BARBIER, LOUIS DUVAL, et CLAUDE TENDILLE

Etoile de Choisy. Versailles, France.
INTRODUCTION

Le service d'hygiène atomique français a demandé au service agronomique
de prévoir la marche de l'augmentation, dans le sol et dans les récoltes,
de radioéléments à vie longue apportés indéfiniment à un rythme limité.
Le but est de s'assurer que si le rythme des apports ne dépasse pas une
certaine limite, le seuil de toxicité ne sera jamais atteint dans les produits
alimentaires. Ce problème se pose ou se posera en particulier pour les
effluents d'usines atomiques contaminant des eaux fluviales utilisables
pour l'irrigation.
Si un radioélément à vie longue est apporté régulièrement au sol, à
raison d'une quantité constante par unité de temps (et par unité de surface
de sol) et si la seule cause de perte de ce radioélément est sa décroissance
spontanée, de coefficient A, la quantité accumulée dans le sol tend vers la
limite: aß; la moitié de cette limite sera atteinte au bout d'une période,
les 3/4 au bout de deux périodes, etc. Pratiquement, pour le strontium 90
et le caesium 137, de périodes 28 et 27 ans respectivement, la prévision
devrait porter sur un demi siècle à trois quarts de siècle environ.
En fait d'autres causes de perte peuvent intervenir, notamment le lessivage
par infiltration, qui réduit l'accumulation dans les couches superficielles
du sol, mais risque de contaminer les nappes phréatiques. Une première
contribution de la chimie du sol à l'hygiène atomique est d'aider à prévoir
l'infiltration des radiocations dans le sol, en s'appuyant d'une part sur les
lois des échanges de cations, et d'autre part sur les nombreuses observations
antérieures concernant le lessivage d'autres cations, en cases lysimétriques
notamment.
Par ailleurs, pour prévoir l'augmentation des radioéléments dans les
plantes en fonction de leur accumulation dans le sol, il est nécessaire d'entreprendre des essais culturaux dans divers types de sol en place, sur cultures
variées. Parmi les connaissances scientifiques susceptibles d'éclairer la
variabilité des observations selon le type de sol, et d'aider à généraliser les
données d'expériences locales, l'une est la connaissance des échanges de
Sr et Cs dans le sol.
ÉCHANGES DE TRACES DE SR ET Cs DANS LE SOL

Les sols naturels ne renferment en général que des traces de Sr et Cs;
le rapport équivalentaire Sr/Ca échangeables est le plus souvent inférieur
à 0,002 (à l'exception des sols contenant du sulfate de strontium) (1).6
Le rapport équivalentaire Cs/Ca échangeables peut être de l'ordre de 10~
à 10 -4 , autant que notre documentation sur le caesium des sols permet de
le savoir (2).
Or, d'après des formules empiriques anciennes (Rothmund-Kornfeld
notamment, 3) le coefficient de sélectivité du sol pour un cation A par
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rapport à un cation B:
kA/B défini comme:

(4)
\]5/solution

augmenterait indéfiniment lorsque la proportion de A tend vers 0, et
tendrait vers 0 lorsque la proportion de B tend vers 0, quel que soit le
couple de cations considéré.
Au contraire, d'après des formules plus récentes, se rattachant directement ou indirectement à la théorie de Gouy-Chapman (voir l'exposé
synthétique de Schuffelen et Boit, 5), le coefficient de sélectivité serait
peu variable pour des cations de même valence (Sr—Ca), du moins jusqu'à
une certaine valeur de leur rapport; le coefficient de sélectivité pour un
cation monovalent en faible proportion s'échangeant contre un bivalent
largement dominant (Cs—Ca) serait également peu variable si la concentration globale en solution est maintenue constante. En effet, dans ces
conditions les termes relatifs au cation bivalent sont pratiquement constants,
et le fait que dans les formules en question, le cation bivalent en solution
figure par la racine carrée de son activité, change seulement la valeur de
la constante. Dans tout ce qui suit, les coefficients k indiqués ont été
calculés d'après la formule de définition précédente, c'est-à-dire en déterminant les rapports des concentrations équivalentaires de chaque cation.
Les auteurs ont étudié la répartition de Sr ou Cs entre phases solide et
liquide de suspensions d'argiles ou de terres, après agitation, en fonction
de la proportion de Sr ou Cs. Pour cela, ils ont ajouté simultanément une
quantité connue de Sr90 ou Cs137 sans entraîneurs, et une quantité variable
de leur isotope stable. Tous les cations en solution étaient à l'état de chlorures.
Ils ont admis, conformément au principe fondamental de l'emploi des
isotopes, que le partage de la radioactivité entre solide et liquide est identique
à celui de l'isotope stable.
La sensibilité de la mesure de la radioactivité permet d'étudier la loi de
l'échange jusqu'à une proportion infime de l'un des cations, (seules les
impuretés des réactifs limitent cette possibilité).
ÉCHANGE

SR

—

CA

Les matériaux utilisés sont un mélange de Kaolinite et d'Halloysite, une
terre de limon très peu humifère, à argile montmorillonitique et illitique
— amenés tous deux à l'état purement calcique, neutre — et une terre
sableuse non acide avec ses cations naturels, à dominante de Ca. Dans ce
dernier cas, la terme Ca désigne la somme des cations échangeables autres
que Sr.
Le coefficient ksr/ca a été toujours trouvé approximativement constant
et compris entre 0,6 et 0,7 (0,8 pour la terre sableuse), jusqu'à la plus faible
proportion de Sr expérimentée, c'est-à-dire en l'absence de toute addition
de Sr stable (voir fig. 1). Cependant la légère sélectivité des matériaux
expérimentés en faveur de Ca tend à augmenter lorsque la proportion de
Sr s'élève au dessus d'une certaine valeur (ordre de grandeur grossièrement
approximatif: 10 % ) , et devient très marquée lorsque Sr est dominant.
En conséquence, dans les sols neutres calciques ne contenant qu'une
faible proportion de Sr, on peut considérer que l'échange de Sr radioactif
est indépendant de la proportion de Sr stable du sol, et qu'il dépend surtout
de la capacité d'échange du sol. Les expériences culturales entreprises ont
confirmé que dans un sol sableux, les plantes absorbent une plus grande
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fraction de Sr90 appliqué que dans un sol argileux. Mais une compensation
peut intervenir à la longue, du fait de la différence d'intensité du lessivage.

8.10"3

5.10"3

10*
• —-

0 10"*

10"*

Fig. 1. Échange de trace de Cs ou Sr contre Ca dans un limon (illite + montai.)
s: proportion de Cs ou Sr dans le solide.
1: proportion de Cs ou Sr dans le liquide.

Si une couche labourée verticalement homogène, de capacité d'échange
moyenne (15 millieq. pour 100 gr) perd 2 % par an de son calcium échangeable, elle pourrait céder au proche sous-sol environ 2 :0,7 = 3 % par
an de son strontium radioactif (en admettant que les coefficients trouvés
ci-dessus soient valables pour le sol en place). Cette perte est loin d'être
négligeable, puisque Asr» = 2,47 % par an. La fraction de Ca échangeable
lessivée par an serait beaucoup plus grande en sol sableux, et vraisemblablement celle de Sr (non radioactif et radioactif).
ÉCHANGE DU

CAESIUM

1. Échange de Cs contre un cation bivalent.
a) Échanges Cs—-Ca dans un sol de limon (montmorillonite et illite).
L'addition de traces de Cs, très petites par rapport à Ca échangeable,
a profondément modifié le partage de Cs, en faveur de la solution. L'augmentation continue de la sélectivité du sol en faveur de Cs au fur et à mesure
que Cs diminue, est conforme, pour Cs, aux anciennes formules empiriques.
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0,9 gr. de terre Ca + 300 cc de solution CaClj + CsCl, de concentration
globale 0,0117 N.1 Quantité totale de cations dans le système: 3,67 millieq. +
6 microcuries Cs " sans entraîneur. 1 jour d'agitation.
Cs s t a b l e a j o u t é
en 10-* milliéq.
F r a c t i o n de la
radioactivité
r e t e n u e p a r la
terre
kcs/Ca

0

97,4%
81

0,5

1,5

53%
24,4

34%
11,1

5

27%
8,03

100

500

7%
1,74

6%
1.43

Des résultats analogues ont été obtenus avec une Kaolinite-halloysite.
Il est connu par ailleurs que les récipients en verre adsorbent fortement
Cs radioactif sans entraîneur, en milieu neutre.
b) Échange Cs—Sr.
Cette expérience avait pour but d'éprouver la validité des formules
proposées jusqu'à une proportion infime de chacun des deux cations. Sr
et Cs sont les deux seuls cations, parmi les mono et bivalents, que l'on
puisse se procurer facilement sans entraîneur. La terre de limon à l'état
Cs a été additionnée de Sr en quantité variable, et la même terre à l'état
Sr a été additionnée de Cs en quantité variable, l'échange étant déterminé
au moyen de Sr radioactif dans le premier cas, et de Cs radioactif dans le
second.
R a p p o r t Cs/Sr
d a n s le s y s t è m e

très
grand*

15.100

1.500

14,1

2,01

kcs/Sr
R a p p o r t Cs/Sr
d a n s le s y s t è m e

0,027

0,044

0,071

0,42

1,10

0,103

0,00093

kCs/Sr

2,4

14,3

0,000093
92,2

infime*
6.900

* aucune addition autre que les cations radioactifs sans entraîneur. La
distribution de la radioactivité permet de calculer k.
Le fait que Sr en solution devrait être exprimé par la racine carrée de
son activité rend compte de la sélectivité toujours croissante du sol pour
Sr lorsque sa proportion diminue; mais il ne rend absolument pas compte
de la sélectivité fortement croissante du sol pour Cs lorsque la proportion
de Cs devient suffisamment petite, les termes Sr étant alors pratiquement
constants. Il faut noter que l'inversion de sélectivité constatée concerne
deux cations de valence différente.
2. Échange de Cs contre un autre cation monovalent (K).
Ces expériences ont montré, pour la Kaolinite et la terre de limon utilisées,
que la sélectivité de ces échangeurs pour Cs par rapport à K augmente
fortement, aux faibles proportions de Cs, au fur et à mesure que Cs diminue,
le coefficient kcs/K pouvant atteindre 100.
Du côté des faibles proportions de K, l'échange a été déterminé par
dosage spectrométrique de K, beaucoup moins précis que le dosage de Cs
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radioactif aux faibles proportions de Cs. Néanmoins les résultats obtenus
(fig. 2) indiquent nettement q u ' a u x faibles proportions de K, son coefficient

» 0

0,2

0,4-

0,6

0,8 - 1,0

Fig. 2. Echange K-Cs dans une Kaolinite.
s = proportion de K dans le solide.
1 = proportion de K dans le liquide.
de partage entre solide et liquide demeure sensiblement constant, conformément aux formules modernes, alors q u ' a u x faibles proportions de Cs, les
anciennes formules empiriques ne sont pas en désaccord avec l'augmentation
continue de la sélectivité pour Cs au fur et à mesure que sa proportion
diminue. Mais ces formules impliquent une inversion de la sélectivité,
qui n ' a pas été constatée ici.
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RÉSUMÉ

1. Du point de vue de l'hygiène atomique, il est confirmé que la prévision
des conséquences à long terme de l'accumulation progressive de Sr 90 dans
le sol, se trouve simplifiée, relativement, du fait que l'échange de Sr dans
des sols calciques neutres comporte une constante d'équilibre, paraissant
peu variable d'un échangeur à l'autre. P a r ailleurs, Sr n ' é t a n t pas plus
retenu que Ca, et même un peu moins, les données lysimétriques sur l'intensité du lessivage de Ca dans divers pédoclimats, sont susceptibles de nous
renseigner sur le lessivage de Sr 90 (réduction de l'accumulation; contamination des nappes phréatiques).
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Au contraire, la sélectivité du sol pour Cs, quoique très forte dans beaucoup de cas, diminue rapidement lorsque la proportion de Cs naturel du
sol augmente, même s'il reste à l'état de traces.
2. Du point de vue des lois de l'échange de cations, les anciennes formules
empiriques, d'après lesquelles la sélectivité du sol pour un cation quelconque augmenterait indéfiniment quand la proportion de ce cation tend
vers 0, ne sont pas en désaccord avec les faits observés, mais seulement
pour l'un de deux cations déterminés, et non pour l'autre (en dehors du
cas d'un bivalent en faible proportion s'échangeant contre un monovalent
dominant).
SUMMARY

1. It is confirmed that from the standpoint of atomic hygiene the forecasting of the long-term consequences of the progressive accumulation of
Sr90 in the soil is simplified, relatively, by the fact that the exchange of
Sr in neutral calcareous soils reaches a constant equilibrium with little
variation from one exchanger to another. Besides, since Sr is retained, if
anything, rather less than Ca, lysimeter data on the intensity of leaching of
Ca in different pedoclimates can inform us about'the leaching of Sr90 (reduction or accumulation; contamination of the water table).
On the contrary, the selectivity of the soil for Cs, although very strong
in many cases, diminishes rapidly when the proportion of natural soil Cs
increases, even if it is still in trace amount.
2. From the standpoint of the laws of cation exchange, the old empirical
formulas, according to which the selectivity of the soil for any cation would
increase indefinitely as the proportion of the cation tends to zero, are not
in disagreement with the observed facts, but only for one of two determined
cations, not for the other one (except in the case of a divalent cation in low
proportion exchanging with a dominant monovalent cation).
ZUSAMMENFASSUNG

1. Vom Gesichtspunkt der Atomhygiene aus wurde bestätigt, dass die
Voraussetzung der Folgen der progressiven Anhäufung von Sr90 im Boden
auf die lange Dauer sich verhältnismässig vereinfacht erweist durch die
Tatsache, dass der Austausch von Sr in neutralen Kalkböden eine Gleichgewichtskonstante hat, welche von einem Auswechsler zum andern nur
wenig variabel zu sein scheint. Überdies, da Sr nicht stärker festgehalten
wird als Ca, ja sogar etwas weniger, vermögen die Lysimeterdaten, die
Auswaschung von Ca in verschiedenen Pedoklimaten
betreffend, uns
Anweisungen zu geben über die Auswaschung von Sr90 (Verminderung der
Anhäufung; Infektion des Grundwassers).
Andererseits nimmt der Vorzug des Bodens für Cs, obwohl in vielen
Fällen sehr stark, schnell ab, wenn das natürliche Verhältnis von Cs im
Boden zunimmt, selbst wenn es bei Spuren bleibt.
2. Vom Gesichtspunkt der Gesetze des Kationenaustausches aus sind
die alten empirischen Formeln, nach welchen der Vorzug des Bodens für
irgendein Kation unbegrenzt zunehmen würde, wenn der Gehalt dieses
Kations sich gegen Null verschiebt, noch nicht in Widerspruch mit den
beobachteten Tatsachen, doch allein für das eine der beiden bestimmten
Kationen, und nicht für das andere (ausser dem Fall, dass ein bivalentes
Kation in schwacher Konzentration auswechselt gegen ein weit vorherrschendes monovalentes Kation).
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DISCUSSION

M. STELLV: HOW critical is temperature in the Cs/Ca and Sr/Ca interrelationships?
G. BARBIER: I have not studied the influence of temperature. I t is unlikely
that the influence of temperature on the exchange of Sr and Ca is important,
because the ratio is close to unity and the temperature coefficient of ionic
mobilities does not differ much among ions.
H. KICK: La matière organique du sol a-t-elle une influence sur les rapports
indiqués par l'exemple des minéraux d'argile, car la contamination du sol aura
lieu surtout à la surface du sol où la matière organique influence largement
l'échange des ions ou l'absorption par les racines.
G. BARBIER: La présence de matière organique en augmentant la capacité
d'échange du sol, modifie évidemment la distribution de Sr et Ca. Cependant il
est peu probable que le coefficient de distribution soit sensiblement modifié
pour Sr/Ca. Dans un sol naturel (couche arable) ce coefficient a été trouvé
voisin de celui observé dans les argiles.
Pour l'échange Cs/Ca, il est très possible que ce coefficient diffère pour les
argiles et les acides humiques.
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THE INFLUENCE OF VARIOUS NITROGEN CARRIERS ON THE
AVAILABILITY OF FERTILIZER PHOSPHORUS TO PLANTS*
by
A. C.

CALDWELL**

A factorial experiment with ammonium nitrate, tagged superphosphate,
and potassium chloride applied in the hill to corn on a Nicollet silty clay
loam showed that potassium chloride had a small positive effect on phosphorus absorption, and that nitrogen in the form of NH 4 N0 3 had a large
positive effect. This study reports further investigations on the effect of
nitrogen on the uptake of soil and fertilizer phosphorus by corn.
Olson and Dreier (14) showed that fertilizer nitrogen stimulated plant
use of fertilizer phosphorus, the ammonium ion exceeding the nitrate ion
in this capacity especially with intimate association of fertilizer nitrogen and
phosphorus. Lorenz and Johnson (8) found that ammonium fertilizers
provided greatly increased yields over nitrate fertilizers for a number of
California soils.
Mulder (12) postulated that the uptake of phosphate might be depressed
by nitrate, but increased by ammonium ions.
Starostka and Hill (18) studied the influence of soluble salts on the
solubility of, and plant response to, dicalcium phosphate and found different
effects from different nitrogen salts.
Fine, et al. (3) summarized the experiments conducted at a number of
localities as follows: addition of fertilizer nitrogen in the area of phosphate
application greatly enhanced the utilization of fertilizer phosphorus, both
as measured by percentage of plant phosphorus derived from the fertilizer
and by recovery of applied phosphorus.
Grünes and Shih (4) showed that the absorption of phosphorus by
barley from broadcast applications of concentrated superphosphate was
not increased by the addition of nitrogen fertilizers.
Marriott and Jackson (11) reported that the physical mixture of ordinary
superphosphate and NH 4 N0 3 applied in a band along the corn row was a
more available source of phosphorus than the same two materials applied
separately on the opposite sides of the corn row. Similar results were reported by Olson and Dreier (14), Robertson et al. (15), and others.
A review of the effect of nitrogen on the availability of soil and fertilizer
phosphorus to plants has been made by Grünes (5).
MATERIALS AND METHODS

Corn was the only experimental crop used in these experiments. Solid
fertilizers were applied two inches away from either side of the corn hill
and four inches below at planting time. Liquid fertilizers were conducted
through a tube to previously drilled holes two inches away and four inches
below the corn hill.
Unless specified in the individual experiment, the rate of N, P 2 0 6 and
K 2 0 application was 20 pounds per acre respectively. Sources of nitrogen
and phosphorus varied, but KCl was the32only source of potassium used.
All phosphorus sources were tagged with P .
* Paper No. 4420 of the Scientific Journal Series, Minnesota Agr. Expt. Sta.
St. Paul.
** Professor of Soils, University of Minnesota.
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The plots, consisting of a single row of corn 10 hills in length, were
arranged in a randomized block design of four replicates.
The soils were Nicollet silty clay loams and Waukegan silt loams.
The Nicollet silty clay loam is a moderately well drained soil developed
from calcareous till of the late Wisconsin stage under conditions of slightly
restricted drainage. The A horizon is high in organic matter, with a pH
around 5.5. The B horizon is yellow to pale yellow in color with a pH
between 6.5—7.0.
The Waukegan silt loam is a well drained soil developed on silty material
over a mixture of loose outwash sand and gravel at depths of twenty to
forty inches below the surface. The A horizon is dark grayish brown, high
in organic matter, with a pH of about 5.5. The yellowish brown B horizon
is very strongly acid.
For radioactive measurements of plant materials composited leaf samples
or whole young plants were dried at 65° C. for at least forty-eight hours.
After being ground and properly mixed, a 5.0 gm sample was briquetted
in a Carver press under a pressure of 12,000 pounds per square inch for three
minutes. Radioactivity of the briquets was determined by means of a
Geiger-Muller counter. The proportion of the phosphorus derived from
labelled phosphates was determined and calculated according to MacKenzie
and Dean (9). Determination of the activity of the labelled phosphate was
done by a modification of the method of MacKenzie and Dean (10). Total
phosphorus was determined using standard methods of analysis.
EXPERIMENTAL RESULTS

Nitrogen as NH 4 N0 3 or (NH2)2CO and potassium as KCl were applied in
a mixture with labelled ordinary superphosphate, or not mixed with
TABLE 1. The per cent of total phosphorus in corn from fertilizers as affected by
addition of nitrogen carriers either mixed with, or separated from,
ordinary superphosphate.
Field No. 1

Field No. 2
%of
P
from
fert.

NH 4 NOj + P . . . ( M ) *
NH 4 NO a + P + K (M)
(NH 2 ) 2 CO + P . . . ( M )
NH4N03 + P + K...(S)**
P...(B)***
NH4N03 + P . . . ( S )
(NH 2 ) 2 CO + P . . . (S)
P...(0)****

60.0
57.7
42.3
24.6
24.4
23.8
22.7
22.0

L.S.D. (5 % pt.)

5.28

%of
P
from
fert.
NH4N03 + P + K...(M)*
NH 4 NO+, + P . . . ( M )
(NH2)2CO + P . . . ( M )
P . . . (B)***
NH 4 NO s + P . . . ( S ) * *
P...(0)****
NH 4 NO„ + P + K . . . ( S )
(NH 2 ) 2 CO + P . . . ( S )

66.2
63.0
56.4
29.9
25.6
22.0
21.4
18.9
9.06

* M-mixed together and applied both sides of hill.
** S-applied separately on either side of hill (NH 4 NO„ one side; phosphate
or phosphate and potassium on opposite side).
*** B-both sides of hill.
**** O-one side of hill.

518

IV.66
phosphate, but applied separately on opposite sides of the seed to corn at
lanting time in two experiments on Nicollet silty clay loams. The pH of
oth fields was a little below 6.0. Available phosphorus amounted to twenty
pounds per acre (Bray No. 1).
When nitrogen, regardless of source, was mixed with ordinary superphosphate, the per cent uptake of phosphorus from fertilizer was strikingly
higher than when nitrogen was applied separately from the phosphorus
(table 1). There was no significant difference in percentage of plant phosphorus derived from the fertilizer between phosphorus applied alone, and
phosphorus and nitrogen applied separately. In field No. 1, NH 4 N0 3 seemed
to be a superior source of nitrogen to (NH2)2CO in promoting fertilizer
phosphorus uptake when nitrogen and phosphorus sources were applied
mixed together. There was no marked effect from KCl on the per cent
phosphorus uptake.
Despite the large effects of nitrogen on phosphorus absorption there were
no significant differences in total phosphorus content in corn or yield of
corn from treatments.

E

Influence of nitrogen carriers and N to P 2 0 5 ratios on phosphorus absorption.
NH4NO3 was added to superphosphate in ratios of N to P 2 0 5 at 1 : 40,
1 : 20, 1 : 4, 1 : 2, 1 : 1 and 2 : 1. (table 3). All fertilizers were applied
in the hill at planting time.
TABLE 2. Effect of nitrogen to phosphorus ratios on the percent of total phosphorus
in corn front ordinary superphosphate.
Field No. 1
N* to P , 0 , * *
ratios
1 :2
1 :1
2 :1
1 :4
1 :40
1 : 20
P alone
L.S.D. ( 5 % pt.)

Field No. 2

% of P from
fert.
57.1
55.2
52.7
49.5
27.4
25.6
20.9
6.3

N to P 2 0 6
ratios
1
1
1
2
1
1

:1
:2
:4
:1
:20
: 40
P alone

% of P from
fert.
68.6
58.3
55.2
51.5
41.0
38.0
33.7
9.4

* N as NH«N0 3 .
** P , 0 , as ordinary superphosphate at twenty pounds of P s O s per acre.

The two soil types used were Nicollet silty clay loam (field no. 1) and
Waukegan silt loam (field no. 2). The soil reaction and fertility level of the
former field was very similar to that described in the previous experiment.
The Waukegan silt loam had seventeen pounds of available phosphorus per
acre, one hundred thirty pounds of available K 2 0 per acre, and a pH of 5.5.
On Nicollet silty clay loam the effect of nitrogen on phosphorus absorption
from superphosphate in corn increased in effectiveness until the ratio of N
to P 2 0 5 became 1 :4, after which the absorption became rather uniform,
(table 2). On Waukegan silt loam the 1 : 4 ratio held true except that the
1 : 1 ratio was superior to any of the 2 : 1, 1 : 2 or 1 : 4 treatments.
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TABLE 3. Effect of various nitrogen and phosphorus carriers on the per cent of
total phosphorus in corn from fertilizers.
Field No. 1

Field No. 2
%of
P
from
fert.

%of
P
from
fert.
Ord. superphos. + N H 4 N 0 3
Cone, superphos. + NH 4 NO„
Ord. superphos. + (NH 4 ) 2 S0 4
Monoammonium phosphate
Ammoniated Cone, superphos.
Ammoniated superphosphate
Ord. superphos. + NaNO,
Ord. superphos. + (NH2)2CO
Cone, superphosphate
Ord. superphosphate
L.S.D. (5 % pt.)

55.2
53.7
51.5
48.2
41.4
36.5
36.1
24.1
20.9
20.9

Ord. superphos. + N H 4 N 0 3
Cone, superphos. + NH 4 NO s
Monoammonium phosphate
Ord. superphos. + (NH 4 ) 2 S0 4
Ammoniated cone, superphos.
Ord. superphos. -f NaNO s
Ammoniated superphosphate
Ord. superphos. + (NH 2 ) 2 CO
Ord. superphosphate
Cone, superphosphate

68.6
58.1
53.8
49.6
41.4
39.3
38.6
37.2
33.7
30.4
9.4

6.3

D a t a in table 3 show t h a t all sources of nitrogen affected phosphorus
absorption, although some not significantly. Largest effects were from
mixtures of N H 4 N 0 3 or (NH 4 ) 2 S0 4 with the superphosphates or with monoammonium phosphate. Soil differences were minor.
The addition of N H 4 N 0 3 or (NH 4 ) 2 S0 4 to ordinary a n d concentrated
superphosphate resulted in the highest total phosphorus content of corn.
The superphosphates without amendment or t o which N a N 0 3 had been
added resulted in the lowest in total phosphorus content of corn. Corn
yields were not affected significantly by any treatments.
Phosphorus absorption by corn from other nitrogen and phosphorus sources.
Results of further experiments with a number of phosphorus and nitrogen
sources are shown in tables 4 and 5. Experiments were conducted on Waukegan silt loam.
TABLE 4. Effect of nitrogen sources on the per cent of total phosphorus in corn from
various phosphorus carriers.
Treatments
Cone, superphos. -f- NH 4 NO„
Cone, superphos.
Cone, superphos. + Ca(N0 3 ) 2
Calcium metaphosphate
Calcium metaphos. + NH 4 NO s
Dicalcium phosphate + N H 4 N 0 3
Tricalcium phosphate + N H 4 N 0 3
Tricalcium phosphate
Dicalcium phosphate
L.S.D. (5 % pt.)
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Previous studies with NaN0 3 and data in table 4 emphasize the importance of the ammonium ion in enhancing phosphorus absorption. NH 4 N0 3
had large effects on phosphorus uptake from superphosphates, but there
was little when added to di-or tricalcium phosphate (table 4).
The effects of the ammonium ion are influenced to some extent by the
accompanying anion. In general ammonium salts of the chloride, sulfate
and nitrate are about equivalent in increasing phosphorus uptake (tables 3
and 5); other ammonium compounds have little or no effect (table 5).
TABLE 5. Effect of various nitrogen carriers on the per cent of total phosphorus in
corn from various phosphate sources.
Treatments
Cone, superphos. +
Cone, superphos. +
Cone, superphos. +
Cone, superphos. +
Cone, superphos. +
Cone, superphos. -fCone, superphos. +
Cone, superphos.

% of P from fert.

NH4C1
NH 4 NO,
(NH2)2CO
NH 4 Ac
NH 4 OH
(NH 4 )jHC,H 6 0 7
HN03

16.30
13.50
12.70
10.70
10.50
8.69
6.66
9.43
3.14

L.S.D. (5 % pt.)

In other experiments the addition of finely ground wheat straw or
alfalfa to concentrated superphosphate reduced phosphorus absorption
below that from the phosphate alone. Percentage of plant phosphorus
derived from the fertilizer was 6.92, 7.99 and 9.41, respectively. However,
phosphorus absorption by corn was the same whether wheat straw was or
was not added to a mixture of NH 4 N0 3 and superphosphate.
CONCLUSIONS

Field and greenhouse data have shown that when some nitrogen sources
are mixed with ordinary or concentrated superphosphate the absorption
of phosphorus by plants is greatly increased, (3, 4, 11, 14, 15). It has been
variously suggested that this has been effected by (1) nitrogen salts influencing the solubility of phosphatic material, (2) ions in the culture
medium interacting, (3) some modification in the physiology of the plant,
and (4) root proliferation.
In this study the influence of nitrogen on the absorption of phosphorus
from both water soluble and non-water soluble phosphates was investigated.
Uptake of phosphorus from phosphates of low water solubility, such as
dicalcium and tricalcium phosphates, and calcium metaphosphate was not
influenced by the addition of nitrogen in the form of NH 4 N0 3 . Starostka
and Hill (18), reported that in general salts such as (NH4)2S04, which in
laboratory tests markedly increase the solubility of dicalcium phosphate
with increasing inonic strength, also gave the greatest crop response in the
greenhouse. Salts such as the NH 4 N0 3 type, which increase the solubility
only moderately, only occasionally gave increased crop response, while salts
such as the Ca(N0 3 ) 2 type, which decrease the solubility sharply with increasing ionic strength, usually gave a negative crop response. About the
same order of effect of nitrogen salts on phosphorus absorption was found in
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experiments reported herein, except that the phosphates were largely water
soluble. Salts like (NH 4 ) 2 S0 4 and NH 4 NO s markedly increased the absorption of phosphorus from the superphosphates; Ca(N0 3 ) 2 had little, or even
a slightly adverse effect, on phosphorus uptake. Effects of nitrogen seem
to be principally a function of the ammonium ion.
This was further shown by a comparison of phosphorus uptake from
monocalcium and monoammonium phosphates and from ammoniated superphosphates. Some reversion of water soluble phosphate to non-water
soluble CaHP0 4 occurs upon ammoniation, yet results showed that plants
absorb more phosphorus from the ammoniated than the non-ammoniated
superphosphates.
Most of the data on phosphorus absorption have been obtained with
phosphates already approaching complete water solubility, therefore enhancement of phosphorus uptake by the association of the ammonium ion
with the phosphate can not be attributed to an effect on this property
alone. It would seem that the explanation may lie in the realm of ion
interaction or a prolongation in the availability of the phosphate by the
presence of the ammonium ion. Bouldin and Sample (1) found that an
intimate mixture of nitrogen salts with concentrated superphosphate affected
the reversion of Ca(H 2 P0 4 ) 2 .H 2 0 to CaHP0 4 , the distribution of fertilizer
phosphorus in the soil, and the solubility of the soil fertihzer phosphorus
reaction products. They concluded that the effect of associated salts on the
physiology of the plant was of secondary importance. Lorenz and Johnson
(8) concluded that the physiologically acid ammonium salt effectively
released native soil phosphate, whereas nitrate salts did not. On the contrary, Cook et al (2) showed that the ammonium ion per se was responsible
for the increased availability of fertilizer phosphate.
The favorable effect of the ammonium ion over the nitrate ion on phosphorus absorption by plants has been reported by numerous investigators
(6, 7, 8, 13, 14) and others. According to Jung (7), and Scharrer and Jung
(16, 17) there is a constant sum of absorbed cations at a constant nitrate
supply and absorbed anions at constant ammonium supply. The increase
of a certain cation or anion in the external medium brings about reduced
uptake of other cations or anions. The constancy of the ratio of cations to
anions in plants is not materially affected by increasing the concentration
of certain cations or anions in the external medium. With a constant supply
of cations, nitrate would tend to compete with phosphate. If the supply of
cations is increased by the addition of the ammonium ion, the uptake of
anions such as phosphate will be increased.
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SUMMARY

The effects of nitrogen on t h e absorption of phosphorus b y corn from P 3 2
labelled materials were studied. Salts such as N H 4 N 0 3 , (NH 4 ) 2 S0 4 a n d
NH 4 C1 increased phosphorus absorption from superphosphate greatly, b u t
only when nitrogen and phosphorus sources were intimately mixed together.
Nitrogen in monoammonium phosphate and in ammoniated superphosphates
also increased t h e absorption of phosphorus. Salts such as Ca(N0 3 ) 2 a n d
N a N 0 3 mixed with superphosphate did not increase phosphorus absorption.
Significant increase in uptake of phosphorus did n o t occur when ammonium
nitrate was mixed with calcium metaphosphate or di-or tricalcium phosphates. I n mixtures of N H 4 N 0 3 and superphosphate ratios of N t o P 2 0 5 of 1 : 4
or narrower h a d t o be achieved before significant incresae in u p t a k e of
phosphorus occurred.
It is suggested t h a t effects of nitrogen on phosphorus absorption were
brought about b y chemical interactions between nitrogen and phosphorus
salts rather t h a n physiological effects of nitrogen on t h e plant.
RÉSUMÉ

Les effets de l'azote sur l'absorption du phosphore par le maïs à partir
de matériaux marqués au P 3 2 , ont été étudiés. Le N H 4 N 0 3 , le (NH 4 ) 2 S0 4
et le N H 4 Cl augmentaient considérablement l'absorption du phosphore d u
superphosphate, mais ceci seulement quand les sources de phosphore et
d'azote étaient intimement mélangées. L'azote sous forme de mono-ammonium phosphate et de superphosphates ammoniacaux, augmentait
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également l'absorption du phosphore. Ca(N0 3 ) 2 et N a N O s mélangés au
superphosphate n'augmentaient pas l'absorption du phosphate. Un mélange
d'ammonium nitrate avec du calcium métaphosphate, du di- ou du tricalcium phosphate ne donnait pas lieu à des augmentations significatives
de l'absorption du phosphore. Pour les mélanges de N H 4 N 0 3 avec du superphosphate, le rapport N / P 2 0 8 devait être de 1/4 ou moins a v a n t que l'augmentation de l'absorption du P ne devint significative.
L'opinion est avancée que les effets de l'azote sur l'absorption du phosphore étaient dus à des interactions chimiques entre azote et phosphore
plutôt q u ' à une action physiologique de l'azote sur la plante.
ZUSAMMENFASSUNG

E s wurde das Resultat der Beeinflussung durch N auf die P-Absorption
durch Mais an mit P 3 2 markiertem Material studiert. Salze wie N H 4 N 0 3 ,
(NH 4 ) 2 S0 4 u n d NH 4 C1 erhöhten die P-Absorption aus Superphosphat
erheblich, aber nur wenn die N- und P-Quellen tüchtig gemischt waren.
N in ( N H 4 ) H 2 P 0 4 und in ammoniierten Superphosphaten erhöhten ebenfalls
die P-Absorption. Salze wie Ca(N0 3 ) 2 und N a N 0 3 in Superphosphat eingemischt, erhöhten die P-Absorption nicht. Auch fand keine bedeutende
Erhöhung der P-Aufnahme statt, wenn N H 4 N 0 3 gemischt wurde mit
Ca 2 P 2 0 7 oder mit di- oder tri-Ca-phosphat. I n Mischungen von N H 4 N O s
und Superphosphat musste m a n auf Verhältnisse von N zu P 2 O s , von
1 zu 4 oder kleiner zurückgehen, ehe eine merkliche Erhöhung an P auftritt.
E s wird der Gedanke eingegeben, dass Einfluss von N auf P-Absorption
eher durch chemische Reaktionen zwischen N- und P - Salzen als durch
physiologische Effekte des N auf die Pflanzen bewerkstelligt wird.
DISCUSSION

C. K. N. NAIR: (1) In the same way as P-absorption is increased by mixing
with NPK, would it be correct to suppose that a similar increase in the absorption of N and K would be possible when applied in combination (as NPK)
rather than when applied alone? (2) As the N P ratio is shown to exert influence
on the absorption of P, similarly do the NK ratio and the P K ratio exert any
influence on the absorption of N and K ? The effect of different NPK ratios on
the uptake of N, P and K would thus appear to be of significance in fertilizer
practices.
A. C. CALDWELL: (1) The author has no data to indicate that mixing N and K
would have any beneficial effect on the absorption of either. (2) Neither does
the author know if NK or PK ratios affect the absorption of N and P.
W. F. MIERKE: In light of your investigations with the various phosphatic
fertilizers, where would you rate the effectiveness of diammonium phosphate
particularly 18-46-0 as to efficiency of P uptake by corn plants? How would you
expect 18-46-0 to rate with monoammonium phosphate particularly those with
a ratio of N : P approximately 1:4?
A. C. CALDWELL: I would expect good uptake of P from 18-46-0 and would
guess that abosrption of P from this fertilizer would be as good as from monoammonium phosphate.
C. G. LAMM: Would'nt it be possible that the higher uptake of fertilizer P
in presence of nitrogen is entirely due to a greater development of plant roots
and therefore a much more intensive uptake of nutrients in a given time? The
'labile fraction' of the fertilizer P being high, this mechanism is explained.
A. C. CALDWELL: Our observations on plant root proliferation (not given at
this time) were unable to demonstrate any greater volume of roots in the area
of fertilizer deposition. The author believes that chemical interactions are largely
responsible for increased P absorption.
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L. O. F I N E : In view of the fact that the enhancing effect of N or P absorption
increased as the N / P 2 0 5 ratio decreased, even to 1 : 1 , and in view of the
previous paper by Dr. Fried, in which he reported competitive effect of at least
one anion for P absorption sites on the root, do you think that the NH 4 /NO,
widening effect (in the soil solution) as N / P , 0 , is decreased in your experiments,
might indicate a competitive effect by NO, and also partly explain the lower
efficacy of NO, than NH,+ in increasing fertilizer P uptake?
A. C. CALDWELL: Jung, and Scharrer and Jung, have shown t h a t NO, in
solution culture does tend to depress absorption ofthe phosphate ion.
M. STELLY: Was sampling of corn in determining % P from fertilizer based on
a time period of growth or stage of growth of plant? Could stage of growth if
not taken into consideration have contributed to differences obtained?
A. C. CALDWELL: Sampling of corn was usually performed at 3 stages of growth,
when the corn was about 1 foot high, 4 feet high, and when the ear was forming.
Amount of phosphorus in corn from the fertilizer was greatest in the young plants
but relative effects of nitrogen compounds on P uptake was about the same at
all stages of growth sampled.
P. C. GHOSH: At which stage of growth was the phosphorus absorption of
the corn plants measured?
A. C. CALDWELL: See answer to question by N. Stelly.
R. M. ANWAR: (1) In the calculation of the % of P in the plant derived from
the added fertilizer, I wonder
if the author has taken care of 31
the isotopic exis replaced by P from the soil.
change reaction in which P 82 in the fertilizer
32
(2) I wonder if the variation in rate of P absorptions by the plant when various
N carriers were added, is not due to the different effect of these carriers on
phosphorus penetration into the soil which in turn would affect absorption.
A. C CALDWELL: In calculating % P in the plant from fertilizer, no consideration was given to isotopic exchange of P** for P*1. If this exchange were
greater in the N—P mixtures, for example, figures on absorption data should
be larger than they are.
B U I - H U U - T R I : Have you also tried to observe the influence of urea on the
uptake of P (in tricalcium phosphate = rock phosphate) in corn or in rice.
If so, what is the most favorable ratio? The same question is also asked for
ammonium sulfate on rock phosphate or superphosphate.
A. C. CALDWELL: Urea had a beneficial effect on the absorption of P from
superphosphate but these effects were always less than from (NH 4 ), S 0 4 or
NH 4 NO,, for example. No experiments were performed in which urea was mixed
with tricalcium phosphate or rock phosphate. (NH 4 ) 2 S0 4 was not mixed with
rock phosphate, but was with superphosphate.
H. KICK: The higher uptake of P in the combination superphosphate,
NHjNO, or (NH 4 ),S0 4 can be the consequence of a lower p H near the roots,
because (NH 4 ) 8 S0 4 and NH 4 NO, are physiologically acid fertilizers. NaNO, had
the opposite influence on the P uptake. N H , can quickly be transformed to NO,
by nitrification organisms also near the root.
A. M. BALBA: The results shown with regard to the increase in the uptake of
fertilizer P with the addition of N using radioactive technics agree with those
shown in the paper presented by Balba using the Mitscherlich equation and a
simple mathematical calculation. The explanation offered for that increase in
P uptake depended on the increase in the root system upon addition of N.
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SPECIAL TECHNIQUES FOR THE USE OF RADIOISOTOPES IN
SOIL AND FERTILIZER RESEARCH*
by
J. T. MURDOCH, R. B. COREY, N. D. BHURE AND D. L. WAUGH**

Increased availability of artificially-produced radioisotopes in recent
years has provided an extremely useful tool for soil and fertilizer research.
The unique characteristics of radioisotopes make it possible to label a nutrient
source and consequently determine the time, rate, and extent of nutrient
uptake from that source. Distribution of the nutrient in soils or plants can
also be measured. Methods for determining the concentration of the labeled
element range from extremely sensitive quantitative methods, involving
measurement of the emitted radiation, to semiquantitative autoradiographic techniques.
Most of the radioisotopic techniques used in soils research involve quantitative measurements of the relative specific activity of some isotope used
as a tracer. Autoradiography, although used extensively in studying movement and distribution of radioisotopes in plant and animal tissues, has
received relatively slight use in soils investigations. However, this technique
provides information concerning movement and distribution of a radioisotope which cannot readily be obtained by any other means.
The techniques reported in this paper are special adaptations of several
commonly used radio-tracer methods. Autoradiography, used as an aid in
interpreting the results of other studies, is emphasized. These procedures
have been used to study the plant availability of phosphorus from several
fertilizer sources and from subsoils.
RELATIVE AVAILABILITY OF PHOSPHORUS FROM VARIOUS SOURCES

Fertilizers labeled with P 32 have been used extensively in evaluating the
availability of phosphorus from various sources and in determining the most
effective times and methods of application. Many workers have shown
that plants recover phosphorus more efficiently from banded rather than
broadcast applications (3, 7, 8, 10, 11). It has also been shown that the
physical or chemical forms of phosphate fertihzers affect availability more
when the materials are banded than when they are broadcast (3, 10, 11).
This difference is thought to be related to restricted reactions between the
soil and fertilizer brought about by limited soil-fertilizer contact in the band.
Thus, the rate and extent of phosphorus movement from the fertilizer band,
and the reactions which take place in or near the band are of extreme
importance in understanding this problem. Bouldin and Sample (1) have
conducted intensive studies concerning the effect of associated salts on
the availability and distribution of phosphorus from localized placement.
However, the method used for measuring the extent of phosphorus movement
was quite tedious.
* Contribution from the Department of Soils, University of Wisconsin.
Published with the permission of the Director, Wis. Agr. Expt. Sta. This work
was supported in part by the Research Committee of the University of Wisconsin
through a grant of funds from the Wisconsin Alumni Research Foundation.
** Associate Professor, Associate Professor, former Research Assistant
(present address, P. O. Tumsar, District — Bhandara, Bombay State, India),
and Research Assistant in soils, respectively.
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Relatively simple methods for measuring the rate and extent of movement
of phosphate from a fertilizer band, and relating plant availability to movement have been used in these laboratories. The general procedure which
involves the use of short-term uptake and autoradiographic techniques
follows.
Short term uptake studies. The relative availabilities of monocalcium
phosphate (MCP), dicalcium phosphate (DCP), calcium metaphosphate
(CMP), calcium pyrophosphate (CPP), and various mixtures of these
materials were determined by a modification of the short-term uptake
methods of Stanford and DeMent (9). * The modification involved the
use of P 32 labeled phosphate sources ** and deeper containers (1-quart hotdrink cartons, 6" deep x 4" in diameter) for the treated soil. The increased
depth of soil provided by the larger container allowed greater movement of
phosphorus from the band. After the fertilizer materials were applied, they
were allowed to react with the soil for periods of 2, 4 and 8 weeks before
cropping. Thus, it was possible to measure the effect of time of reaction
on diffusion from the band and on plant availability of the various phosphate materials.
TABLE 1. Effect of water solubility of phosphorus, chemical form, and time allowed
for reaction with the soil on phosphorus availability (Means of three
replicates).
Fertilizer
Source
MCP
CMP +
CMP +
MCP +
CMP
MCP +
DCP
CPP +
CPP +
CPP

MCP
MCP
DCP
DCP
MCP
CMP

% of Total
P Water
Soluble
92
23
46
46
1
23
1
23
1
1

% of Total P in Plant from Fertilizer
Time in Weeks
2

4

8

Avg.

88.9
79.9
78.0
78.2
67.5
65.4
54.1
51.6
50.5
00.9

83.0
82.2
82.8
75.8
68.6
66.4
50.4
60.8
53.4
00.5

97.0
93.7
91.5
85.0
95.4
82.3
88.6
55.9
57.2
00.9

89.6
85.3
84.1
79.7
77.2
71.4
64.4
56.1
53.7
00.8

The relative uptakes of P 32 from the various treatments, based on the
per cent of total phosphorus in the plant from fertilizer, are shown in Table 1.
These data indicate that materials having extremely low amounts of water
soluble phosphorus were generally less effective than those having higher
water solubilities. However, there was no consistant relationship between
water solubility and availability. The MCP was definitely the superior
source of phosphorus when only a short period of reaction time with the
soil (2 weeks) was allowed before cropping. However, it is interesting to
note that even at this time the CMP and CMP -f- MCP mixtures having 1
and 23 per cent phosphorus water solubility were as effective as the MCP +
DCP mixtures having 23 and 46 per cent water solubility, respectively.
* Bhure, N. D. The importance of water solubility of various forms of phosphate to agronomic crops. Ph. D. Thesis, University of Wisconsin, Madison, 1960.
** Fertilizer materials were prepared by the Fertilizer Investigations Branch
ARS, SWCRD, U.S.D.A., Beltsville, Maryland.
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After 4 weeks reaction time, there was no significant difference in the
availability of MCP and mixtures of CMP -f MCP having either 23 or 46 %
phosphorus water solubility. After 8 weeks reaction time, the CMP source
was equally as good as any of the three sources mentioned above.
The higher degree of availability at equivalent water solubilities for
materials having CMP as their chief component and the relatively rapid
increase in their availability with time were believed to be due to hydrolysis
of the CMP after it was applied to the soil. The CPP remained relatively
unavailable even after the longest reaction period.
Autoradiographic studies. In order to study the movement of phosphorus
from the fertilizer band and to relate its movement to plant availability,
autoradiographs were made for all of the treatments.

Figure 1. Autoradiograph showing the effect of water solubility and chemical
form of various phosphate sources on the movement of phosphorus from the
fertilizer band.
The samples were prepared for autoradiography by impregnating them
with resin and sectioning with a diamond saw. The one-quart carton
containing the undisturbed sample was put in a slightly larger metal can
and placed under a bell jar. The bell jar was evacuated to a pressure of
5 mm. Hg with a vacuum pump, and a 50 : 50 mixture of styrene: Laminae
resin containing a few drops of Castellite hardener was introduced into the
sample through a funnel fitted with a stopcock. The vacuum was maintained
with the pump while the mixture was being added. After the soil was completely covered and enough excess solution was added to insure that all the
large pores in the soil would be filled, air was allowed to enter the bell jar
so that the atmospheric pressure forced the impregnating solution into the
sample. The samples were then placed in an oven at 100°C for 24 hours to
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IV.67
harden. Specifications of the apparatus used in the impregnation procedure
have been described in detail by Buol*.
After the sample hardened it was cut vertically at right angles to the band
with a diamond saw and washed with acetone to remove the cutting oil and
loose particles. Autoradiographs were then taken by placing non-screen
x-ray film tightly against the cut surface and exposing it for a 48 hour
period in a light-tight box. The film was then developed, and prints were
made.
The autoradiograph in figure 1 shows the distribution of phosphorus
around the fertilizer bands after a two-week reaction period with the soil.
Although the DCP, CPP and CMP had similar water solubilities, substantially more movement of phosphorus had occurred from the band
containing CMP. This was a further indication that considerable hydrolysis
of the CMP had already occurred. As would be expected, the greatest
movement of phosphorus occurred from the band containing the highly
soluble MCP.
Autoradiographs obtained from samples allowed to react longer than two
weeks showed increased movement of phosphorus from bands containing
CMP and DCP but relatively little change in the pattern for MCP. There was
no appreciable movement of phosphorus from the band containing CPP at
any time.
The movement of phosphorus from the band appears to be well correlated
with crop values.
AVAILABILITY OF SUBSOIL PHOSPHORUS

Information concerning plant uptake of phosphorus from subsoils is of
practical importance in interpreting soil tests in terms of fertilizer requirements. If the tests are made on samples from the plow layer only, any
contribution from the subsoil is neglected. If additional tests are made on
samples from subsoil horizons, the interpretation is difficult unless the
plant's ability to extract available nutrients from those horizons is known.
Therefore, the purpose of this study was to determine the plant's ability to
extract phosphorus from subsoil horizons.
Field studies. Radiotracer techniques have been used to study the ability
of various plants to extract nutrients from various depths in the soil (2,
4, 5, 6). These techniques are particularly well adapted for this type of
study because they enable one to determine the time at which a plant starts
to feed at a particular depth, the rate at which it extracts nutrients from
that depth, and the total amount extracted over a growing season relative
to the amounts extracted from other depths.
The general procedure used in all of these studies was to place P 32 at
specific depths in the soil and to measure the relative recovery
from each
depth by various plant species. Methods for placing the P 32 at the desired
depth have varied from pouring solid labeled phosphorus compounds down
a glass tube (5) to injection of labeled solutions through specially constructed needles (2, 6).
The procedure followed in this laboratory has been that of Murdock and
Engelbert (6). A solution containing labeled KH 2 P0 4 was injected into the
soil at the desired depth through a specially constructed needle designed to
give minimum disturbance of the soil horizons through which it penetrated.
A number of 50-ml injections, usually 20, were made in a 40" X 40" grid
* Buol, S. W. Clay skin genesis in Wisconsin soils. Ph. D. Thesis. University of
Wisconsin, Madison. 1960.
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pattern at each sampling site. The relative amounts of P 32 taken up from
the different depths were then obtained by analyzing the plants at the end
of the growing season. This method has been used to demonstrate the importance of subsoil phosphorus for a number of crops including corn (6)*,**,
alfalfa**, bromegrass** and various vegetable crops***.
Results of five years experiments with corn on a number of soil types have
shown a fairly consistent phosphorus uptake pattern from the various soil
depths. If the average uptake from the 0—6 inch depth is assigned a value
of 100, the relative uptake values from various depth zones along with the
standard deviation from those values are as follows: 0—6 inch depth:
100, ± 17; 6—12 inch depth: 80, ± 19; 12—18 inch depth: 39, ± 12; 21—27
inch depth: 32, ± 10. It must be remembered that these values are only a
relative indication of the plants' ability to extract phosphorus from these
depths. The actual amount taken up from a given depth will also depend
on the amount of phosphorus present in available form at that depth.
However, the data show very clearly that available phosphorus in the
subsoil can contribute very significantly to the total phosphorus taken up
by the corn plant.
Greenhouse studies. One of the problems inherent in a field study like that
described above32is that certain soil factors may influence the relative availability of the P applied in the different soil horizons. These factors include
differential fixation, structure effects which could cause channeling of both
the injected solution and plant roots, and variation in water relationships
(phosphorus uptake from a dry soil is slight).
Experiments utilizing P 32 were set up to study the effects of these factors
on the uptake of applied P 32 from three horizons of Waupun silt loam****. The
effect of differential fixation among the horizons was evaluated by atomizing
P 3 2 solution onto the sieved soils from the various horizons and determining
the amounts subsequently recovered by oats in a greenhouse study. The
relative uptakes from this study were compared with relative uptakes of
TABLE 2. Effect of soil horizon, soil s preparation
and method of P " application
on the uptake of applied P a by oats in the greenhouse {Means of three
replicates).
Treatment
P " atomized onto sieved soil
P " injected into natural-structured soil

Horizon
A,
A3
Bs
A,
A,
B,

% Uptake of P
Applied
10.1
7.8
6.8
12.6
18.9
11.8

* Breska, G. J. Phosphorus test evaluations by field and greenhouse studies.
M. S. Thesis, University of Wisconsin, Madison. 1958.
** Jankus, J. W. Plant uptake of radiophosphorus injected at various soil
depths. M. S. Thesis, University of Wisconsin, Madison. 1959.
*** Hammes, J. K., Uptake of radioactive phosphorus from various soil
horizons by carrots, onions and potatoes. Annual report, Wis. Agr. Expt. Sta.,
Madison. 1960.
* ** * Waugh, D. L., Effect of soil structure, soil moisture and phosphorus fixation
on plant uptake of applied phosphorus. M. S. Thesis, University of Wisconsin,
Madison. 1960.
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P 32 injected into equivalent volumes of natural-structured cores from the
same soil horizons. The P 32 was injected into the cores in a manner similar
to that used in the field experiment. The results of the two experiments are
given in table 2. These data indicate that fixation of the atomized P 32
increased with depth resulting in reduced uptake from the lower horizons.
However, the uptakes of injected P 32 from the natural-structured cores did
not show the same trend (the A3 showed much higher uptake than the Ap
or B2) which indicated that other factors were more important than differential fixation in controlling the availability of the injected P 32 .
Autoradiograph studies. It was thought that a knowledge of the distribution pattern of the injected P 32 might aid in interpreting the greenhouse
results. To accomplish this, P 32 solution was injected into natural-structured
cores from each of three horizons. After equilibration, the cores were dried
and impregnated with a styrene: Laminae resin mixture by the previously
described method of Buol. The impregnated cores were dried, and the
resulting solid cores were cut into 1/16 — inch horizontal slices with a
diamond saw. Slices taken at one-inch intervals above and below the point
of injection were used for the autoradiographs presented in figure 2. Autoradiographs of the Ap horizon are not included due to difficulties encountered
in the impregnation procedure.

Figure 2. Autoradiographs showing distribution of injected P82 in naturalstructured cores from A3 and B, horizons of Waupun silt loam at 1-inch intervals
above ( + ) and below ( —) the point of injection (actual size of each autoradiograph, 9 cm x 9 cm).
The most striking difference in distribution of the injected P 32 in the A s
and B 2 horizons, as seen in figure 2, is the much greater volume of soil
contacted in the B 2 horizon. While this larger volume of soil contacted by
the P 32 would give a greater chance for root contact with the P 32 , it would
also present more
soil surface for fixation of the applied phosphorus. Since
the uptake of P 32 from the A3 horizon was much greater, 18.9 % compared
to 11.8 %, it would appear that the increased fixation brought about by
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the greater volume of soil contacted by the P 32 solution in the B 2 horizon
overshadowed the effect of increased root contact.
The greater movement of the injected P 32 in the B 2 than in the A3 horizon
might be a result of the better structural development in the B 2 . The autoradiographs of the B 2 horizons in figure 2 show some slightly brighter lines
which indicate that the solution may have been moving through channels
along ped surfaces to some extent, rather than completely saturating the
whole mass of soil as it moved out from the point of injection.
The autoradiographs used in this and the previous study have given
information which would have been difficult, if not impossible, to obtain
by other methods. There are undoubtedly many other studies where the
supplemental information furnished by this technique would be extremely
valuable.
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SUMMARY

The relative availabilities of monocalcium phosphate (MCP), dicalcium
phosphate (DCP), calcium metaphosphate (CMP), calcium pyrophosphate
and various mixtures of these materials were determined by short term uptake procedures. Autoradiographic studies were used to measure the rate
and extent of phosphate movement from fertilizer bands containing these
materials and the movement appeared to be well correlated with crop
uptake values.
Radiotracer techniques were also used to study the ability of various
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crops to recover nutrients from the subsoil. Since the method involved the
use of labeled phosphorus injected into various subsoil horizons, the recovery
of this material would be effected by factors such as differential fixation,
channeling of the injected solution and moisture content. Greenhouse and
autoradiographic techniques were used to study the effects of some of these
factors.
RÉSUMÉ

Les disponibilités relatives du phosphate mono — (MCP) et dicalcique
(DCP), du métaphosphate (CMP) et du pyrophosphate de calcium, ainsi
que de différents mélanges de tous ces matériaux, ont été déterminées
par des méthodes d'absorption rapide. Il a été fait appel à l'autoradiographie pour mesurer la vitesse et l'ampleur du mouvement des phosphates
à partir de bandes d'engrais, mouvement qui accusait des excellentes
corrélations avec les quantités absorbées par les plantes. Des traceurs
radioactifs ont été utilisés pour étudier le recouvrement par diverses cultures
d'éléments nutritifs du sous-sol. Puisque la méthode nécessitait l'injection
de phosphore marqué dans différents horizons du sous-sol, on pouvait
s'attendre à des interférences dues à la fixation différentielle, à la formation
de canaux préférentiels et à l'humidité du sol. Des cultures en serre et des
techniques d'autoradiographie ont été utilisées pour étudier l'effet de
certaines de ces interférences.
ZUSAMMENFASSUNG

Die relative Ausnützbarkeit von Monocalciumphosphat (MCP), Dicalcium
phosphat (DCP), Calciummetaphosphat (CMP), Calciumpyrophosphat und
verschiedenen Mischungen dieser Salze wurde nach verschiedene Arbeitsmethoden zur Aufnahme auf kurzem Termin bestimmt. Autoradiographische
Studien wurden angewendet um das Mass und die Verbreitung der Phosphatbewegung aus den diese Düngemittel enthaltenden Düngerringen zu messen;
die Bewegung scheint mit den Aufnahmebeträgen durch Gewächse wohl
korreliert zu sein.
Auch wurde mit radioaktiven Spurenelementen gearbeitet um das
Vermögen verschiedener Gewächse sich Nährstoffe aus dem Untergrund zu
verschaffen, zu studieren. Da diese Methode den Gebrauch von markiertem P, in verschiedene Unterbodenschichten eingespritzt, umfasst, dürfte
die Aufnahme dieses Materials wohl durch Faktoren wie die Differentialfixierung, die Leitung der eingespritzten Lösung durch den Boden und den
Gehalt an Bodenfeuchtigkeit beeinflusst werden. Manche dieser Faktoren
wurden im Gewächshaus und mit autoradiographischen Methoden näher
studiert.
DISCUSSION

N. P. DATTA: Comments: In movement of fertilizer phosphorus study we
have also used the autoradiographic technique which consisted in having the
soil in split plastic tubes with sutures sealed with cellotape. A stretched pianoforte wire passed through the soil column at the end of the experiment gives
smooth uncontaminated soil sections for autography.
The method, we think, is simpler than the one proposed here. With this
method, we have studied depth of movement and distribution of phosphorus
under the influence of irrigation, organic matter and flooding.
J. T. MURDOCK: We considered this method and tried it, but dit not use it
for the following reasons:
1. We were interested in phosphorus movement along ped surfaces. The
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movement of the wire through the soil disturbed the fine detail and did not
provide the possibility of thin sectioning.
2. The plasticized cores are extremely stable and may be handled and stored
without danger of crumbling.
3. The method used makes it possible to use undisturbed cores from fertilizer
bands in field plots.
4. These samples may be made as thin section for pétrographie examination.
K. MENGEL: May one draw a conclusion from the labeled P in the plant on
P-fixation in the soil? There are at least two factors controlling P-content in
the plant, the fixation power of the soil for P and the available
whole amount
of stable P in the soil. If the last is high, you will get a low P 32 concentration in
the plant, although the fixation power may be low.
J. T. MURDOCH: This of course is true, provided there is a variability in the
amount of stable phosphorus in the soil. In these studies when comparisons were
made between horizons, large quantities of stable P were added so that the
small difference in the quantity of native P became insignificant. However,
the major point involved comparisons with different methods of placement
(atomized on sieved soil vs. injected in a natural structured core) on soil from
the same soil horizon.
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THE INFLUENCE OF FERTILIZER PLACEMENT ON 'A' VALUES*
by
D. A. RENNIE AND E. D.

SPRATT**

A great many factors affecting phosphorus fertilizer quality and usage,
and its interaction with soils and plants have been investigated since P32
was first used for soil and plant studies about two decades ago (7), The
use of tagged phosphorus fertilizers to determine the level of available
soil phosphorus is just one of the many avenues of soil fertility research
that has benefited from the use of P32.
Larsen (6), Fried and Dean (3) and Gunnarsson and Fredriksson (4)
assessed the phosphorus status of soils by mixing a known amount of tagged
phosphorus fertilizer through a soil, and comparing the specific activity
of the phosphate absorbed by plants grown on the soil with that of the
active fertilizer. The methods used by these investigators to calculate
the available phosphorus in soils were essentially the same; the nomenclature of Fried and Dean will be used here to illustrate the mathematical
computation. They assumed that the absorption of phosphate from a soil to
which a tagged phosphorus fertilizer had been added could be regarded as an
isotopic dilution, thus:
available soil P ('A' Value)
plant-P derived from the soil
available fertilizer P
" plant-P derived from the fertilizer
Solving for the 'A' value gives the following equation:
plant-P derived from the soil
, ,
„
,,
_ ,.,
•*•«—. T, -,—i—-;—-c—-—re—, ..,•
Xrate of apphc. of fert.-P= A value
r±
plant-P derived from the fertilizer
^
According to this equation, a plant when presented with two sources of
phosphorus, the soil-P and the fertilizer-P, will absorb phosphorus from each
source in direct proportion to the amounts available.
For a specific crop, soil, and growing conditions, the 'A' value is a constant.
A change in the rate of application (i.e. lb. P 2 0 5 per acre) of the fertilizer,
will effect a change in the ratio of Soil-P in the plant/Fertilizer-P in the
plant, such that the 'A' value remains constant. The units of the 'A' value
(lb. P 2 0 5 per acre) are in terms of the standard used, i.e. the fertilizer.
Russell et al (11) have questioned the validity of the application of simple
isotopic dilution to soil-plant systems. They present experimental evidence
which indicates that the isotopic exchange which occurs when the tagged
phosphate is mixed uniformly through a soil may be considerable; this
exchange is not of much importance when the availability of fertilizer and
(exchangeable) soil-P are identical, but if the soil-P is less or more available
than that of the standard used (the tagged fertilizer), the fertilizer uptake
will be either under or over estimated, respectively. Since, in general, the
availability of the soil-P is less than the fertilizer-P, an under-estimation
of the fertilizer uptake, and therefore, an 'A' value higher than the true
value will be recorded. Russell et al conclude that, since it is very difficult to
* Contribution from the Department of Soil Science, University of Saskatchewan, Saskatoon, Sask.
** Associate Professor of Soil Science and Research Assistant, respectively.
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measure the extent of isotopic exchange in soils, the measured available
soil-P calculated from tagged fertilizer experiments is of doubtful value. They
suggest that the use of tracer methods should be limited to special problems
such as the determination of the soil zones from which absorption is most
rapid, or in the studies of fertilizer placement, etc.
Sprinks and Barber (12) presented theoretical computations which
support the assumption that isotopic exchange does not affect the use of
P32 as a quantitative tracer for the fertilizer-P atoms, but these considerations do not necessarily verify that the use of P32 will provide an accurate
estimation of the actual fertilizer-P uptake.
McAuliffe et al (8) noted that isotopic exchange may influence the
interpretation of tracer phosphorus experiments. Tracer-P experiments
conducted on phosphate deficient soils in New Zealand (13) indicate that
isotopic exchange may influence results.
The objections raised by Russell et al (11) could readily be overcome
if provision could be made whereby the effect of the so-called isotopic
exchange would be minimized. Such a system should be readily realized
where band, rather than mixed placement of the active fertilizer is used.
Consider a simple homogeneous exchange reaction between the molecular
species A (fertilizer-P containing both P31 and P32) and B (soil-P) in
which the atom P, common to both, is exchanged under a specified set of
conditions at a constant rate R. McKay (9) has shown that the rate of
appearance of P32 atoms on the untagged soil-P should follow a simple
exponential law. This law is followed regardless of the number of exchangeable atoms in each species, the concentration of the radioactive atoms, or
the mechanism by which the exchange occurs. A more useful form of this
exponential law, the derivation of which is given by Myers and Prestwood
(10) is as follows:
R — rfr | ! • -±rr •
(A) + \&) t y2

w h e r e f o r a soil

s system,

R = the constant rate of exchange of P between the fertilizer-P and
the soil-P
(A) = the concentration of fertilizer-P (P31 + P32)
(B) = the concentration of soil-P (P31)
t Y2 = time necessary for the exchange to reach one-half completion.
It follows from this equation that if the fertilizer-P is concentrated in a
band, the value of A is much greater than B and, therefore, in the majority
of soil systems, the equation can be rewritten
AB

0.693

0.693

In the vicinity of the fertilizer band, the effective volume of soil, and consequently the value of B is very small and relatively constant for all soils.
Isotopic exchange can therefore be assumed to be constant (and possibly
negligible) for all soils where band placement of the active carrier is used.
Thus, the objections raised by Scott-Russell et al to the use of tagged phosphorus fertilizer for measuring available soil-P would be no longer significant.
A further objection to mixed placement of tagged fertilizer for 'A'
value determinations is the various chemical reactions that occur between
the fertilizer-P and soil constituents (14). Since soils differ appreciably in
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'fixation' capacity, the relative 'availability' of the tagged fertilizer standard
may be quite different in different soils.
The present investigation was designed to determine whether the criticisms of the 'A' value technique using mixed placement were valid, and
if band placement of the active carrier would eliminate these objections.
MATERIALS AND METHODS

A growth chamber experiment was set out which included treatments
designed to study the effect of isotopic exchange, and fixation on 'A'
values. A water soluble fertilizer, NH 4 H 2 P0 4 , and a relatively insoluble
carrier, a resin-P were used as sources of phosphorus.
TABLE 1. Characteristics of soils used.
Soil Type

Texture

pH

% O.M.

% CaCOa

Yorkton I
Yorkton II
Trossachs I
Trossachs II

L
L
CL
CL

8.2
7.4
5.8
6.0

5.4
5.6
4.2
4.4

8.0
2.60

Significant chemical characteristics of the Ap horizons of the four soils
used in the experiment are given in Table 1. The Yorkton is a black high
lime soil developed on resorted glacial till, the Trossachs a slightly acidic
dark brown solonetzic soil developed on slightly saline glacial till.
The fertilizer treatments included the two phosphorus carriers applied
at 50 and 100 lb. P 2 0 8 per acre. These fertilizers were banded with the
seed, and mixed uniformly throughout the soils respectively. One half
gallon glazed crocks containing four pounds of air dry soil were used.
Thatcher wheat served as the test crop.
The crop was harvested six weeks after seeding, and dried at 60° C.
The dried plant material was wet ashed according to the method of Bremner
and Harris (1), quantitative estimations of P32 made using a solution
counter * (14), and total phosphorus was determined by the meta-vanadate
method (5).
Preparation of the active fertilizer: The tagged fertilizers were prepared
using carrier-free P32 in the form of H 3 P0 4 obtained from the Atomic
Energy of Canada Limited, Ottawa.
iV^f 4 H 2 P0 4 -Reagent grade NH 4 H 2 P0 4 was dissolved in distilled water,
and sufficient P32 added to provide approximately 1000 ftc. per g. of P31.
The active phosphorus solution was diluted to an appropriate volume, and
the phosphorus applied in solution.
Resin-P - An anion exchange resin IR-4B 2 was mixed with IN NH 4 OH
and allowed to equilibrate for two days with occasional stirring. It was then
leached with distilled water until the pH of the filtrate dropped to 7.
Since drying reduced the activity of the resin, the wet resin was equilibrated with a solution of tagged H 3 P0 4 (1000 ne. P32/g P31) for 15 hours
(5 ml. solution/g dry resin). The resin adsorbed 98.1 % of the phosphorus
in solution (a ratio of P 2 0 5 : dry resin of 0.015 was used). The most satis* Type DM6 liquid geiger tube, manuf. by Twentieth Century Electronic
Ltd., New Addington, Surrey, England.
** Amberlite IR-4B, manuf. by Rohm and Haas Co., Philadelphia 5, U.S.A.
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factory method of determining the amount of phosphorus adsorbed was
to wet ash the resin using sulphuric-nitric-perchloric acid (1) and determine
the phosphorus colorimetrically (5). The resin was air dried prior to weighing appropriate quantities for the growth chamber experiment.
RESULTS

The 'A' value data obtained from the different fertilizer and placement
treatments are outlined in Table 2. The wide range in the phosphorus
TABLE 2. Effect of band placement and mixed placement of a water soluble fertilizer
(NH 4 H 2 P0 4 ) and an insoluble fertilizer (Resin-P) on 'A' values for
four soils.
Soil Type
Treatments
lb. P s 0 8 /ac.

Yorkton
II

mixed
mixed
banded
banded

69.5
78.5
39.8
38.2

176
197
118
117

171
172
68.0
77.3

259
289
161
165

16.0
13.7
15.1
22.1

B) Resin-P
50 mixed
100 mixed
50 banded
100 banded
L.S.D. (P = .05)

38.7
46.5
18.0
17.0
9.2

154
142
140
150
17.3

141
144
141

263
281
273

18.5
13.3
33.2

A)

Trossachs Trossachs
I
II

L.S.D.
P = .05

Yorkton
I

NHJH.POJ

50
100
50
100

—

15.5

—

12.9

—

fertihty levels of the four soils is exemphfied by the large difference in
'average' 'A' values, ranging from a low of 47 lb. per acre (Yorkton I), to
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Figure 1. Average 'A' values for the four soils.

a high of 240 (Trossachs II). (See Figure 1). While each average 'A' value
is significantly different from the other three, it is apparent from Table 2
that for certain individual treatments, i.e. resin-P mixed or banded, or
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NH 4 H 2 P0 4 — 50 lb. P 2 O s mixed, the 'A' values for two of the soils, Trossachs I and Yorkton II, are statistically identical. In contrast, the banded
NH 4 H 2 P0 4 treatments resulted in 'A' value data which clearly segregate the
level of available P in these two soils. In addition, widely differing 'A'
values were recorded for each soil depending on the treatment used (placement-fertilizer). These apparent discrepancies in the 'A' value data for
the different treatments can be attributed to either isotopic exchange, or to
fixation reactions.
Isotopic Exchange-Russell et al (11) showed that isotopic exchange would
result in an under-estimation of fertilizer-P uptake by plants such that 'A'
values would not remain constant, but would increase in magnitude as the
rate of application of the tagged fertilizer was increased. The increase in
'A' values as the rate of the NH 4 H 2 P0 4 -mixed treatments were increased
from 50 to 100 lb. P 2 0 5 per acre, readily seen from the average data plotted
in Figure 2 is suggestive of isotopic exchange. The data outlined in Table 2
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Figure 2. Effect of 'band' and 'mixed' placement of two phosphate carriers on
'A' values.
indicate that significant increases in 'A' values occurred for three of the
four soils. The marked constancy of the 'A' values obtained where NH 4 H 2 P0 4
was banded at different rates (Table 2 and Figure 2) suggests that this
'isotopic exchange' can be minimized by band placement. This supports
the theory postulated above. Where the water insoluble resin-P was mixed
throughout the soil, significant increases in 'A' values, with increasing
rate of application, only occurred for two out of four soils investigated.
Further evidence of the constancy of 'A' values with increasing rate of
application of fertihzer phosphorus is outlined in Table 3. These data
were obtained from field experiments set out on two soils using NH 4 H 2 P0 4
as a source of phosphorus, seed( band) placement of the tagged fertilizer,
and Thatcher wheat as the test crop.
Fixation of the tagged fertilizer -The two phosphorus carriers were used
in these experiments primarily to compare relative degrees of fertilizer-P
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TABLE

3. Constancy of'A' values, (lb.P206/ac.) using seed placement of NH,H,
P0 4 with increasing P a 0 5 applications.
(Field experiment, crop harvested at maturity.)
Soil Type

Rate of applic.
lb. P 2 0 6 /ac.

Melfort SiCL

Yorkton L

6
12
24
48
96
L.S.D.

60.3
68.2
63.2
58.6
56.3
N.S.

44.1
54.3
51.8
53.7
50.3
N.S.

fixation, if any, by the four soils. Placement resulted in marked differences
between 'A' values; the mean 'A' values where the fertilizers were mixed
with the soils, and banded, were 164 and 113, respectively. This marked
effect was largely due to a decrease in the availability of the water soluble
carrier, NH 4 H 2 P0 4 , when mixed throughout the soils (176 for the mixed
vs. 98 banded), since differences in the 'A' values between mixed and
banded resin-P were small and not significant (151 for the mixed vs. 141
banded).
The data given in Table 2 show that the marked alteration in the availability of a water soluble fertilizer such as NH 4 H 2 P0 4 , when mixed through
a soil, may seriously alter the apparent or measured 'available-P' level.
For example, the 50 lb. P 2 0 5 — NH 4 H 2 P0 4 — mixed treatment resulted
in statistically similar 'A' value data for the Yorkton II and Trossachs I
soils. (With the 100 lb. treatment, the rise in 'A' value due to isotopic
exchange reactions occurring in the Yorkton II soil, and the apparent
absence of any such effect in the Trossachs I soil resulted in significant
differences in 'A' values between these two soils.) In contrast, the banded
NH 4 H 2 P0 4 treatments suggest the level of available-P is considerably
lower in the Trossachs I than Yorkton II soil. This apparent discrepancy
can be attributed to the fixation of the fertilizer standard which occurred
to different degrees in the two soils. Since band placement minimized
'fixation' reactions that occurred between the fertilizer-P and soil constituents, 'A' values thus obtained reflect only differing levels of available
soil-P, and not a changing fertilizer standard.
An additional small experiment was conducted to determine the effect
of biological fixation on 'A' values, using both banded and mixed placement
of NH 4 H 2 P0 4 ; one soil, Trossachs II, and one rate of NH 4 H 2 P0 4 , 100 lb.
P 2 0 5 per acre, were used. The equivalent of 20 tons of wheat straw per acre
were mixed throughout the soil, and 400 lb. N per acre (NH 4 N0 3 ) added to
overcome any nitrogen deficiency. The results of this experiment are outlined in Table 4.
A comparison of the 'A' value data from the mixed placement-straw and
no straw treatments would suggest that a net mineralization of phosphorus
had occurred in the straw treatment, resulting in an absolute increase in
available soil-P of approximately 100 lb. P 2 0 5 per acre. In contrast, a
similar interpretation from the banded-straw and no straw treatments indicates a net soil-P biological fixation of approximately 45 lb. P 2 0 5 per
acre. These apparent contradictory observations can be attributed to marked
immobilization of the fertilizer-P which occurred in the mixed-straw
treatment; this resulted in greater fixation of the highly available fertilizer-P
than the soil-P and, consequently, the effective rate of application of the
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TABLE 4. The influence of incorporated wheat straw on 'A' values.
Treatments
Placement of
NH.HjPO,
Mixed
Mixed
Banded
Banded

Amendments
—
—
—
—

no straw; 150 lb. N/ac.
20 T/ac. straw; 400 lb. N/ac.
no straw; 150 lb. N/ac.
20 T/ac. straw; 400 lb. N/ac.
L.S.D. (P = .05)

'A' Value
lb. P , 0 6
289
381
165
120
37

fertilizer-P was reduced to a low, unknown, quantity. The immobilization
of the soil-P which was detected by the banded treatments (which were
not subject to fixation) was masked with mixed placement. Thus, further
evidence has been presented to show that changes in availability, or 'effective' rate of application of the tagged fertilizer standard with mixedplacement, can seriously invalidate the 'A' value data obtained.
CONCLUSIONS

Theoretical considerations were reviewed which indicated that isotopic
exchange, mooted as a possible and perhaps serious factor invalidating
tracer-P ('A' value) experiments, may be disregarded where band (seed
placement), rather than mixed placement of the tagged carrier is used.
This hypothesis was confirmed experimentally from 'A' value data obtained
from an experiment in which two phosphorus carriers, NH 4 H 2 P0 4 and resin-P,
were mixed throughout four soils and placed with the seed (banded).
It was further shown that the reversion of the tagged fertilizer, when
mixed throughout the soils, to less available forms which occurred to
varying extents in the different soils, seriously invalidated the 'A' value data.
Band placement effectively minimized 'fixation' reactions that occurred between the fertilizer-P and the soil constituents, thus insuring that the
'A' value data obtained only reflect differing levels of available soil-P,
and not a changing fertilizer standard.
In the presence of decaying organic residues (straw) mixed placement
of the fertilizer-P resulted in an increase in the 'A' value as compared to
a 'no straw' treatment. This was shown to be due to immobilization of the
fertilizer standard, rather than release of phosphorus from the straw. When
the fertilizer-P was banded with the seed, the 'lower' 'A' value indicated
immobilization of the soil-P.
It is concluded that 'A' values obtained from mixed placement of the
phosphorus fertilizer may reflect isotopic exchange and fertilizer-P fixation
in addition to the level of available soil-P. The limited soil: fertilizer contact
afforded by band placement minimized the effects of isotopic exchange
and fertilizer-P fixation, thereby resulting in a more valid measurement of
soil-P availability.
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SUMMARY

Experiments confirmed t h e hypothesis t h a t isotopic exchange m a y be
disregarded where band placement of the tagged carrier is used. Band
placing also minimized effectively the reversion of t h e tracer P-fertilizers t o
less available forms, thereby resulting in a more valid measurement of
soil-P availability. I n t h e presence of decaying organic residues mixed
placement of t h e fertilizer-P resulted in an increase in t h e 'A' value as compared to a 'no straw' treatment.
RÉSUMÉ

Des expériences ont confirmé l'hypothèse qu'il ne fallait pas tenir compte
de l'échange isotopique lorsque l'engrais marqué était placé en bandes.
Ce placement réduisait également au minimum et de manière effective la
dégradation des engrais P marqués vers des formes moins assimilables, ce
qui donnait lieu à une mesure plus valable de la disponibilité du P du sol.
E n présence de résidus organiques en voie de décomposition, u n placement
mixte du P engrais donnait lieu à une augmentation de la valeur 'A' p a r
rapport au traitement sans paille.
ZUSAMMENFASSUNG

Die Hypothese dass Isotopenauswechselung, wo Aussaat des markierten
Trägers in Reihen stattfindet, vernachlässigt werden kann, wurde durch
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Experimente bestätigt. Aussaat in Reihen brachte auch die Umsetzung von
Dünger-Spuren-P in weniger zugängliche Formen auf ein Minimum,
woraus ein wertvolleres Mass der Verfügbarkeit des Boden-P hervorging.
In der Gegenwart sich zersetzender, organischer Reste h a t gemischte
Aussaat des Düngerphosphors eine Zunahme des 'A'-Wertes im Vergleich
zu einer 'kein Stroh'-Behandlung zur Folge.
DISCUSSION

H. KICK: What crop did you use for the experiment with straw? If 20 tons
of straw was added with 400 lbs. of N, the C/N ratio was still fairly high. Did
you find a decrease of yield in consequence of this relatively high ratio?
D. A. RENNIE: Thatcher wheat was used as a test crop in the straw experiment. The 400 lbs. of N per acre reduced the C : N ratio of the straw to
approximately 25 : 1. At this rate of N fertilization, maximum yields of forage
were obtained.
N. P. DATTA: In India we have conducted 'A' value determinations on
more than 100 different soils and have observed that in most cases the 'A' value
changes with the dosage of phosphate fertilizer. One of the basic principles in
such determinations is that the plant has equal chances of tapping the fertilizer
and soil phosphorus. To what extent is this requirement met when the fertilizer
is band placed ? Further, these experiments have been carried out in pots where,
due to the limited volume, root distribution is quite different than it is in the field.
To what extent can such results be applied to field conditions?
D. A. RENNIE: The resin phosphate fertilizer was included in this study
primarily to determine whether 'band' and 'mixed' placement would result
in equal positional availability of both soil and fertilizer-P. As the average 'A'
values obtained for banded and mixed resin-P were very similar, it can be
concluded that both the banded fertilizer-P and soil-P were equally available to
the plant.
Under field conditions 'A' values obtained from banded applications of
active fertilizer reflect very closely the soil-P that is available to the plant.
When speaking of available soil-P under field conditions, it is essential that
we keep in mind the soil-P that the roots can pick up, thus, where root distribution is sparee the measured 'A' value is low.
Chemical soil extracts do not take into account the total volume of soil
from which roots are able to derive the P. Since 'A' values using band placement
reflect not only the chemically available P but, in addition, the total soil volume
expropriated by the roots, they have in our experience proven a very accurate
means of measuring available soil-P under given environmental conditions
during any one year.

543

7 T H I N T E R N , CONGRESS O F SOIL SCIENCE, MADISON, WISC, U.S.A., 1960

IV.69

UPTAKE OF APPLIED IRON BY SOYBEANS FROM CALCAREOUS
SOIL TREATED WITH PEAT-BASED HUMATES AND SYNTHETIC
CHELATES
by
R. G. BURAU, R. G. WHITE, AND J. M. MACGREGOR*

Iron deficiency chlorosis has been shown to affect soybeans, flax, and
various ornamental plants growing on alkaline soils in western Minnesota
developed from calcareous lacustrine or glacial till deposits. Sidedressing
chlorotic plants in the field with synthetic alkali-stable iron chelates,
consistently alleviated the deficiency symptoms. However, lowest effective
sidedress application rates still require quantities of these materials which are
at present too costly for practical use on soybeans and flax. Therefore,
either the technique of synthetic chelate application must be improved, or
less expensive agents must be developed.
Various workers (2, 3, 8) have shown that humic substances are capable
of supplying iron to plants in solution cultures of high pH and/or high
phosphate content. It was therefore deemed advisable to investigate the
iron supplying power of humate iron prepared from native peat sources
relative to an iron salt and to synthetic iron chelates known to be effective
in alleviating iron deficiency chlorosis in plants grown on these soils.
M E T H O D S AND

MATERIALS

Soil used was a Hegne silty clay taken from an area which produced
chlorotic soybeans in the previous season. This sample contained 9.3 %
organic matter, 14 % sand, 44 % silt, 42 % clay, and 6 % CaC0 3 equivalent;
paste pH was 7.8, conductivity of the saturation extract was 1.37 mmhos/
cm. at 25° C. and one-third atmosphere moisture percentage was 32 %.
The bulk sample was air-dried and crushed to pass a 5 mm. screen before
weighed subsamples were placed in number 10 tin cans lined with three
polyethylene film bags. Ten soybean plants (Glycine max, var. Ottawa
Mandarin) were grown per can. Soils were watered daily with deionized
water distributed by a semi-automatic watering device to a can weight
which corresponded to the one-third atmosphere soil moisture percentage
neglecting the increased weight due to plant growth. Soybeans were allowed
to grow for five weeks prior to the application of treatment solutions to the
soil surface.
Two synthetic chelates*, ethylenediamine di-(o-hydroxyphenylacetic acid)
(EDDHA), and N-hydroxyethylethylenediaminetriacetic acid (HEEDTA)
were converted to iron chelates by combining a 5 % molar excess of their
sodium salts with freshly dissolved AR grade ferric chloride. Ferric chloride
treatments included 0.1 N HCl to maintain iron solubility prior to addition
to soil.
* Research Assistant, Department of Soils; Research Fellow, Department of
Chemical Engineering; and Professor of Soils, University of Minnesota, St. Paul,
Minnesota.
Paper No. 4430 of the Scientific Journal Series, Minnesota Agricultural Experiment Station.
* EDDHA was obtained from the Geigy Chemical Corporation, P.O. Box
430, Yonkers, New York; HEEDTA was obtained from the Dow Chemical
Company, Midland, Michigan.
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TABLE

1.

Preparation of Humate Solutions

Preparation of Humate-Fe Solutions

Peat
Type (See
footnotes)

Moisture
%

Alkali Extractant

A.

10%

1 % KOH

A.

10 %

A.

Addition of Iron
Conc'n.
of Humate
Sol'n. (mg.
H.A.*/ml.)

Source

Fe/H.A.*
rates
(mg./mg.)

Final pH

Final Fe
Conc'n.
(mg./ml.)

Prep.
No.

17.2

Fe (OH),
Fe 2 (S0 4 ),
Fe (OH),

0.18
0.08
0.18

7.5
8.0
8.0

0.66
1.06
0.87

I.
II.
III.

0.5 % KOH

3.5

Fe (OH),

0.18

7.7

0.13

IV.

10%

0.5N NH.OH

9.2

FeS0 4 -(NH 4 ) s S0 4
Fe,(S0 4 ) 3
Fe (OH,)

0.18
0.08
0.08

7.0
7.5
9.0

1.35
0.62
0.25

V.
VI.
VII.

B.

75%

0.5N NH 4 OH

3.2

Fe,(S0 4 ),
Fe,(S0 4 ),

0.18
0.18

7.6
8.8

0.84
0.54

VIII.
IX.

C.

ca. 75 %

0.5 % KOH

13.5

Fe 2 (S0 4 ),

0.08

6.7

1.26

X.

20.0
20.0
20.0

Fe (OH)3
- Fe s (S0 4 ),
Fe (OH) 3
Fe a (S0 4 ),

0.18
0.08
0.33

7.0
7.2
9.3

0.83
0.98
0.53

XI.
XII.
XIII.

—

8.9

Dried humic acids pre-isolated from peat
A. & dissolved in dilute KOH.
B.

75 %

0.3N NH 4 OH

-

-

A. A mixed reed sedge /sphagnum moss peat moderately to well disintegrated.
B. A decomposed woody peat (used while fresh and moist).
C. A partly decomposed reed sedge peat (fresh and moist).
•Refers to humic acids; determined by acid precipitation, isolation by centrifugation, and drying at 115° C. for 24 hours.
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Details of the general procedures for the preparation of humate-solubilized
iron solutions are shown in Table 1. Five solutions of potassium or ammonium humate were prepared by extraction of 3 peats with dilute KOH
or NH 4 OH at room temperature and isolation of the solution by filtration.
A sixth humate solution was made by dissolving in dilute KOH a sample of
a laboratory stock of dry humic acids (prepared by similar extraction and
subsequent evaporation of the solution at 60° C).
The above humate solutions were then employed for the preparation of
13 solutions (I—XIII) of solubilized (chelated) iron (also referred to as
humate iron). Six were prepared by first adding freshly precipitated,
washed Fe(OH) 3 to an alkaline humate solution and adjusting the pH. The
mixture was then shaken about 100 hours under N2 and finally centrifuged
to remove insolubles. The remaining seven were prepared with ferric sulfate
or ferrous ammonium sulfate as the iron source. In these cases, the sulfate
solution (20 mg. Fe/ml.) was added slowly with continuous stirring to the
alkaline humate solution. The pH was maintained neutral or slightly alkaline by simultaneous addition of dilute, NH4OH or KOH. The mixture
was finally agitated and centrifuged as above.
Preparation XIV was made by adding 3 ml. of cone. NH4OH to a slurry
consisting of 40 g. of peat B. in 100 ml. of water, agitating for 2 days,
treating the mixture with 7.0 ml. of Fe 2 (S0 4 ) 3 (20.7 mg. Fe/ml.), and
shaking an additional 100 hours.
Radioactive iron as Fe69Cl3 in dilute HCl solution obtained from the
Oak Ridge National Laboratory, Oak Ridge, Tennessee, was added to each
treatment solution at a rate equivalent to 40 nc. per can. Individual treatment solutions were diluted to approximately 150 ml. with deionized
water and ferric chloride solutions were then adjusted with HCl to 0.1 N
acidity. Soils were not watered for 24 hours prior to the addition of treatment solutions.
After treatment application, plants were allowed to grow for thirty
days before above-ground plant parts were removed for radioanalysis. One
gram sub-samples of dried, ground tops were wet-ashed with nitric and
perchloric acid and made up to 50 ml. with deionized water. A 750 A
aliquot was dried to a thin film on an aluminum planchet for Geiger-Muller
scaler counting. Radioactive standards
were prepared by inoculating plant
samples from check cans with Fe59Cl3 and treating as above. Calculations
for uptake of applied iron were made assuming no plant discrimination
between radioactive and non-radioactive iron.
RESULTS AND

CONCLUSIONS

Humate-Fe preparations were applied at rates of 20, 50 and 80 pp2m
Fe, but some products were applied at only one or two of these three rates
to limit the physical size of the experiment. Ferric chloride in acid solution
was also applied at 20, 50 and 80 pp2m Fe, but an additional ferric chloride
series with sucrose added at a rate of 500 pp2m was included to provide a
source of readily oxidizable organic matter. This series was intended to
stimulate reducing conditions possibly arising from rapid oxygen-consuming
microbiological decomposition reactions with the organic fraction of the
humate-Fe preparation. The synthetic chelate EDDHA-Fe was included
in the experiment to represent an iron chelate which does not appreciably
fix on clays (6) while HEEDTA- Fe represented one which does fix on clays
(5). Rates of chelated iron application (0.08, 0.40, 2 and 10 pp2m Fe) were
selected to bracket lower effective rates determined by field experience.
Chlorosis was not present in plants before treatments were applied.
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TABLE 2. Average dry matter yield and added iron concentration in soybean tops following soil treatment with various iron containing
solutions.
Material1-2

1

Application
rate
(pp2m Fe)

HEEDTA-Fe
EDDHA-Fe

0.08
0.08

HEEDTA-Fe
EDDHA-Fe
HEEDTA-Fe
EDDHA-Fe
HEEDTA-Fe
EDDHA-Fe
FeCl,
FeCl 3 + 500
pp2m sucrose

0.40
0.40»
2
2
10
10
20
20

I
IV
VI
VII

Added Fe
in plant
(ppm)
0.022
0.062
0.29
10.1
1.7
5.6
5.3

21.6

Dry

matter
(g./can)

Material1'11

7.8
8.4

FeCl 3
FeCl 3 plus
500 pp2m sucrose

8.9
9.9
8.8
9.1
9.6
9.0

9.4
8.8

10.0

20
20
20
20

4.8
4.2
3.8
3.5

9.0
9.1
8.1
9.3

X
XII

20
20

4.8
5.0

Check

—

—

8.7
8.4
8.6

8.8

I
II
III
V
VI

VIII
IX
XI

XIII
XIV

FeCl 3
FeCl, + 500
pp2m sucrose
I
VI
XII

Application
rate
(pp2m Fe)

Added Fe
in plant
(pp2m)

50
50

23
26

9.2
8.8

50
50
50
50
50
50
50
50

15
11
11
14
13
12
12
12

8.6
8.9
8.0
8.4
9.0
9.1
9.3
8.5

10
25
26

8.6
7.2
8.1
8.5

24
15
20

8.7
8.1
8.9

50
50
80
80
80
80
80

0.2«

FeClj and FeCL 3 plus sucrose treatments include 15 me. HCl.
Roman numerals refer to humate-Fe preparation numbers assigned in Table 1.
* Fe applied at 0.4 pp2m rate but ligand applied at a rate equivalent to 4.0 pp2m Fe.
* Accuracy impaired by low radioactive count. Plants developed iron deficiency symptoms 13 days after treatment.
2

Dry

matter
(g./can)

IV.69
However, definite symptoms of iron-deficiency chlorosis developed thirteen
days after treatment in both cans treated with humate-Fe preparation XIV
which was applied only at the 50 pp2m rate.
Average dry matter yields (Table 2) ranged from 7.2 to 10.0 g. per can.
The lowest yield was recorded for the chlorotic fohage which developed in
soil treated with humate-Fe preparation XIV.
Concentrations of added iron in plants varied from 22 parts per billion
to 26 parts per million. Since serious departures from the assumptions
specified by the analysis of variance probably occur in these data, statistical
analyses were performed on radioactive count data using a square root
transformation. The transformed data were analyzed with the StudentNewman-Keuls multiple range tests as outlined by Fédérer (4) subdividing
treatment means into groups of treatments on the basis of similar rates of
iron application. The 5 % significance level was chosen and it was assumed
that statements made on transformed data applied to iron concentration
data in Table 2.
The concentration of added iron in plants increased with increasing
rate of application for all materials except for EDDHA-Fe applied at
0.4 pp2m Fe which gave an added iron concentration approximately twice
that from the 2 pp2m rate. Due to a computational error during the preparation of the 0.4 pp2m solution, ten times more ligand than necessary to
chelate the correct amount of iron was included in the preparation. Apparently the excess ligand increased the plant recovery of added iron. Compared
at the same application rate, EDDHA-Fe was three to four times more
effective as a source of iron than HEEDTA-Fe. HEEDTA-Fe at the 10 pp2m
rate and EDDHA-Fe at the 2 pp2m rate gave plant iron concentrations
equivalent to or slightly superior to humate-Fe treatments applied at the
20 pp2m rate.
The addition of sucrose did not significantly affect plant iron concentrations derived from FeCl3 at any of the rates studied. With the exception
of humate-Fe XIV, no significant differences were found in uptake of
added iron from different humate-Fe preparations within one application
rate. Ferric chloride treatments at the 20 pp2m rate gave significantly
higher plant iron concentrations than any of the humate-Fe preparations
applied at the same rate. At the 50 and 80 pp2m rates, ferric chloride treatments were not significantly superior to humate-Fe preparations.
The absence of significant differences in iron-supplying power within
the various humate-Fe preparations was rather59surprising. Radioiron was
incorporated in all humate preparations as Fe Cl3 while one of the preparation variables was form of iron (Fe(OH)3, Fe 2 (S0 4 ) 3 , FeS0 4 - (NH4)2S04) •
To the extent that radioiron was present in the final preparation in a form
different from non-radioactive iron, uptake of radioiron would not reflect
these preparation differences. Soluble ironin preparation V (FeS04- (NH4)2S04)
probably converted to the ferric form before soil application due to
exposure to atmospheric oxygen as suggested by Horner et al. (7). If the
iron added to humâtes as ferric hydroxide was solubilized by chelation,
then radioiron uptake probably reflects the true supplying power of these
preparations. In any event, radioiron uptake would evidence preparation
differences due to peat type or alkali extraction procedure. Apparently
these variables do not give rise to products varying in iron supplying power.
Humate-Fe preparation XIV was an exception to the general statement
of no difference between humate-iron preparation. This preparation was
essentially a slurry from which particulate peat was not removed by centrifugation. Uptake of iron from this preparation was significantly lower
than from other humate preparations applied at the same rate. Although
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Fe 2 (S0 4 ) 3 was included in the preparation, all plants in both cans treated
with this preparation became chlorotic 13 days after treatment. This
suggests that preparation induced the deficiency symptoms by lowering
the availability of added and native iron. This phenomenon may have
occurred because of a competitive effect of peat or humate on root absorption of iron due to an excess of iron chelating or precipitating capacity
of the slurry not satisfied by added iron plus native iron. The concept of
competitive chelating capacity has recently been proposed by Brown et al.
(1). The performance of preparations I—XIII may possibly have been
improved by increasing the Fe/humic acid ratio.
As a further item of speculation, it may be suggested that changes in
the sequestering capacity of native soil organic matter induced by unspecified factors may actually contribute to the production of iron deficiency
chlorosis in plants growing on these soils. Certain field observations supporting this suggestion might be mentioned. In Minnesota, chlorosis occurs
on soil relatively high in organic matter. Chlorosis generally develops in
the spring when surface soil temperature and soil moisture conditions are
conducive to rapid microbiological turnover of organic matter with the
possible liberation of organic compounds having high chelation capacities.
Chlorosis seldom occurs in lower (i.e. colder and wetter) portions of these
fields. It is not suggested that this mechanism, if it exists, exerts more than
a complicatory effect on chlorosis development.
From the data obtained in this experiment, humate-Fe preparations
are equivalent to or slightly inferior to acidic ferric chloride solutions as
a source of applied iron following application to calcareous, high organic
matter soils. Both ferric chloride and humate iron treatments were inferior to
the synthetic iron chelates. Further development of alkali extracts from peats
as amendments to calcareous, chlorosis - producing soils for the purpose
of increasing availability of added iron does not appear warranted.
However, these preparations may be more efficient sources of added plus
native iron than the data in Table 1 indicate. Isotopic exchange with native
iron may have masked total iron supplying power. The results obtained
with preparation XIV indicate that this may not be an important consideration.
Since all treatments contained 40 nc Fe69 when applied, statistical
comparisons of radioiron uptake were made, again using the square root
transformation. Concentrations of radioiron in soybean tops from humateFe preparations within rates or materials were not significantly different,
except the plant concentration from preparation XIV which was significantly lower than from other preparations. Average concentrations from ferric
chloride at the 20 pp2m rate were significantly higher than from ferric
chloride at the 50 and 80 pp2m rates, and were also higher than concentrations from humate preparation at all rates.
Plant radioiron concentrations from synthetic chelates (Figure 1) were
markedly affected by rate of total iron application. For HEEDTA-Fe
the increase between the 0.08 and the 0.4 pp2m rate was significant. The
increase between the 0.4 and the 2.0 pp2m rate was not significant,
but the decrease between the 2.0 and the 10.0 pp2m rate was significant.
Except for the value observed at the 0.4 pp2m Fe rate, which involved
a treatment preparation error, radioiron concentrations from EDDHA-Fe
followed a similar pattern. The increase between the 0.08 and the 2.0 pp2m
rate was significant; the decrease between the 2.0 and the 10.0 pp2m
rate was also significant. Plant concentrations of Fe 59 from EDDHA-Fe
were significantly greater than from HEEDTA-Fe when compared at each
of the four rates.
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The 40 ne of Fe 59 applied per can may be considered as one unit of added
iron. Rates of application then may be considered as one unit of radioiron
plus a variable number of units of non-radioactive iron. Differences of
radioiron concentrations may be considered as relative efficiencies of added
iron recovery. Thus it appears that utilization efficiency of iron added as
chelated iron is low at low rates of application, increases to a maximum
at higher rates and then decreases at very high rates.

E DOHA-FE

?

i

TOTAL FE ADDED

LOG PP2M X \<f

Figure 1. Radioactive iron in soybeans treated with chelated Fe" at a constant
rate of 40yuc per can but with various rates of total chelated iron (0.4 pp2m
EDDHA-Fe treatment contained 0.4 pp2m Fe but 4.0 pp2m EDDHA).
For the 0.4 pp2m rate of EDDHA-Fe treatment where a 100 % excess
of ligand was added, recovery of Fe59 is nearly 10 times the value obtained
by interpolation from the smooth EDDHA-Fe curve in Figure 1. Clearly
excess ligand improves efficiency of plant recovery of added iron probably
due to a repression of inactivation reactions such as isotopic exchange
with native soil iron, precipitation of added iron by phosphate, carbonate,
silicate, hydroxide, etc., or fixation of iron chelate molecules on clays.
To the extent that isotopic exchange is reduced, these results are not at
variance with those of Brown et al. (1) who found that molar concentrations
of chelating agents in excess of iron concentrations in nutrient culture
reduced iron absorption by plants. During the period when excess chelating
agent was present in the soil, total uptake of iron (added plus native) may
have been lowered, but low effective isotopic exchange (from mass action
phenomenon) could lead to prolonged high availability of radioiron.
The increase in recovery efficiency of added iron at low rates might also
be explained by mass action considerations. As iron chelate decomposes,
both chelating agent and iron would be inactivated, the former by chelation
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with other soil metals or clay fixation, and the latter by precipitation.
At some later time, ligand concentration would increase relative to soluble
unchelated iron concentration, thus decreasing the rate of effective added
iron chelate decomposition. Effective decomposition of iron chelate may
be defined as the separation of an added iron cation from the chelating
agent with low probability of this particular cation recombining with a
synthetic chelating agent anion. As chelating agent concentration increases
relative to soluble unchelated iron concentration, this probability increases.
With larger applications the rate of added iron chelate decomposition is
probably slower due to this effect leading to higher availability of added
iron for a longer period of time.
Higher isotopic exchange was found by Hill-Cottingham et al. (5) for
HEEDTA-Fe applied to a calcareous soil at 20 pp2m Fe than at 200 pp2m
Fe, but negligible exchange was found for EDDHA-Fe at either rate.
However, rates of application of EDDHA-Fe may have been too high to
detect isotopic exchange.
The similarity of the slopes of the two curves at rates lower than 2 pp2m
Fe probably involve some fundamental property either of the soil or of the
plant roots since the two chelates have markedly different properties with
respect to chelation of metals other than iron. After the 2 pp2m Fe maximum,
rate of iron uptake by roots form synthetic chelate is probably the limiting
factor resulting in decreased recovery efficiency.
If the concept of decreased rate of effective iron chelate decomposition
suggested above is correct, certain practical applications might also be
suggested. Maximum recovery from the added iron chelate is probably
not important, at least under Minnesota conditions, but maintenance of
availability for a three to four week period in the spring may be critical.
Untreated chlorotic foliage and plants treated in early spring with iron
chelates (which undergo rapid decomposition) are healthy later in the
summer, although treated plants usually recover much earlier. Localized soil
application of solid material would be effective in maintaining availability,
not only because of reduced access of soil agents responsible for inactivation,
but also because a peripheral buildup of ligand concentration would
further reduce the rate of these undesirable reactions. Such application
in the field has been observed to be highly effective even for the rapidly
decomposed HEEDTA-Fe (5) applied to shrubbery, small trees, and soybeans. For annual plants, this reasoning may be further extended to include
seed treatment with iron chelates such as EDDHA-Fe which have negligible
phytotoxic effects. Preliminary laboratory results on germination of soybean
seeds treated with this chelate appear promising.
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SUMMARY

A greenhouse experiment was designed to evaluate soybean uptake of
iron added to a calcareous soil as soluble derivatives of the humate component of peat as compared to added iron uptake from ferric chloride a n d
two iron chelates, E D D H A - F e and H E E D T A - F e . Fe 5 9 was included in each
treatment solution a t t h e rate of 40 /ic per greenhouse pot.
Radioanalyses of plant tops four weeks after treatment showed t h a t
concentrations of total added iron were essentially the same from both
the h u m a t e derivatives and from ferric chloride applied as an acid solution
when compared a t t h e same rate. Plant concentrations of total added iron
increased with increasing rate of application, b u t concentrations of radioiron
did not change, indicating no change of recovery efficiency over the 20
to 80 pp2m Fe application rate range.
Recovery efficiency, which was greatest for synthetic iron chelates,
increased significantly with increasing rate a t lower rates of synthetic
chelate application.
RÉSUMÉ

Une expérience en serre a été effectuée dans le b u t d'évaluer l'absorption
par le soja du fer ajouté à un sol calcareux sous forme de dérivés solubles
du constituant humique de la tourbe. Cette source de fer fut comparée a u
chlorure ferrique, et à deux chelates ferrugineux, le E D D H A - F e et le
H E E D T A - F e . Chacune des solutions ferrugineuses appliquées contenait du
Fe 5 9 à raison de 40 /xc par vase de culture.
La radioanalyse des extrémités des plantes, quatre semaines après
l'application des solutions, a montré que les concentrations de Fe total
ajouté y étaient essentiellement les mêmes pour les deux dérivés d'humate
et pour le chlorure ferrique en solution acide, quand les quantités appliquées
étaient égales. Les concentrations dans la plante du fer total ajouté, augmentaient avec les t a u x d'application croissants, mais les concentrations
en radiofer ne variaient pas, ce qui indiquait que l'efficacité du recouvrement restait la même pour des applications variant de 20 à 80 pp2m. de fer.
L'efficacité du recouvrement, qui était la plus grande pour les chelates
synthétiques, augmentait de manière significative avec les quantités appliquées pour les t a u x d'application les plus bas.
ZUSAMMENFASSUNG

Eine Gewächshausversuchsreihe wurde aufgebaut u m die Aufnahme
durch Soyabohnen von Eisen zu einem Kalkboden als lösliche Derivate des
Humatkomponenten aus Torf, zu vergleichen mit der Eisenaufnahme
aus FeCl 3 und aus 2 Eisenchelaten, E D D H A - F e u n d H E E D T A - F e . Fe 6 9
wurde jeder Versuchslösung im Betrage von 40 ftc per Topf zugegeben.
Radioanalysen von Pflanzenspitzen, vier Wochen nach der Behandlung,
ergaben dass die Konzentrationen des im Ganzen gegebenen Eisens wesent552
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lieh dieselben waren bei den Töpfen mit den Humatderivaten wie bei
denen mit FeCl3 in saurer Lösung wenn zum selben Gehalt verglichen.
Die Konzentrationen des Totaleisens in den Pflanzen nahmen zu mit
zunehmender Menge angewendeten Totaleisens, aber die Konzentrationen
des Radio-Eisens veränderten sich nicht; darin lag eine Anweisung von
keinem Aufnahmevermögen über die 20 bis 80 pp2m Fe gegebener Höhe.
Das Aufnahmevermögen, welches am grössten für synthetische Eisenchelate war, nahm noch bedeutend zu bei Anwendung niedriger Mengen
synthetischer Chelate.
DISCUSSION

H. KICK: You pointed out only the uptake of iron. How was the influence
of uptaken iron upon growth and yield of the plants ?
R. G. BURAU: Table 1 in the manuscript gives information on dry matter
yield of plants. The only significant effect on yield was noted for its humate-Fe
preparation number XIV which reduced yields and also induced iron deficiency
chlorosis symptoms.
A. A. NIKITIN: HOW was the effect of chelate substances on foliage from the
standpoint of the injury to foliage?
R. G. BURAU: I should emphasize that all treatments were applied to the
soil surface only with no leaf contact. The only deleterious effect noted was that
from humate-Fe preparation number XIV. With this treatment iron deficiency
chlorosis symptoms appeared 13 days after application. No foliar-applications
of the material were made although such evaluation may be valuable.
C. G. LAMM: Have you considered the fact that even though the overall
complexity constant of Fe generally is much higher than that of Ca, the high
amount of Ca in your soil may form complexes (or chelates) with ligands from
the added compounds. The net results would be a lower amount of complexed
iron in your experiments.
R. G. BURAU: This certainly is a factor in the observed performance of the
synthetic chelates and probably accounts in part for the lower effectiveness of
HEEDTA-Fe. I believe this point has already been discussed by Martell. For
the humate-Fe preparations, the consideration you propose may well have
contributed to the lower availability of the humate-Fe-preparations applied
a t the 20 pp2m Fe rate. We would like to evaluate this mechanism as well
as the degree of isotopic change of added iron for native iron.
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INFLUENCE DU ZINC SUR L'ACCROISSEMENT DE CERTAINES
ESPECES VEGETALES
par
G. BANFI

Centre de Recherches Agraires Montevecchio — Milan
INTRODUCTION

Le Centre de Recherches Agraires Montevecchio, en collaboration avec
la Faculté d'Agriculture de l'Université de Milan, a entrepris en 1955 des
recherches pour l'étude de l'influence du zinc sur les développements de
certaines espèces végétales (1).
La nécessité du zinc est reconnue surtout pour les dites 'maladies de
carence nutritive', dont les plus connues sont: little leaf of apples and peaches,
rosette of pecan, bronzing of tung, mottle leaf or frenching of citrus, white
bud of maize.
Au cours de nos expériences, dirigées surtout vers l'identification des
espèces végétales plus sensibles au zinc (les plantes à fruits sont exclues
pour le moment), nous avons eu la certitude que l'intérêt pour l'étude des
caractéristiques de ce métal, à cause de sa fonction particulière, ne pouvait
pas être limité aux seuls phénomènes de carence, dont la diffusion en
Italie ne donne pas d'ailleurs un souci particulier, même dans les secteurs
de l'arboriculture.
Pour le zinc on a en effet constaté par plusieurs expériences agronomiques
qu'il n'existe pas seulement une action 'catalique' au sens chimique de la
réaction, mais une véritable fonction 'oligodynamique' qui participe au
biochimisme végétal, selon des rapports de proportionnalité compris entre
des limites minimum et maximum, étroitement liés aux exigences et déterminés par le grade de réactivité de chaque espèce végétale, ainsi que des
possibilités du substratum nutritif.
Pour une même espèce végétale, le zinc peut être absorbé en quantité:
minime, moyenne, majeure, avec des effets divers, respectivement de:
prévention des carences, stimulation de l'accroissement, intoxication.
Ces caractéristiques communes à beaucoup d'éléments minéraux, qui
prennent part au métabolisme végétal, ou qui en tout cas ont part aux
procédés biologiques, apparaissent, pour le zinc, bien définies, surtout
pour ce qui fait l'objet de nos recherches.
Nous nous proposons d'étudier les effets stimulants du zinc et de rechercher comment et dans quelle mesure cet élément peut être employé sans
provoquer des dérangements à l'équilibre physiologique, et pour que l'on
obtienne des actions favorables à l'accroissement de la plante, comptetenu de l'ensemble des éléments nutritifs nécessaires au développement
végétal.
MOYENS DE RECHERCHES

Pour un début de ces recherches, il n'aurait pas été possible ni opportun
de faire une expérience, seulement dans le sol, puisque riche d'éléments
organiques et minéraux variés et de colloïdes (2), il aurait certainement
intervenu sur l'action du zinc. Notre but aurait été dévié à cause de l'apparition d'autres problèmes aussi intéressants, mais dont l'étude nécessiterait
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une position expérimentale différente, ce qui, au début n'était pas dans
notre intention.
Par conséquence, nous nous sommes servis de la technique des cultures
sans sol ou hydroponiques (3, 4, 5, 6) dans le but de contrôler, avec plus
d'assurance et de rapidité, l'influence du zinc et le comportement des végétaux.
Les résultats expérimentaux ainsi obtenus peuvent présenter certaines
différences avec l'expérimentation dans le sol; mais celles-ci sont plus
apparentes que réelles si l'on considère que dans la culture hydroponique,
les rapports entre le zinc, élément stimulant, et les plantes, sont plus directs.
Nous avons en effet constaté que l'action du zinc sur la plante est
réellement exaltée ou abattue, selon l'état chimicophysique du terrain,
son origine géologique, et les conditions climatiques, par conséquent, elle
varie dans l'intensité des effets et non pas dans le mécanisme avec lequel
elle se développe et participe au métabolisme végétal.
Grâce à ces considérations (encore plus valables dans notre cas) et pour
disposer de données expérimentales susceptibles d'un meilleur contrôle,
nous avons donné plus d'importance aux résultats des expériences hydroponiques. Toutefois, des expériences ont été faites dans le sol, en plein
champ et dans des pots.
RECHERCHES AU MOYEN DE CULTURES HYDROPONIQUES

Les cultures hydroponiques furent préparées dans des pots cylindriques
de résine polivinilique aux dimensions suivantes: 180 mm. de diamètre
et 250 mm. de hauteur (1ère mesure), 280 mm. de diamètre et 300 mm. de
hauteur (2ième mesure) avec fond percé et des bassins de bois recouverts
de résine, aux dimensions suivantes: m. 1 x 2 X 0,25 disposés dans une
serre.
La serre a été construite et douée d'illumination artificielle (lampes
POWER GROOVE GEC, F, 72 PG 17 - C W - 155 w - flux lumineux
initial 9300 lm), au seul but expérimental, et douée pour chaque bassin,
de pompes à moteur spéciales (en résine) pour l'introduction et le déchargement de la solution et d'un réservoir de recueil, enterré à moitié.
Le fonctionnement autonome de chaque bassin a permis d'effectuer les
expériences, et de disposer les répétitions de chacune des doses de traitement
selon les schémas statistiques les plus utilisés.
Furent surtout utilisés, comme substratum inertes: silex quartzeux,
vermiculite, basalte fin lavé. Des expériences limitées ont été faites avec
du sable fin lavé. La solution minérale nutritive adoptée fut celle de 'Knop'
(7), plus ou moins modifiée selon les exigences des cultures et des cycles
végétatifs. Actuellement, des expériences avec du zinc en solution, proposées
par Bentley et Carleton Ellis sont en cours.
Pour les expériences avec cultures dans pots et à teneur de zinc assez
basse, on a utilisé de l'eau distillée et bidistillée. Dans ce cas, pour l'intégration avec des éléments micronutritifs, on a employé la formule 'AZ' de
Hoagland (8).
Les traitements avec zinc furent effectués directement aux solutions
pour les cultures hydroponiques, et avec une distribution des sels au sol
pour les cultures en plein champ.
Le zinc a été expérimenté surtout comme sulfate, et en partie comme
oxysulfate, nitrate, carbonate, et chelate.
Le sulfate de zinc nous est apparu toutefois le plus convenable, soit à
cause de sa grande absorption par les végétaux, soit pour des raisons de
disponibilité et de prix.
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Examinant les réactions des plantes traitées avec le zinc, nous avons pu
distinguer dans les conditions expérimentales que nous avons effectuées, les
doses stimulantes et celles toxiques.
Quant aux espèces végétales choisies pour les expériences, elles comprennent :
Plantes Horticoles: carotte (Daucus Carota), épinard (Spinacia oleracea),
chou (Brassica oleracea bullata), chou-fleur (Brassica oleracea), poivrons
(Capsicum annuum), aubergine (Solanum melongena), tomate (Solanum
lycopersicum), oignon (Allium cepa), laitue (Lactuca scariola sativa),
chicorée (Cichorium inthybus), raifort (Raphanus raphanistrum), pomme de
terre (Solanum tuberosum), petit pois (Pisum sativum), fève (Vicia faba),
haricot (Faseolus vulgaris), dolique (Dolichos), céleri (Apium graveolens).
TABLEAU

1. Influence du zinc sur la production de tomate et de laitue et teneur de
zinc dans le produit (culture hydroponique).
Augmentation du
produit par
rapport au
témoin %

Espèce
végétale

Zn dans la
solution
nutritive
ppm

Produit
total

Solanum
lycopersicum

0
20
40
80

17,1
24,4
30,1
28,2

0
43
+ 76
+ 64,6

tiges feuilles
89
312
363
515

Lactuca
sativa
1° récolte

0
20
40
80

20,8
28,2
28,3
22,6

0
+ 35,6
+ 35,9
+ 8,5

250
328
346
638

2° récolte

0
20
40
80

23,4
27,9
27,6
21,1

0
+ 12
+ 11,9
8,9

—
—
—

%

Zn dans la substance
végétale sèche
ppm
fruits
33
45
43
45

analyse
pas
effectuée

Plantes à Fleurs: coleus (Coleus blumei), zinnia (Zinnia), pétunia (Petunia)
glaieul (Gladiolus), géranium (Pelargonium), rose (Rosa), jacinthes
(Hiacinthus orientalis), tulipe (Tulipa).
Plantes Fourragères: trèfle violet (Trifolium pratense), herbe médicale
(Medicago sativa), soja (Soja hyspida), ivraie (Lolium italicum), dactile
(Dactylis glomerata).
Plantes Céréales: blé (Triticum), orge (Hordeum), avoine (Avena), maïs
(Zea mais), riz (Oryza sativa).
Plantes à Fibre et à Huile: lin (Linum usitatissimum vulgare).
Plantes à Sucre: betterave à sucre (Beta vulgaris).
Pour le moment, les plantes à fruits n'ont pas été prises en considération,
et nous réservons de faire des expériences particulières dans ce secteur, avec
des pulvérisations sur les feuilles.
Actuellement, des expériences à base de traitements de zinc sont en
cours sur un terrain pour culture de vignes. La vigne étant d'une récente
installation, nous ne disposons pas encore de données analytiques ni de
production.
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TABLEAU IIA.

Plantes traitées avec zinc (Culture hydroponique), zinc dans les
végétaux.

Espèce végétale

Substratum

Solanum
lycopersicum
(tiges et feuilles)

silice

Pisum sativum
(tiges et feuilles)

silice

Lactuca scariola
sativa (feuilles)

vermiculite

Lactuca sativa
(feuilles)

silice

Cichorium inthybus
(feuilles)

vermiculite

Daucus carota
(feuilles)

silice

Allium cepa
(feuilles)

vermiculite

Apicum graveolens
(feuilles)

silice

Zn dans la
solution
nutritive
ppm

Zn dans la
substance
végétale
sèche ppm

10
20
40
100
20
45
70
95
20
40
80
20
40
80
50
75
100
20
40
80
50
75
100
10
20
40
100

141
155
347
420
110
210
200
250
56
63
106
328
366
635
90
225
142
34
67
98
109
152
177
1280
1350
1455
1965

D'autre part, la documentation et la littérature concernant les principales
plantes à fruits sont entendues surtout en ce qui concerne les phénomènes
de carence de zinc et les conséquents traitements préventifs et curatifs;
ils sont souvent associés aux traitements habituels anticryptogammes et
antiparasitaires, pour certains arbres fruitiers.
Nous savons que ces problèmes ont été examinés aussi par beaucoup de
cultivateurs américains, spécialement dans les territoires où le sol est
déficient en zinc (9).
En ce qui concerne les vignes (Vitis vint fera), nous signalons simplement
ce qu'a déclaré le Prof. Baldacci de l'Université de Milan, lors d'une
récente conférence qu'il a faite en Italie, au sujet des effets de stimulation
positifs provoqués par le zinc en vignes, d'Oltre Po près de Pavie, lorsqu' il
est employé avec le 'ZINEB' comme anticryptogamme et pour une période
continue de cinq ans. On a en effet constaté que la production du raisin a
augmenté de 7 hgr. par pied de vigne.
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TABLEAU I I B . Plantes traitées avec zinc {culture hydroponique), zinc dans les
végétaux.

Espèce végétale

Substratum

Spinacia oleracea
(feuilles)

silice

Brassica oleracea
bullata (feuilles)

silice

Capsicum annuum
(tiges et feuilles)

vermiculite

Vicia faba
(tiges et feuilles)

silice

Phaseolus vulgaris
(tiges et feuilles)

silice

Coleus

vermiculite

Gladiolus
(tiges et feuilles)

vermiculite

Petunia
(tiges et feuilles)

vermiculite

Zinnia
(tiges et feuilles)

vermiculite

Zn dans la
solution
nutritive
ppm

Zn dans la
substance
végétale
sèche ppm

20
40
80

96
250
320

10

48

20
40

61
92

100

113

20
40
80

32
46
42

10

106

20
40

118
151

100

195

10

76

20
40

87
148

100

222

20
40
80

27
33
42

20

17

40
80

18
14

20

34

40
100

39
50

20

56

40
80

130
110

RESULTATS EXPÉRIMENTAUX ET DONNÉES ANALYTIQUES

Pour chacune des séries de culture, dans pot ou dans bassin, on a tenu
compte du comportement des plantes pour tout le cycle végétatif dans les
phases diverses, jusqu'à la floraison ou à la maturité des fruits.
La valorisation du poids du produit a été effectuée et on a aussi prélevé des
échantillons de feuilles, de tiges et de fruits pour les déterminations chimiques dans les végétaux (les analyses pour la recherche du zinc ont été effectuées chez le Laboratoire chimique de la Société Montevecchio, à Porto
Marghera — Venise). Pour la détermination du zinc, on a adopté la méthode
polarographique, après extraction avec du dithizone (10).
Nous avons recueilli une série de données et une partie de celles-ci doit
encore être examinée, tandis que les plus significatives seront publées bientôt
dans la revue 'PIOMBO E ZINCO' de l'Institut italien du Plomb et du Zinc
de Milan.
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TABLEAU

lic. Plantes traitées avec zinc [culture hydroponique), zinc dans les
végétaux.

Espèce végétale

Substratum

Oryza sativa
(tiges et feuilles)

silice

(grains)

silice

Hordeum
(tiges et feuilles)

silice

Triticum
(tiges et feuilles)

silice

Medicago sativa
(tiges et feuilles)

silice

Trifolium pratense
(tiges et feuilles)

silice

Lolium italicum
(tiges et feuilles)

silice

Zn dans la
solution
nutritive
ppm

Zn dans la
substance
végétale
sèche ppm

10
20
40
10
20
40
20
40
80
10
20
40
100
20
40
80
20
40
80
20
40
80

103
106
107
57
64
67
131
105
300
1630
1370
732
625
108
146
185
123
146
208
127
136
152

CONCLUSIONS

Les conclusions sont donc les suivantes:
1) Le zinc n'est pas seulement un microélément indispensable, mais
il peut agir comme facteur stimulant et dans des limites indépendamment
de la présence ou non des autres éléments micronutritifs.
2) Il a été reconnu que l'action stimulante du zinc, dans la plupart des
cultures dans un milieu hydroponique, se manifeste dans des limites variant
de 20 à 40 parts pour million (ppm) de zinc distribué. Quelques actions de
déséquilibre végétatif se manifestent pour des traitements supérieurs aux
70 ppm, avec tendence à l'intoxication autour des 100 ppm.
Il semble toutefois, selon les derniers résultats, que certaines espèces
végétales, telles que la tomate, la pétunia, le coleus et la sauge (Salvia
splendens), soient capables de réagir dans une manière particulièrement
favorable surtout si elles sont cultivées en vermiculite au lieu que dans le
silex quartzeux ou d'autres matériaux.
3) Afin que l'action du zinc soit balancée et positive il faut que le pH
de la solution nutritive soit maintenu entre les valeurs de 6—7.
4) La quantité dans laquelle peut être absorbé le zinc, fût- il par une
même espèce végétale, varie et est independente de la disponibilité en zinc
du substratum, (elle est, bien entendu, en rapport étroit avec la nature
physico-chimique du substratum lui-même). Les conditions climatiques,
l'intensité et la durée de la lumière ont aussi une certaine influence.
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Si le zinc se trouve à une dose élevée, outre la limite indispensable ou
favorable, la plante tend à absorber des doses maximums qui peuvent
provoquer des phénomènes d'intoxication. Nous avons constaté en effet
dans la technique hydroponique, que le pouvoir autorégularisateur d'absorption, est limité à de très peu d'espèces végétales.
5) L'action stimulante du zinc se manifeste par un accroissement plus
rapide dans les premières phases végétatives, par une émission des bourgeons
et des boutons floréaux anticipée et plus grande. Parmi les plantes à fleurs
que nous avons expérimentées, les plus sensibles au zinc sont: la pétunia, le
coleus, la sauge, la rose, la tomate, la laitue, le raifort. La sensibilité des
plantes à bulbes en général n'est pas encore bien établie; par exemple pour
les jacinthes et tulipes comme bulbes prêtes à fleurir, non pas comme bulbes
en formation dont le métabolisme a une fonction particulière: celle d'accumulation et de réserve.
Les plantes maraîchères qui produisent des fruits, et dont l'action stimulante du zinc provoque une activité majeure du propre métabolisme,
semblent plus exigentes quant à l'utilisation des éléments nutritifs majeurs.
Nous ne savons pas toutefois avec certitude si un tel phénomène a plus
d'importance en qualité qu'en quantité. Les prochaines expériences permettront d'éclaircir la question.
La laitue et la tomate cultivées dans les serres ont donné des résultats
nettement positifs (11) avec des productions plus abondantes en présence
du zinc. D'après les données les augmentations pour cent en poids, par
rapport aux témoins non traités, ont atteint le 76 % de plus, pour la tomate,
et le 35,9 % pour la laitue.
L'aubergine, les poivrons, le raifort et le chou sont aussi particulièrement
sensibles au zinc. Pour le chou, nous avons eu des résultats satisfaisants,
même pour les cultures en plein champ.
Pour les plantes à céréales, comme il a été prouvé depuis le début de nos
recherches (12), la plus sensible est le maïs. Cette plante a donné des résultats positifs même en plein champ, dans des sols sableux peu argileux à
teneur en calcium normale, pour des traitements avec solutions de 500 —
1000 ppm de zinc.
D'après certaines analyses de plantes de maïs recueillies à la fin du cycle
végétatif, on a constaté que la localisation du zinc dans les divers organes
est distribuée dans la manière suivante, en mesure décroissante comme suit:
tige, feuilles, rafles, grains, inflorescence mâle, bractées.
Dans la culture hydroponique, les plantes fourragères légumineuses,
luzerne et trèfle, ont montré une certaine sensibilité au zinc, les graminées ne
semblent pas avoir réagi positivement.
Actuellement des expériences très étendues en plein terre sont en cours.
Quant à certaines expériences de traitements avec sels divers de zinc,
à plantes cultivées dans pot avec de la terre mélangée de sable selon les
données obtenues, il en résultait que pour les haricots, l'avoine et la luzerne, il existe la possibilité d'absorber une quantité considérable de zinc
lorsque celui-ci est employé comme oxysulfate et comme nitrate.
Ceci, bien sûr, compte tenu des caractéristiques physico-chimiques du
terrain utilisé et dont nous signalons quelques faits analytiques:
calcaire (calciné)
25 °lm
matière organique 15,39 °/00
azote organique
1,4 °/oo
P 2 0 5 (solub.)
0,95 •/„„
potasse (solub.)
7,13 °/00
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manganèse total
bore
,,
cuivre
,,
zinc
,,
molybdène ,,
cobalt
,,
réaction
pH

700 ppm
150 ppm
116 ppm
116 ppm
0,8 ppm
traces
7,5

Quant à l'emploi du nitrate du zinc et du zinc-cyanamide, une question
se pose que nous nous proposons d'étudier, et qui représente un des chapitres
les plus intéressants sur la connaissance des phénomènes d'interaction entre
zinc et azote dans les procédés biologiques de l'accroissement végétatif.
Comme nous l'avons déjà dit, le froment n'a pas donné de réaction particulière aux traitements avec zinc en plein champ, dans les limites de doses
que nous avons essayées. Toutefois, d'après des résultats analytiques récents
on trouve que le contenu en glutine des grains provenant de plantes traitées
avec du zinc est plus élevé.
Quant aux plantes oléagineuses, le lin en particulier, il n'est pas à exclure
que le zinc puisse intervenir même dans les procédés de 'lipogenesi'. Ce fait
semble avoir été confirmé par des analyses qui présentent une teneur en
gras plus élevée pour les graines de lin provenant de plantes traitées.
Malheureusement, il n'est pas possible d'exposer, dans cette note d'information, et de nous étendre dans les détails des expériences faites depuis
1955. Nous nous sommes seulement contentés de signaler quelques aspects
d'intérêt majeur, simplement comme contribution à la continuation des
recherches elles-mêmes.
Une nouvelle position expérimentale comprend actuellement des essais
étendus dans des champs et surtout l'étude du terrain comme substratum
naturel pour les cultures que la technique hydroponique a permis d'individuer
comme plus sensibles à l'action favorable du zinc.
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RÉSUMÉ

Des recherches agronomiques particulières ont été exécutées et sont
encore en cours sur l'étude de l'action stimulante du zinc sur le métabolisme
végétal.
Plusieurs traitements et espèces végétales ont été expérimentées au
Centre Agricol Montevecchio de Rivanazzano (Pavie), en utilisant aussi
la technique des cultures hydroponiques. Les résultats ont confirmé que
l'emploi du zinc, particulièrement comme sulfate, est nettement favorable,
même s'il est pratiqué dans des limites plus vastes de ceux qui sont communément considérés indispensables pour les éléments micronutritifs.
SUMMARY

Certain agronomie investigations have been and are being made on the
stimulating effect of zinc on plant metabolism.
Several treatments and plant species have been used at the Agricultural
Centre of Montevecchio de Rivanazzano (Pavia), also using hydroponic
techniques. The results have confirmed that the use of zinc, particularly
as sulphate, is distinctly favourable, even in quantities larger than those
considered essential for micro-nutrient elements.
ZUSAMMENFASSUNG

Spezielle agronomische Untersuchungen über die stimulierende Wirkung
von Zink auf den vegetativen Metabolismus wurden ausgeführt und sich
noch im Gange.
Verschiedene Pflanzenarten wurden verschiedenen Behandlungen unterworfen in Versuchen des landwirtschaftlichen Zentrums Montevecchio
de Rivanazzano (Pavia), wobei auch die Technik von hydroponischen
Kulturen angewendet wurde. Die Resultate haben bestätigt, dass der
Gebrauch von Zink, besonders als Sulphat, ohne Zweifel günstig wirkt,
selbst wenn es innerhalb Grenzen, die viel weiter aus einander liegen als
solche, die man gewöhnlich für Mikronährstoffen als unzulässig betrachtet,
angewendet sind.

562

7 T H INTERN. CONGRESS OF SOIL SCIENCE, MADISON, W I S C , U.S.A., 1 9 6 0

S U L F U R AS A P L A N T N U T R I E N T IN SOILS O F T H E
E A S T E R N U N I T E D STATES*

IV.71

SOUTH-

by
HOWARD V. JORDAN**, R. W. PEARSON*** and C. E. BARDSLEY**

Sulfur for plant use is supplied from several sources, namely, soils, rain
or irrigation water, atmosphere, insecticides, and fertilizers. Due to inadequate supplies from one or more of these sources, three general areas of
sulfur deficiency for crop production have been delineated in the United
States (6), as follows:
1. Pacific coast and the Northwest. Sulfur deficiencies are widespread
in non-irrigated soils of this area. Sulfur in irrigation water generally precludes the need for further additons on irrigated soils.
2. Scattered locations in the Middle West. The prairie soils of this area
are generally well supplied with organic matter. There is considerable
industrial activity to supply sulfur in combustion gases. There are, in fact,
only two areas in which responses have been reported; these are on coarsetextured soils in rural areas of Minnesota and Nebraska.
3. Southeastern United States. The Red-Yellow Podzolic soils of the
Southeast are highly weathered and leached. Native supplies of organic
m a t t e r are low. There is only minor industrial activity. These factors combine to make this area one of potential sulfur deficiency. .
The research presented in this paper was conducted in a 12-State area
of the southeastern United States during the period 1953 to 1959. T h e
research was cooperative among the Eastern Soil and Water Management
Research Branch, Agriculctural Research Service, U.S.D.A.; the Agricultural
Experiment Stations of Alabama, Arkansas, Florida, Georgia, Kentucky,
Louisiana, Mississippi, North Carolina, South Carolina, Tennessee, Texas,
and Virginia; and the Soils and Fertilizer Research Branch of the Tennessee Valley Authority. The objective was to determine the adequacy of sulfur supplies for crop production.
EXPERIMENTAL

PROCEDURE

Numerous profiles of southeastern soils were analyzed for sulfur fractions. Extractable sulfates were determined b y the method of Chesnin and
Yien (3) with certain modifications. More recently methods for reserve
sulfur and soluble sulfates were developed b y Bardsley and Lancaster (2)
* Contribution of the Soil and Water Conservation Research Division,
Agricultural Research Service, U.S.D.A.; the Agricultural Experiment Stations
of Alabama, Arkansas, Florida, Georgia, Kentucky, Louisiana, Mississippi,
North Carolina, South Carolina, Tennessee, Texas, and Virginia; and the Soils
and Fertilizer Research Branch, Tennessee Valley Authority.
** Soil Scientists, Soil
cultural Research Service,
*** Soil Scientist, Soil
cultural Research Service,

and Water Conservation Research Division, AgriU.S.D.A., State College, Mississippi.
and Water Conservation Research Division, AgriU.S.D.A., Auburn, Alabama.
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and for available sulfur by Kilmer and Nearpass (8). Some of the soils
were re-analyzed by these newer methods.
Rainwater was collected from 109 locations in 12 states for a 3-year
period. The water was shipped to central laboratories where it was analyzed for sulfur, and sulfur accretions were computed on an acre basis.
Sulfur in atmosphere was measured at 8 locations in Alabama and 19
locations in Virginia. Measurements were made by a method devised in
Great Britain in a study of air pollution (5).
A series of 29 field experiments was begun in 1953; 24 experiments
in 7 states were still in progress in 1959. The basic fertilizer contained
only sulfur-free materials and comprised one treatment; other treatments
received supplements of sulfur at rates of 4, 8, 16 and 32 pounds per acre,
respectively, supplied as gypsum. Fertilizer and gypsum were banded
below and to the side of the seed. A randomized block design was employed,
usually with 5 replicates, and the same treatments were superimposed
on the same plots each year. Nine of the experiments conducted over a 7year period were with cotton, 12 with clover or clover-grass mixtures, and
1 each with tobacco, corn, and an annual 2-crop sequence of cabbage and
turnips.
Three 'reserve' plots in each replicate of the field experiments received
sulfur-free fertilizer through the five years, 1953 to 1957, inclusive. In 1958
these 'reserve' plots received single, broadcast applications of gypsum to
supply sulfur at rates of 16, 64 and 256 pounds per acre, respectively.
The object was to determine how long a single application will supply
sulfur to crops.
Crops from the field experiments were analyzed for total sulfur to
determine crop requiremtnts and the pattern of sulfur uptake. Analyses
were by A.O.A.C. methods (1).
Greenhouse studies complemented the research. Of particular interest
were studies of nitrogen x sulfur and phosphorus x sulfur interactions.
For the study of nitrogen x sulfur interactions oats were grown on Mayhew
silty clay loam soil from one of the experiment fields. Treatments in a
factorial scheme included all combinations of 4 levels of nitrogen (0, 160,
320, 640 pounds per acre) and 3 levels of sulfur (0, 16, 32 pounds per acre).
For the study of phosphorus x sulfur interactions white clover was grown
in sand cultures in which all nutrients other than those under study were
supplied in adequate amounts. Treatments in a factorial scheme included
all combinations of 3 levels of phosphorus (3, 24, 192 pounds per acre)
and 4 levels of sulfur (0, 2, 20, 400 pounds per acre).
RESULTS AND CONCLUSIONS

Sulfur Content of Soils. Analyses of a large number of Mississippi surface
soils by the method of Bardsley and Lancaster (2) showed that sulfur held
in the organic matter averaged approximately 150, 200, 230 and 375 pounds
per acre for sandy loams, loams and silt loams, clay loams and clays,
respectively. Organic sulfur constitutes the reserve from which more soluble
or available forms are released. These organic sulfur contents are low in
comparison with those of many arable soils.
Sulfate sulfur in surface soils is also low. Concentrations commonly
range between approximately 1 and 8 ppm. Characteristically there are
much higher concentrations in some subsurface horizon of the upland soils.
These zones of accumulation occur at variable depths, below 6 to 18 inches;
and concentrations of sulfates may range to well over 100 ppm. This profile
pattern probably results from eluviation from surface horizons and reten564
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tion at greater depths by hydrated iron and aluminum oxides in an acid
medium. The depth and availability of this accumulated sulfur can play
an important part in the sulfur nutrition of crops.
Sulfur from Rainwater and Atmosphere. Rainwater collected in rural
areas of Alabama, Arkansas, Florida, Georgia, Louisiana, Mississippi, North
Carolina, South Carolina and Texas contained an average of 5.4 pounds of
sulfur per acre per year (7). Sulfur accretions in Kentucky, Tennessee,
and Virginia averaged about 13 pounds per acre per year; the higher value
was probably due to greater use of coal for home heating and in industrial
establishments.
Sulfur in atmosphere was measured for one year as 16.7 mg. per 100
cm8 of absorbing surface in Alabama and 22.8 mg. per 100 cm2 in Virginia
(7). While much more limited in scope, these measurements of sulfur in
atmosphere correlate generally with measurements of sulfur in rainwater.
The relative concentrations of sulfur in rainwater and atmosphere were
probably factors in the crop responses to sulfur reported in Alabama (4)
and the lack of responses reported in Virginia (9).
These studies indicate that south of the borders of Kentucky, Tennessee, and Virginia sulfur in rainwater and atmosphere makes only a
minor contribution to the sulfur needs of crops. North of this line the
contribution is more nearly adequate.
Sulfur from Insecticides. The contribution of sulfur from insecticides is
small, but this, too, is declining with the introduction of new and more
potent organic insecticides. This has to some extent aggravated the supplyrequirement balance for sulfur which was already in many cases in nearcritical adjustment.
Sulfur from Fertilizers. In this potentially sulfur-deficient situation in
the southeastern United States the sulfur carried as an incidental component
of fertilizers has undoubtedly prevented widespread sulfur deficiencies
in the past. With the increasing use of sulfur-free fertilizers this casual
solution cannot be relied upon in the future. Results of the field experiments
demonstrate the hazards of such a course. These are summarized in Table 1.
Of the 9 experiments with cotton, sulfur supplements increased yields
TABLE 1. Responses to sulfur in regional experiments.
Number of
experiments
Crop
Total

Mean yield per acre
where there was Increase
response to S
in yield
Responfor S
ding to Without With S
sulfur
S
Lbs

Cotton

9

7

Clover, clover-grass

12

7

Tobacco
Corn
Cabbage-turnips
Total

1
1
1
24

1
0
0
15

Lbs
Lbs
Seed Cotton
1049
1292
243
Dry forage a t 1 cutting
1906 | 2341
435
Leaf
2316
261
2055

of.;")
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significantly in one or more years at 7 locations. Of the 12 experiments
with clover or clover-grass mixtures, 7 responded to sulfur, and there was
response in the single experiment with tobacco. Margins of advantage in
all cases were appreciable. There were no responses in experiments with
corn or the cabbage-turnips rotation. Overall, sulfur supplements added
to otherwise sulfur-free fertilizers increased yields on 15 of the 24 field
experiments widely distributed over the Southeast. This represents response
on 62,5 per cent of the soils tested.
Responsive soils include representatives of the Coastal Plain, Piedmont
and Loess Regions. Responses have occurred on sandy loam, silt loam and
clay loam soils.
Responses to sulfur became more prevalent as the experiments progressed. There were no positive yield effects in the first year of the studies.
In each succeeding year some new fields showed a positive need for sulfur.
Significant yield responses have not always occurred on a particular
field each year after sulfur response was first noted. Rather, positive
yield increases in one year may alternate with visual symptoms of sulfurdeficiency only, or even no response. This sequence probably reflects a
condition near the critical minimum level of sulfur supply for the soil
and crop; the expression of deficiency would vary with the thriftiness of
the crop and conditions influencing the rate of release of native soil sulfur
from unavailable form.
Frequently sulfur-deficiency symptoms were noted in annual crops at
early growth stages and became less pronounced or disappeared completely
as the crops matured. In these cases additional sulfur may have been made
available from mineralization of organic matter or the expanding root
system was able to exploit the relatively sulfur-rich subsoil horizons.
In most experiments the 4-pound rate of sulfur, band-placed near the
seed drill, was adequate for maximum yields, although in a few cases the
8-pound application was necessary.
Persistence of Sulfur in Soils. A unique situation exists in the Mississippi
River Delta area of Arkansas, Louisiana and Mississippi. Mineral fertilizers
are not now generally needed on the alluvial soils of this area, and nitrogen
is the only nutrient commonly applied as fertilizer. Since World War II
ammonium nitrate and anhydrous ammonia, which are sulfur-free, are
used almost exclusively, and application rates have been greatly increased.
This presents a problem of how best to supply sulfur without radically
changing the fertilizer program and prompted the single broadcast applications which were made on the former 'reserve' plots in 1958. If effective,
farmers might make heavy applications of gypsum to supply sulfur for a
number of years in a manner analogous to the present practice of applying
lime.
Only 2 years' results from this phase of the experiments are available,
and they must be considered as preliminary. The effectiveness of the
broadcast applications as measured by sulfur content of cotton plants
is summarized in Table 2. The data indicate that the 16- and 64-pound
rates supplied sulfur to plants for only one year and that the effectiveness of the 256-pound rate was greatly reduced in the second year. A
search for other materials or alternative methods of application which
might prolong the effectiveness of single applications of sulfur carriers
is in progress.
Sulfur in Plants. Cotton, clovers and tobacco absorb sulfur readily
as increasing amounts are applied with fertilizers. Corn and grasses are
generally less responsive in this respect unless they are highly fertilized
with nitrogen. Representative data are shown in Table 3.
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TABLE 2. Sulfur percentages in first- and second-year cotton crops following
single broadcast applications of gypsum made in 1958.
S added as
broadcast gypsum in 1958
Lbs/A
0
16
64
256
LSD 0.05

Sulfur in cotton leaves and petioles at locations and
in years noted
Midville, Ga.

Watkinsville, Ga. Holly Springs, Miss.

1958

1959

1958

1959

1958

1959

%
0.34
.41
.68
.82
.08

%
0.27
.22
.27
.66
.14

0/

%
0.33
.35
.44
.83
.12

%
0.37
.41
.62
1.22
.10

%
0.31
.34
.43
.88
.14

/o

0.42
.52
.90
1.36
.13

TABLE 3. Sulfur uptake by crops as affected by sulfur applied with fertilizer in
field experiments.
... ,
..... _. _
Sulfur found in
Sulfur
Coastal
applied
Cotton*
Clover**
Tobacco***
Bermuda****
Lbs/A
0
4
8
16
32
LSD 5 %

%
0.21
.22
.30
.51
.59
0.08

%
0.16
.18
.20
.22
.23
0.02

/o
0.11
.15
.14
.15
.18
0.02

%
0.14
.14
.15
.19
.21
0.03

* Leaves and petioles from middle portion of plant at early boll set. Midville,
Georgia. July, 1957.
* * Dry forage of Ladino clover at half-bloom stage. Fleming, Georgia. May 12,
1958.
*** Middle leaves from near-mature plants. Oxford, North Carolina. July 27,
1956.
**** Dry forage a t hay stage. McNeill, Mississippi. July 25, 1956. Grass
fertilized with nitrogen.
Cotton with 0.20 % sulfur or less in leaves and petioles a t early boll
set has generally been sulfur deficient in the field experiments.
Clover with 0.10 % sulfur, grown in greenhouse cultures, was definitely
sulfur deficient. In field experiments critical threshold values ranged between
0.10 and 0.16 % .
Crops represented b y the data in Table 3 were all increased in yield b y
the sulfur applications. Thus, the sulfur contents of plants on the no-sulfur
treatments represent deficiency levels for the conditions under which they
were grown.
INTERACTIONS OF SULFUR WITH OTHER NUTRIENTS

Nitrogen X Sulfur Interaction. Grasses and cereals have relatively low
requirements for sulfur and are not considered particularly sulfur-sentitive
crops. I n the field experiments Dallisgrass, common Bermuda-grass a n d
orchardgrass, which are ordinarily grown at moderate nitrogen levels,
were not increased in yield b y the sulfur additions. However, Coastal
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Gms/cùlture
40

I6

32

Sulfur applied -lbs/acre

Figure 1. Nitrogen x sulfur interaction with oats on Mayhew silty clay loam.

Figure 2. Greenhouse cultures of oats in study of N x S interaction.
Left:
32 lbs. sulfur per acre.
Right: No sulfur.
Both cultures treated with 640 pounds nitrogen per acre.

Bermuda-grass, which is very responsive to nitrogen and is commonly
grown at high-nitrogen levels, responded strongly to sulfur. This is in
conformity with the observation that at low-sulfur, adequate-nitrogen
levels yields are reduced due to incomplete metaboHsm of proteins (10).
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In the greenhouse study of nitrogen x sulfur interaction* cumulative
yields from two oat harvests are shown graphically in Figure 1. At the
native level of nitrogen in this Mayhew silty clay loam soil added sulfur
had no effect on yield of oats. As nitrogen levels were progressively increased
the response to sulfur became progressively more pronounced. At the
highest nitrogen level somewhat more than 16 pounds of sulfur per acre
was needed for full production of this rapidly growing greenhouse crop.
Oats treated with nitrogen and no sulfur exhibited typical sulfur-deficiency symptoms which were corrected by the sulfur additions. Cultures
with and without sulfur supplements, both at the high nitrogen level, are
shown in Figure 2. The ratio of yields is 2 : 1.

Figure 3. Greenhouse cultures of white clover in study of P X S interaction.
Rows, bottom to top: 3 lbs P/a, 24 lbs P/a, 192 lbs/ P/a.
Rows, left to right: No S, 2 lbs S/a, 20 lbs S/a, 400 lbs S/a.
Phosphorus X Sulfur Interaction. A very positive phosphorus x sulfur
interaction is shown in Figure 3, which depicts the second of three harvests
made from greenhouse cultures**. A s w a s t h e c a s e with the nitrogen x sulfur
interaction, sulfur had no effect on yield of clover at the minimum phosphorus level. At adequate phosphorus levels dry matter production brought
about b y the higher levels of sulfur was about five times the production
in the absence of sulfur.
These interactions of nitrogen and phosphorus with sulfur demonstrate
the interdependence of sulfur nutrition and the general fertility level.
Grasses and oats grown at moderate nitrogen levels did not show the need
for sulfur; at high nitrogen levels sulfur was very necessary. Clover responded similarly with respect t o phosphorus. These relationships have
important practical implications as more intensive crop production practices are adopted throughout this region.
* This experiment was conducted by Ronald Yeck, a graduate student in
Agronomy at Mississippi State University.
** This experiment was conducted by Keith Spencer, Senior Research Officer,
CSIRO, Australia, while a graduate student at Mississippi State University.
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Two trends in fertilizer usage are currently affecting the supply-requirement balance for sulfur. One is the increase in application rates of fertilizers
which creates a nutrient stress on available sulfur supplies. The other is
the increase in nutrient concentration of fertilizers which has resulted
in reduction or even in some cases elimination of sulfur. Both trends presage
a sulfur-nutrition problem of ever-increasing importance.
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SUMMARY

A study of sulfur as a plant nutrient in the southeastern United States
established the following:
1. Sulfur is low in surface horizons of t h e Red-Yellow Podzolic soils of
the area. There are accumulations of sulfates in lower horizons which m a y
contribute t o t h e needs of some crops.
2. I n t h e southern tier of States sulfur in rainfall and atmosphere makes
only a minor contribution to crop needs.
3. Sulfur added as an incidental component of fertilizers has undoubtedly
maintained productivity of many South-eastern soils. With the increasing
use of sulfur-free fertilizers, dependence can no longer be placed on this
casual solution. Sulfur supplements band-placed with otherwise sulfur-free
fertilizers increased yields in 15 of 24 field experiments in a 7-year period.
4. A single broadcast application of gypsum at a reasonable rate did not
prove a completely satisfactory source of sulfur for crops, beyond t h e
first years after application.
5. Interactions of nitrogen x sulfur and phosphorus x sulfur demonstrate
t h e interdependence of sulfur nutrition and t h e general fertility level.
RÉSUMÉ

L'étude du soufre, en t a n t q u ' élément nutritif des plantes, dans les
E t a t s du Sud-Est des E t a t s Unis a permis les conclusions suivantes:
1. L a teneur en soufre des horizons de surface des sols Red-Yellow
Podzolic est faible dans cette région. Il existe des accumulations de sulfates
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dans les horizons inférieurs qui peuvent subvenir aux besoins de certaines
cultures.
2. Dans la rangée d ' E t a t s située tout à fait au Sud le soufre apporté
par les précipitations et par l'atmosphère ne constitue qu'un apport minime
comparé aux besoins des cultures.
3. Le soufre qui fait accessoirement partie des engrais commerciaux a
sans aucun doute contribué à maintenir la productivité de plusieurs sols du
Sud Est. Depuis que l'on utilise de plus en plus des engrais sans soufre on
ne peut plus se fier à cette solution fortuite. Des suppléments de soufre,
placés en bande avec des engrais sans soufre, ont augmenté les rendements
dans 15 expériences en champ sur 24 et cela sur une période de 7 années.
4. Un simple épandage de Gypse à une dose raisonnable, ne s'est pas
avéré tout à fait satisfaisant comme source de soufre pour les cultures,
sauf dans la première année d'application.
5. Les interactions azote X soufre et phosphore X soufre illustrent
l'interdépendance de la nutrition en soufre et du niveau de fertilité général.
ZUSAMMENFASSUNG

Ein Studium des Schwefels als Pflanzennährstoff in den S.O. Vereinigten
Staten führte zu folgenden Resultaten:
1. S-Gehalt ist niedrig in den Oberflächehorizonten der rotgelben Podsolboden des Areals. In tieferen Horizonten gibt es Anhäufungen von Sulphaten,
welche dem Bedürfnis mancher Kulturgewächse entgegenkommen können.
2. In der südlichen Staatenreihe ist der S-Beitrag aus dem Regen u n d
der Atmosphere zu dem, was die Kulturen benötigen, bloss sehr gering.
3. S, als nebensächlicher Komponent in Düngemitteln, hat ohne Zweifel
die Produktivität vieler südöstlicher Böden beständigt. Durch den zunehmenden Gebrauch von S-freien Düngemitteln, kann mit diesem Zuschlag
nicht länger gerechnet werden. Extra-S-Gaben zu sonst S-freien Düngstoffen erhöhten in einer Periode von 7 Jahren bei 15 von 24 Feldversuchen
die Erträge.
4. Eine einzige breit ausgestreute Gipsanwendung in einer dem Bedürfnis angemessenen Menge erwies sich nicht eine ganz genügende S-Quelle
für die Gewächse zu sein.
5. Wechselseitige Wirkungen von N und S, sowie von P und S, brachten
die gegenseitige Abhängigkeit der S-Ernährung und des allgemeinen Fruchtbarkeitsniveaus zum Ausdruck.
DISCUSSION

A. S. DE ENDREDY: What do you consider as the limiting amount of S below
which replacement is necessary and in which form the S must be present to be
active?
H. V. JORDAN: We have critical threshold values for plant tissue with some
crops namely 0.20 % S in cotton leaves and petioles at early boll set, 0.15 % S
in clover at half bloom stage. See published manuscript. These limiting values
in plant tissue are better defined than limiting values we could quote in soils
at the present time. We think principally the sulfate form.
J. K. DIXON: By what method is availability of sulphur in soil determined?
H. V. JORDAN: We have used the methods described in References 2, 3 and 8
in Literature Cited.
J. A. PELISSIER: Recent work in Australia (or New Zealand?) indicated a
competition for sulfur between grasses and legumes, with a tendency for legumes
to suffer from S deficiency in the presence of grasses. Have you found similar
evidence in your work?
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H. V. JORDAN: In our mixed seedings of clover and grass, the clover is dominant in spring and early summer. The clover becomes dormant with the
advent of hot dry weather, and the summer vegetation is predominantly grass.
Clovers have responded to sulfur applications but the succeeding grasses have
responded only when rather highly fertilized with nitrogen. A nitrogen X sulfur
interaction may play a role both in the work you mention and in our own.
R. A. WOOD: What degree of agreement, if any, has there been between
responses to sulfur in the field and laboratory analyses ? What method was used
to determine the available sulfur?
H. V. JORDAN: Agreement between responses to sulfur in the field and laboratory analyses has been only fair. The situation is probably complicated by
the accumulations of sulfates in subsurface horizons. Methods used to determine
available sulfur are cited as References 2, 3 and 8 in Literature Cited.
E. VON BOGUSLAWSKI: Is the deficiency so great that the quantity of sulfur
with the common fertilizers is not enough?
H. V. JORDAN: NO. We get into trouble only when we use highly-concentrated,
low-sulfur fertilizers or fertilizers which are sulfur-free.
E. BELLIS: Have you observed any interactions in the system: grass-legumessulfur application? In Kenya, the Grassland Team of the Department of
Agriculture in a number of critical experiments has reasoned that the maximum
benefit from sulfur application is obtained when applied to a grass-legume
mixture well supplied with phosphate. Comparatively little benefit came
from applying sulfur to grass alone or to interplanting legumes in grass unless
sulfur is applied. Sulfur responses are recorded mainly on Grumosols and sandier
soils derived from specific parent material. Tomato has been a very sensitive
test plant for the nutrient.
H. V. JORDAN: Interactions are discussed in a portion of the paper not
presented orally because of time limitations. See published paper. We found
very positive nitrogen X sulfur and phosphorus X sulfur interactions.
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THE EFFECTS OF NATURAL AND SYNTHETIC CHELATING
SUBSTANCES ON THE MINERAL STATUS OF PLANTS
by
P. C. DEKOCK

Macaulay Institute for Soil Research, Aberdeen, Scotland.
The question whether organic matter of the soil — apart from its baseexchange and moisture retention capacity — exerts any beneficial effect
on the growth and the nutritive value of plants has caused considerable
controversy in the past. It occupies the minds of soil scientists of the present
day and will be a subject of study for a considerable time in the future.
Although the effect of organic matter on soil structure is undoubted
its physiological effect on plant growth is not clearly understood. Claims
have been made that the 'organically grown' plant is nutritionally and
in the matter of flavour superior to that grown with 'artificials', without
any unequivocal evidence in favour of such statements.
The addition of organic substances such as brown coals or lignites has
been made to certain soils over many centuries and their beneficial effect
established beyond doubt. One such lignite from Yugoslavia, where it is
extensively used in horticulture, was studied spectrographically at the
Macaulay Institute as it was believed to contain a trace element which
was commonly lacking in the native soil. Analysis of the lignite failed to
reveal any one element which could account for the improved growth in
presence of the soil amendment (1).
Since others had attributed the stimulation of plant growth obtained with
lignites to the presence in the lignite of steroid substances, we exhaustively
extracted the lignite in a Soxhlet apparatus with peroxide-free ether.
No growth-stimulating substance could be detected in the ether extract
when tested on mustard in water culture.
Following the earlier work of Horner et al., (2) we investigated whether
the growth promoting effects of lignite could be ascribed to the humic
acids it contained. The lignite sample was repeatedly extracted with sodium
oxalate on a boiling water bath and the lignite fraction precipitated with
hydrochloric acid. Solution of the washed humic fraction in aqueous sodium
hydroxide and reprecipitation with pure sulphuric acid ensured a product
with a high degree of purity.
Using 1 mg. of extracted humic acid per litre of nutrient solution and
adding iron at 2 ppm as ferric chloride, stimulation of growth was obtained
above that of the controls without humic acid.
Since the chelating agent ethylene diamine tetra-acetic acid (EDTA)
had been proposed as useful as maintaining iron in solution in nutrient
solutions, the iron EDTA chelate was included in the study and a greater
growth stimulation obtained. It therefore became apparent that the more
tightly the iron was bound to the organic moiety, the more available it
became to the plant.
However, spectrographic analysis of the lignite had shown that it contained considerable quantities of chromium and nickel. These metals were
known to inhibit the growth of plants and cause chlorosis. Nickel toxicity
occurs in certain soils of Aberdeenshire where ultra-basic rocks protrude
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into an overlay of peat. The acidic components of the peat tend to leach out
the heavy metals and the leachate affects the growth of oats in a characteristic manner. The investigation of nickel toxicity has been carried on at the
Macaulay Institute for several years (3, 4).
The lignite was ashed and the ash taken up with hydrochloric acid which
contained most of the nickel and chromium in solution. Addition of this
extract to mustard plants grown in nutrient culture in amounts equivalent
to the original lignite caused severe chlorosis and inhibition of growth,
whereas in the presence of humic acid, their toxicity was much reduced.
A study (5) of the uptake of various metals such as copper, nickel and
cobalt supplied to mustard plants either in the ionic form or as the EDTA
chelate was undertaken using the nutrient culture technique. The results
clearly showed that whereas the ionic metal caused severe stunting and
chlorosis of the leaves and deformation of root growth, the heavy metal
chelate had little effect on the plants, growth being healthy and normal.
Analysis of these plant leaves showed high percentages of the metal
where it had been supplied in ionic form, but plants supplied with the metal
chelate contained very little of the metal in the leaves. The reverse was
true for iron since the chelate produced improved growth and increased
uptake.
It appeared that the differential uptake could possibly be explained in
terms of the charge of the chelate molecule. The ferric chelate of EDTA
would have one negative charge and probably could be more easily adsorbed onto the root surface where the whole chelate could either be taken
into the tissues of the root or the metal exchange into a more stable chelate within the root tissues.
Using the series of chelates Ammonium Triacetic acid (ATA), EDTA
and Diethylene Triamine Penta-acetic acid (DTPA) chelated with various
divalent and trivalent metals, results were obtained in accordance with the
above views (6).
Beneficial effects have been obtained from fertilization with lignites in
soils which are calcareous in nature as found in the Carse soils in Yugoslavia.
It appeared therefore that the plants in those soils could be suffering from
so-called lime-induced chlorosis. The reason why certain plants will not
grow in such soils has not been generally agreed upon and the toxicity has
been ascribed to either calcium itself or the bicarbonate ion or other factors.
The ferric chelate of EDTA is not stable at pH's above 7 but more
recently the hydroxy and dihydroxy derivatives of EDTA have been shown
to form stable chelates with iron at high pH. Consequently a study (7) of
the iron nutrition of plants at high pH was undertaken using the ferric
chelates of these three compounds EDTA, hydroxyethylenediamine
triacetic acid (HEDTA) and dihydroxyethylenediamine diacetic acid
(HEDDA) in a nutrient medium maintained at pH 8. From the growth of
the plants, it was quite evident that the greater the stability of the iron
chelate the greater was the growth response of the plants. Where sodium
TABLE 1. Comparison of the growth of mustard plants in nutrient solutions with
iron (2 ppm) supplied as the chloride, the humate and the EDTA
chelate. Analysis of P and Fe are given for the leaves.
Symptoms
FeCl 3
Fe humate
Fe EDTA
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Chlorotic
pale green
dark green

Growth
Index

Fe
% ash

P
% ash

100
220
410

0.109
0.117
0.178

3.2
2.9
2.5
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TABLE 2. Uptake of nickel and chromium by mustard plants supplied as the ionic
salt or EDTA chelate in presence of iron as chloride or EDTA chelate.

FeClj
FeCl,
FeCl 3
FeCls
FeCl,

control
+ NiSO«
+ NiV
+ CrCls
+ Cr EDTA

Symptoms

Growth
Index

slight chlorosis
severe chlorosis
green
chlorotic
green

100
30
125
88
110

Ni*
1
270
8

Cr*
2
3
13

* ppm in dry matter of leaf.
TABLE 3. Growth of mustard plants in a nutrient medium maintained at pH 8
with iron supplied as the EDTA, HEDTA and HEDDA chelates.
% ash
Growth
Symptoms
Index
P
Fe
a) in presence of NaCl
FeCl,
Fe EDTA
Fe HEDTA
Fe HEDDA

chlorotic
green
green
green

150
170
195
215

3.4
3.6
3.3
3.1

0.08
0.10
0.08
0.09

b) in presence of NaHC0 3
FeCl,
Fe EDTA
Fe HEDTA
Fe HEDDA

chlorotic
pale green
green
green

100
130
170
200

3.8
3.7
3.7
3.3

0.08
0.08
0.10
0.10

TABLE 4. Average height (cm.) of mustard plants when grown in the presence of
iron as the chloride, EDTA chelate and HEDDA chelate, the nutrient
solution being varied to contain 4 ratios of potassium to calcium. (1/12,
3/10, 6/7, 10/3). (Standard Errors are given in brackets).

Kt
K,
K3
K4

FeCl,

Fe EDTA

Fe HEDDA

10.8
7.4
5.3
4.4
(±0.92)

13.8
14.2
14.6
11.8
(±0.81)

32.2
31.4
30.7
29.2
(±0.91)

TABLE 5. Changes in mineral composition of the leaves of mustard plants when
grown in presence of iron as the chloride, EDTA chelate and HEDDA
chelate, the nutrient solution being varied to contain 4 ratios of potassium
to calcium. (1/12,3/10,6/7,10/3). (Standard Errors are given in brackets).
K

K,
K4

Fe EDTA

FeCl 3

Fe HEDDA

P/Fe

K/Ca

P/Fe

K/Ca

P/Fe

K/Ca

78
99
140
153
(±8.1)

0.57
1.04
1.65
4.26
(±0.247)

66
74
81
84
(±5.3)

0.78
1.12
1.44
3.16
(±0.065)

40
44
50
46
(±2.2)

0.44
0.82
1.24
1.88
(±0.072)
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bicarbonate had been added to the medium, chlorosis was generally more
severe than the controls which had sodium chloride added. However, no
effect of the bicarbonate ion was apparent in the presence of the chelate
with the highest stability constant.
It was also known that calcareous soils are less toxic to plants when flooded.
The flooding presumably reduced the oxygen tension of the soil which in
turn affected the availability of iron in the soil. We could test this hypothesis in the present experiment simply by aerating one set of cultures with
20 per cent oxygen and a duplicate set with commercial nitrogen which
contains 1 per cent oxygen. It was clear once more that the cultures aerated
with 20 per cent oxygen were more severely chlorotic than the cultures
aerated with 1 per cent oxygen.
The following conclusions could be drawn from the above study:
a) The more stable the chelate at alkaline pH, the greater the amount
of iron found in the leaves of the plants. Thus the chelate maintained a
greater concentration of iron available to the plant, the iron which was not
held in solution by the chelate being precipitated by the phosphate in the
nutrient solution. The influence of the stability of the chelate upon the iron
nutrition of the plant might imply that the chelate is being absorbed into
the root and transported as such or broken down and the iron built into a
more stable complex or chelate, after reduction to the ferrous state.
b) The influence of oxygen on the severity of chlorosis could be explained
by its influence on the latter step, the reduction of the ferric iron to ferrous
iron before it could be utilized by the plant. There probably exists in the
plant cell a ferric-ferrous balance which would tend to be displaced to the
left by high oxygen tensions and to the right when the partial presence of
oxygen is lowered.
c) The influence of the bicarbonate ion can similarly be explained by its
influence on the solubility of iron in the tissues of the root, rendering the
iron insoluble as a ferric carbonate in the outer tissues of the root. If the
bicarbonate ion exerted its effect by increasing the amount of organic acids,
then it is not clear why this effect is not apparent in the presence of the
most stable chelate. It is more likely that in the presence of the most stable
chelate the effect of the bicarbonate ion on the solubility of iron is negligible.
As yet no reasonable hypothesis has been presented why an increase of
organic acids in the root should interfere with translocation of iron to the
leaf.
Recently it has been shown (8) that certain soil bacteria from the rhizosphere produce 2-ketogluconic acid. This acid, by forming a stable chelate
with calcium, is able to dissolve phosphate rock. The 2-ketogluconic acid
when supplied to oat or mustard plants in nutrient culture can be readily
identified in the leaves after a few days. This would appear to favour the
view that chelates are absorbed by roots of plants.
By influencing the level of iron in plants, natural and synthetic chelating
substances profoundly influence the mineral status of plants. From a
comparison of the analysis of chlorotic and green leaves, it could be seen
that the increased uptake of iron was usually accompanied by a decrease
in the percentage of phosphorus of the leaf.
This reduction in phosphorus was accompanied by a reduction in the
amount of potassium in the leaf and an increase in the amount of calcium.
The potassium-calcium ratio has long been recognized as an important
physiological concept both in cellular metabolism as well as in practical
agriculture.
Further study indicated that the metabolism of the elements, phosphorus,
iron, potassium and calcium were interrelated (9). Consequently the iron
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nutrition of mustard plants was studied in nutrient culture in t h e presence
of various levels of phosphorus, potassium a n d calcium, employing three
different forms of iron, t h e chloride, E D T A chelate a n d t h e ethylene
diamine bis (o-hydroxyphenyl) di-acetic (EDDHA). As before growth
response was related t o t h e stability of t h e chelate, t h e E D D H A chelate
yielding exceptionally uniform a n d healthy plants.
However, even with this chelate, growth was depressed when the potassiumcalcium ratio of t h e medium increased, even although t h e medium contained
calcium far in excess of t h e plant's requirements a t t h e highest potassiumcalcium ratio employed. The effects were progressively more pronounced
with t h e E D T A chelate and with ferric chloride. W i t h t h e latter forms of
iron it could be shown t h a t t h e uptakes of phosphorus, iron, potassium and
calcium were interrelated, t h e phosphorus-iron a n d potassium-calcium
ratios varying in t h e same direction.
We attempted t o explain this interrelationship b y studying the organic
acids of leaves and were able t o show t h a t where iron was deficient, citric
acid tended to accumulate and malic acid t o disappear, whereas when t h e
iron supply was adequate malic acid was found in greater amounts in t h e
leaves of mustard (10). T h e amounts of potassium a n d calcium in a leaf
seem t o be related t o t h e amounts of citric acid and malic acid in the leaf
so that t h e citric-malic ratio varies in t h e same way as do t h e potassiumcalcium a n d phosphorus-iron ratios.
The enzyme aconitase has been shown t o convert citric acid through cisaconitic acid to «so-citric acid (which is further metabolised t o malic acid)
in t h e Krebs citric acid cycle. The enzyme appears t o require ferrous ions
for its activity. When ferrous ions are lacking, the citric acid is not further
broken down; we have been able t o show t h a t under conditions of iron
deficiency in mustard leaves, t h e aconitase activity is much reduced (11).
A very much clearer picture is now emerging from a study of the influence
of natural and synthetic chelating agents on the mineral nutrition of plants,
for it is evident t h a t through their effect on iron nutrition, they profoundly
affect the uptake of the major elements. However, should the major elements
of t h e soil be unbalanced, then they will in turn affect metabolism of t h e
plant in a particular way.
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SUMMARY

The fertilizing effect of a lignite has been related t o its chelating effect
on iron which is then rendered available for absorption b y t h e plant. A
study has been made of synthetic chelating substances in relation t o their
growth promoting effect. This has been described t o t h e stability of t h e
577

IV.72
chelate molecule, the greater the stability, the more effective the growth
promoting effect of the chelating agent. This means t h a t the whole chelate
is taken into the root, the iron or other chelated metal being subsequently
liberated b y metabolic processes. The chelating substances affect the mineral
composition of the plant in so far as they cause an improvement in the
iron status of the plant with associated changes in the phosphorus, potassium
and calcium contents of the plant.
RÉSUMÉ

L'action fertilisante d'une lignite a été mise en rapport avec son effet
complexant vis à vis du fer, rendant ainsi cet élément assimilable par les
plantes. Nous avons étudié l'effet favorable à la croissance des plantes,
excercé par quelques substances complexantes synthétiques. Cet effet a
été attribué à son tour à la stabilité de la molécule complexante: plus
celle-ci était grande, plus grande aussi était l'effet positif sur la croissance.
Ceci veut dire que le complexe entier entre dans la racine et que le fer ou
n'importe quel autre ion métallique y est ensuite libéré par des processus
de métabolisme. Les substances complexantes affectent la composition
minérale des plantes pour a u t a n t qu'elles améliorent la nutrition en fer
de la plante et que par là ils modifient sa teneur en phosphore, en potassium
et en calcium.
ZUSAMMENFASSUNG

Die Wachstumsförderung einer Braunkohle ist seiner Chelatisierungskraft
auf Eisen zugeschrieben. Eine Untersuchung synthetischer Chelatsubstanzen
in Bezug auf ihre Wirkung als Wachstumsförderer ergab einen Zusammenhang zwischen Wachstum und der Stabilität des Chelatmolekules — je
grösser die Stabilität, desto grösser der Wachstumseinfluß. Das k a n n
bedeuten, daß das ganze Chelatmolekul als solches in die Wurzel aufgenommen wird und dann das Eisen oder das j eweilige Metal durch metabolische
Prozesse freigemacht wird. Ferner, daß die Chelatsubstanzen die Mineralzusammensetzung der Pflanze insofern beeinflussen als sie eine Verbesserung
des Eisenzustandes bewirken, gekuppelt mit Änderungen des Phosphor-,
Kali- und Kalk-Gehaltes.
DISCUSSION

C. A. BLACK: Would you be willing to amplify on the physiological relationships related to iron supply as summarized in your last slide?
P. C. DE KOCK: As shown in the figure, there appears to be a balance between
totale phosphorus and total iron in the plant cell so that the iron status of a
plant leaf can be best assessed as a ratio of phosphorus to iron. Since it would
seem that iron which is attached to phosphoproteins is in the ferric state and
iron which is free in the cellular sap is ferrous iron, the P : Fe ratio then is a
measure of the Ferric-Ferrous iron ratio. I t is known that the enzyme aconitase
which metabolizes citric acid in the tricarboxylic acid cycle, requires ferrous ions
for its activity.
Consequently when ferrous ions are lacking, citric acid accumulates and
malic acid tends to disappear.
Conversely when iron supply is adequate, citric acid is rapidly metabolized
and malic acid tends to accumulate. The relative amounts of citric and malic
acids appear to determine the relative amounts of potassium and calcium in the
cell. There further appears to be an inverse relationship between the amounts
of amino acids and organic acids in the cell. The figure represents these interrelationships as balance arms with connecting rods, so that if one balance is
altered, all other balances are affected, but not necessarily to the same degree.
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O. R. LUNT: Do you feel that bicarbonate ion is related to the problem of
chlorosis?
P. C. DE KOCK: It would appear that bicarbonate induces chlorosis by its
effect on the solubility of iron in the soil solution, rendering it unavailable to
the plant root. There is no evidence for a specific biochemical effect of the
bicarbonate ion.
W. F. MIERKE: Does your study suggest an uptake of chelate compounds as
whole molecules? If so, would you believe there may be a danger to animals
feeding on forage containing particularly strong chelating compounds?
P. C. DE KOCK: Absorption by the plant of metal chelates seems to involve
the charge on the molecules and this would imply penetration into the outer
cells of the root. Studies with labelled EDTA also seem to show that the chelate
does appear on the leaves. The chelating agent 2 ketogluconic acid is certainly
translocated to the leaves, but is soon metabolized. There is evidence that
chelating agents when incorporated in the diet of young rats will cause anaemia.
The metabolism of chelating agents by animals is receiving close study especially
in relation to carcino genesis.
D. L. GRÜNES: In North Dakota, on areas from which surface soil has been
removed, a zinc deficiency of corn occurs. Application of 20 tons of manure
(containing 2 lbs zinc/A) increases zinc content in corn leaves as much as an
application of 16 pounds of zinc as zinc sulfate. Is this due to the chelating
properties of the manure on soil and manure zinc?
P. C. DE KOCK: The chelating effect of organic substances in the manure is a
possible explanation for this observation. Without information on the edaphic
factors, it is difficult to be precise.
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PHOSPHATE REACTION PRODUCTS IN SOIL AND THEIR
AVAILABILITY TO PLANTS*
by
W.

L. LINDSAY AND A. W.

TAYLOR

The value of phosphate fertilizers as sources of phosphorus for plants
depends upon the availability of the phosphorus in the products formed as a
result of the reaction between the fertilizers and the soil. This availability
will in turn depend upon the rate at which these degrade to less available
materials. In studies in this laboratory using chemical, X-ray, and pétrographie techniques we have identified a number of phosphate compounds
formed when various fertilizer materials react with soils and soil minerals.
We have synthesized sufficient quantities of many of these compounds to
carry out detailed studies of their chemical properties and to undertake
greenhouse tests of their effectiveness as sources of phosphorus for plants
(1, 3, 7, 8). Our object in this paper is to summarize our present information
concerning the availability of the phosphorus in some of the materials which
are known to be formed from different types of phosphate fertilizers.
Since the nature of the reaction products depends chiefly on the acidity
of the solution formed as the fertilizer dissolves, it is convenient to distinguish
between those products which are formed from orthophosphate fertilizers
producing acidic solutions below pH 4 and those producing solutions above
pH 6. Products formed from polyphosphate fertilizers, which are becoming
of increasing importance in high analysis fertilizers such as ammoniated
superphosphoric acid and in suspension fertilizers in which condensed
phosphates are present, may be best considered as a third separate group.
Monocalcium phosphate and monoammonium phosphate are the most
important materials of the acidic orthophosphates, which may also include
monopotassium phosphate. When these materials are placed in the soil the
acid solution which leaves the fertiUzer particle dissolves considerable
quantities of iron and aluminum, and as this solution is neutralized, the
dissolved iron and aluminum are then reprecipitated as complex phosphates
together with the less soluble calcium phosphates. Some of these complex
phosphates that have been tested in the greenhouse are listed in Table 1.
Since the data in this table were obtained from different experiments, the
results are given in terms of the total amounts of phosphorus taken up by
the plants for all the harvests in each experiment, expressed as a percentage
of the amount taken up from monocalcium phosphate under the same
conditions. Both figures are corrected to allow for the amounts of phosphorus
taken up by the plants in the no-phosphorus control treatments.
Dicalcium phosphate dihydrate, CaHP0 4 .2H 2 0, is one of the major
initial products formed. Where monocalcium phosphate is used sufficient
calcium is present to precipitate one half the fertilizer phosphorus in this
form. Usually only small amounts of the anhydrous salt, CaHP0 4 , are
formed, even though the anhydrous salt is the more stable form. In finely
divided form, both dicalcium phosphates are more available than monocalcium phosphate, although the efficiency decreases markedly as their
* Joint Contribution from Soils and Fertilizer Research Branch and Fundamental Research Branch Office of Agricultural and Chemical Development.
Tennessee Valley Authority, Wilson Dam, Alabama, U.S.A.
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TABLE 1. The comparative value of various phosphate compounds as sources of phosphorus for plants
Test conditions
Phosphate compound

Particle
size
mesh
(US-NBS)

Application
rate
(mg.P/3kg.
soil)

Crop and number of
harvests

Relative P
uptake from
neutral
soils
(monocalcium
phosphate
= 100)

Reference

Products from Acid Water-Soluble Orthophosphate Fertilizers
CaHP0 4 -2H,0
Dicalcium phosphate
dihydrate
CaHPO.
Anhydrous dicalcium
phosphate
Ca^POO.-SHsO
Octocalcium phosphate
Ca 10 (PO,),(OH),
Hydroxyapatite
Ca 10 (PO 4 ),F 2
Fluorapatite
CaFe^HPO^-öHjO
Calcium ferric phosphate

K»AJJH,ÇP04).-18Hi)

Potassium taranakite
(NH 1 ),Al 6 H,(P0 1 ) 8 -18H a O

-100
- 4 0 + 60
— 20 + 40
-100
-60+100
-10+14
-100

f11)

60
60
60
26
60
60
60

Maize 3
Maize 3
Maize 3
Ryegrass 1, Sudangrass 1
Wheat 1, oats 1
Wheat 1, oats 1
Ryegrass 1, Sudangrass 1

123*
102*
66*
110
65
27
77

(1)
(8)
(9)
(9)
(8)

-100

60

Ryegrass 1, Sudangrass 1

9

(8)

-325

200

Maize 3

2

(3)

-200

200

Maize 3

83

(?)

-200
-200
-200

200
150
150

Maize 3
Maize 1
Maize 1

79
40
10

(7)
(9)
(9)

i

KFe 3 H 8 (P0 4 ),-6H,0
Acid potassium ferric phosphate
(NH 4 )Fe,H 8 (P0 4 ),-6H,0
Acid ammonium ferric phosphate
Aluminum phosphate (Colloidal)
• Ferric phosphate
(Colloidal)
F e P C y 2 H , 0 Strengite

2UU

Maize a

D

K')

-325

200

Maize 3

38

(3)

-200
-200
—325
-325

200
200
200
200

Maize
Maize
Maize
Maize

74
71
92
3

w

(3)
(3)

138*
124*
123*
136*
3

(9)
(9)
(9)
(9)
(7)

0

(7)

108
54
54
25
15
7

(9)
(9)
(9)
(9)
(9)
(9)

aou

3
3
3
3

(7)

Products from Alkaline Water-Soluble Orthophosphate Fertilizers
MgNH 4 P0 4 .6H a O
Struvite
K 3 CaH(P0 4 ),
KA1,(P0 4 ),0H-2H,0
Basic potassium aluminum phosphate
KFe s (P0 4 ),OH-2H a O
Basic potassium ferric phosphate

- 3 5 + 60
- 2 0 + 35
- 3 5 + 60
-20+35
-200
-200

60
60
60
60
200

Oats
Oats
Oats
Oats
Maize

1
1
1
1
3

200

Maize 3

Products from Soluble Pyrophoshate Fertilizers
Ca(NH 4 ),P s O,-H s O
Ca,(NH 4 ) s (P 2 0,)2-6H !1 0
Ca 2 P 2 Cy2H 2 0
Calcium pyrophosphate

-60+100
-10+14
-60+100
-10+14
-60+100
- 1 0 + 14

60
60
60
60
60
60

* Data relative to —100 mesh anhydrous dicalcium phosphate = 100.

CI
QC

ti

Wheat
Wheat
Wheat
Wheat
Wheat
Wheat

1,
1,
1,
1,
1,
1,

oats
oats
oats
oats
oats
oats

1
1
1
1
1
1
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partiele size increases. The anhydrous salt is always less efficient than the
dihydrate (1,8) in keeping with the rates of solution of the two materials.
Above pH 6.5, dicalcium phosphate hydrolyzes to the more basic octocalcium phosphate, Ca 4 H(P0 4 ) 3 .3H 2 0, and this transformation is of major
importance when dicalcium phosphate is used as a fertilizer on neutral or
alkaline soils (2). The data in Table 1 show that finely divided octocalcium
phosphate has an availability about 80 % of that of monocalcium phosphate.
Octocalcium phosphate, however, is metastable with respect to the apatites,
and in neutral or alkaline soils slowly reverts to apatite with consequent
loss in availability. In acid soils the soil solution is generally undersaturated
with regard to hydroxyapatite and this transformation does not occur (5);
instead various iron and aluminum phosphates are precipitated. Localized
mixtures of dicalcium and octocalcium phosphates derived from the original
fertilizer may persist in the soil for several months or even years.
In addition to the neutral or basic calcium phosphates formed from the
acidic fertilizers, a number of iron and aluminum phosphates are precipitated
in the reaction zone surrounding the dissolving fertilizer. These phosphates
may also contain other cations such as calcium, ammonium, or potassium
which may be supplied by either the fertilizer or the soil. The relative
amounts of iron and aluminum dissolved depend upon the pH of the solution
leaving the fertilizer particle (4, 6). As the solution becomes more acid,
increasing amounts of iron are dissolved, and under the very acid conditions
of the monocalcium phosphate system the calcium ferric phosphate CaFe2
(HP0 4 ) 4 .5H 2 0 may be formed. As the phosphate concentration falls and
the pH rises this material hydrolyzes and releases a considerable proportion
of its phosphorus. In neutral soil finely divided calcium ferric phosphate
is about 80 % as effective a source of phosphorus for three successive crops
as monocalcium phosphate. The availability was noticeably greater, however, in the first than in the subsequent crops (7).
The taranakites, (K, NH4)3A15H6(P04)8.18H20, are an important group
of compounds which form from monocalcium phosphate in the presence of a
supply of potassium or ammonium and also from monoammonium or monopotassium phosphates. The rate of release of phosphate from these compounds
is much slower than from the dicalcium phosphate or calcium ferric phosphate, and the taranakites continue to release phosphorus over a period of
several months. In a single-crop experiment (Table 1) the efficiency of the
potassium taranakite was only about 40 % of that of monocalcium phosphate, but in a three-crop experiment, in which the phosphorus yields from
the taranakite did not decrease as rapidly with successive crops as those
from the monocalcium phosphate, the relative availability was about 80 %.
For some reason, not at present understood, the availability of ammonium
taranakite is much lower than that of its potassium analog.
The complex acid iron phosphate, (K, NH 4 )Fe 3 H 8 (P0 4 ) 6 .6H 2 0, is
formed under the more acid conditions established by mixtures of monocalcium phosphate with potassium chloride or ammonium nitrate, as in
many mixed fertilizers. Some of the iron can be replaced by aluminum (4, 6).
Under normal soil conditions these phosphates hydrolyze with the release of
some phosphate, but they are not very satisfactory sources of phosphorus
in neutral soils. The reason for the difference in the behavior of these
potassium and ammonium compounds is not understood.
In addition to the crystalline minerals, a significant portion of the
fertilizer phosphorus precipitates in the form of colloidal iron and aluminum
phosphates which are amorphous to X-rays. These precipitates often occur
as gels and vary in composition, and generally the ratios P/Al and P/Fe
decrease as the pH rises. The data in Table 1 show that both colloidal
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phosphates are relatively good sources of phosphorus in neutral soils,
although there is evidence (3, 7) that their availability is much less under
more acid conditions. These colloidal phosphates are thermodynamically
unstable with respect to crystalline forms such as variscite, A1P0 4 .2H 2 0,
and strengite, FeP0 4 .2H 2 0, and it is possible that they may revert to these
crystalline forms over long periods of time. As indicated in Table 1, strengite
is of no value as a source of phosphorus for plants.
The principal fertilizer in the neutral or alkaline class is diammonium
phosphate. Dipotassium phosphate which is even more alkaline may also
be included in this class although it is not presently a commercial fertilizer
material. Where these phosphates are used on soils with a high calcium
content, octocalcium phosphate and apatite, whose properties have been
discussed above, are the principal reaction products. If the soil contains
magnesium, the mineral struvite, MgNH 4 P0 4 .6H 2 0, is readily formed where
diammonium phosphate is applied. The data in Table 1, which are derived
from an experiment in which struvite was compared with anhydrous
dicalcium phosphate (9) indicate that it is a good source of phosphorus
and is about equal to monocalcium phosphate in efficiency.
The compound K 3 CaH(P0 4 ) 3 is produced by the reaction of dipotassium
phosphate with soil or such minerals as calcium carbonate or dolomite. It
is stable only under alkaline conditions but appears to be a very satisfactory source of phosphorus at normal soil pH values.
The extent to which more insoluble reaction products may be formed
readily from the alkaline fertilizer materials is not yet clear. Amorphous
iron and aluminum phosphates are always present, and when these are
bathed in a concentrated phosphate solution for any lenght of time, complex
basic phosphates may form, although this transformation probably is slow
at low temperatures. One compound of this type, a basic ammonium aluminum phosphate, has recently been isolated from several soils that were
treated with diammonium phosphate solution. Although no well-characterized specimen of such a material has been tested in the greenhouse, the
behavior of two somewhat similar basic potassium aluminum and potassium
iron compounds (Table 1 ) suggest that materials of this type are very poor
sources of phosphorus.
The principal reaction products from fertilizers containing water-soluble
pyrophosphates include calcium and calcium ammonium pyrophosphates.
Under neutral conditions, such as those obtained when liquid fertilizers
produced by the ammoniation of superphosphoric acid react with soils, a
large fraction of the pyrophosphate is precipitated initially as Ca(NH 4 ) 2
P 2 0 7 .H 2 0. When finely divided, this compound gave a phosphorus response
similar to that of monocalcium phosphate (Table 1 ). As the ammonium concentration in the reaction zone falls this compound transforms into Ca3
(NH 4 ) 2 P 2 0 7 .6H 2 0 and subsequently to Ca 2 P 2 0 7 .2H 2 0, with resultant decrease
in the availability of the phosphorus. The value of all these pyrophosphates
appears to decrease with increasing particle size, which may reflect a
tendency for a large portion of the phosphate to be precipitated as Ca2
P 2 0 7 .2H 2 0 within the particles, so that less pyrophosphate is released into
the surrounding soil where it can be hydrolyzed to orthophosphate.
CONCLUSION

Many of the initial reaction products of phosphate fertilizers and soil
are compounds which are capable of releasing adequate phosphorus for
plant growth. Under certain conditions some of the products show a higher
availability than even monocalcium phosphate.
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Although the initial reaction products are unstable under normal soil
conditions, they may persist for one or more growing seasons in the localized
environment formed close to a fertilizer band. In time, however, they all
revert to more stable compounds of lower availability.
In addition to the more readily available materials, a number of complex
iron and aluminum phosphates also precipitate in the reaction zones of
acid fertilizers. These compounds are relatively stable under acid conditions
and provide rather small amounts of phosphorus for plants. At higher pH
levels, these compounds hydrolyze with the precipitation of aluminum and
iron phosphate compounds of indefinite composition, possibly in the form
of surface coatings which may prevent the release of the bulk of the phosphate from the coated crystals. Under these circumstances the size and area
of the initial crystals will be of primary importance in controlling their
usefulness as sources of phosphorus.
Amorphous iron and aluminum phosphates are almost always found
among the reaction products between any phosphate solution, acid or
alkaline, and the soil. In their initial form these amorphous phosphates
appear to be moderately good sources of phosphorus, but the processes by
which they revert to less available forms are not well understood.
The nature and distribution of the various phosphate reaction products
are controlled by the composition of both the fertihzer and the soil. Further
and more detailed studies of the conditions that control the formation and
redissolution of these substances should lead to a better understanding
of the factors that control fertihzer availability.
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SUMMARY

When water-soluble phosphate fertilizers dissolve, the solution which is
released reacts with the surrounding soil to precipitate a wide range of new
phosphate compounds. The particular phosphate formed depends upon
the composition of both the fertihzer and the soil.
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When well-characterized synthetic preparations of several of these compounds were tested in the greenhouse as sources of phosphorus for plants,
marked differences were found. In general, these products which precipitate
most readily are also most available to plants. These include CaHP0 4 .2H 2 0,
CaHP0 4 , CaFe 2 (HP0 4 ) 4 .5H 2 0, (NH4,K)3A16H6(P04)8.18H20 (taranakite),
and colloidal ferric and aluminum phosphates which precipitate from acidic
phosphate fertilizers; MgNH 4 P0 4 .6H 2 0 (struvite), K 3 CaH(P0 4 ) 2 and
Ca 4 H(P0 4 ) 3 .3H 2 0 (octocalcium phosphate) from alkaline fertilizers; and
Ca(NH 4 ) 2 P 2 0 7 .H 2 0 and Ca 3 (NH 4 ) 2 (P 2 0 7 ) 2 .6H 2 0 from condensed phosphate
fertilizers.
Phosphate reaction products which are only slightly available to plants
are also formed in soils either as initial products or as a result of subsequent
transformations of these products. Generally such phosphates are much
more stable in the soil environment and persist for long periods of time and
release their phosphorus only very slowly. These include KFe 3 H 8 (P0 4 ) 6 .
6H 2 0, FeP0 4 .2H 2 0 (strengite), Ca}0 (P0 4 )„(OH) 2 (hydroxyapatite), Ca10
(P0 4 ) 6 F 2 (fluorapatite), and basic iron and aluminum phosphates of the
type K(A1, Fe) 2 (P0 4 ) 2 OH.2H 2 0 as well as Ca 2 P 2 0 7 .2H 2 0 which occurs as a
subsequent product from condensed phosphate fertilizers.
The formation and distribution of these reaction products in the soil are
believed to be important factors in determining the efficiency of different
phosphate fertilizers.
RÉSUMÉ

Quand les phosphates solubles dans l'eau se dissolvent, la solution réagit
avec le sol environnant et laisse précipiter une grande variété de nouveaux
composés phosphatés. La nature des nouveaux phosphates ainsi formés
dépend de la composition du sol et des engrais.
Plusieurs préparations synthétiques bien caractérisées de ces phosphates
néoformés furent utilisées comme sources de phosphore dans des expériences
en serre et elles accusaient des différences bien marquées. En général, les
phosphates qui précipitaient le plus facilement étaient également les plus
accessibles aux plantes. Notons parmi ceux-ci: CaHP0 4 .2H 2 0, CaHP0 4 ,
CaFe 2 (HP0 4 ) 4 .5H 2 0, (NH4,K)3A15H6(P04)8.18H20 (taranakite) et les
phosphates colloïdaux de fer et d'aluminium qui précipitent à partir d'engrais phosphatés acides; MgNH 4 P0 4 .6H 2 0 (struvite), K 3 CaH(P0 4 ) 2 et
Ca 4 H(P0 4 ) 3 .3H 2 0 (phosphate octocalcique) qui proviennent d'engrais
alcalins; Ca(NH 4 ) 2 P 2 0 7 .H 2 0 et Ca3(NH4)2(P207)2.6H20 provenant de polyphosphates.
Dans le sol il se forme également des produits de réaction phosphatés
qui ne sont que très peu accessibles aux plantes, soit comme des produits
initiaux soit par transformation ultérieure de ces produits initiaux. En général ces phosphates sont beaucoup plus stables dans les conditions de milieu
du sol, ils persistent longtemps et ils ne libèrent leur phosphore que très
lentement. Il s'agit entr'autres des produits suivants KFe 3 H 8 (P0 4 ) 6 .
6H 2 0, FeP0 4 .2H 2 0 (strengite), Ca10 (P0 4 ) 6 (OH) 2 (hydroxyapatite), Ca10
(P0 4 ) 8 . F 2 (fluorapatite), les phosphates basiques de fer et d'aluminium
du type K(A1, Fe) 2 (P0 4 ) 2 OH.2H 2 0 ainsi que le Ca 2 P 2 0 7 .2 H 2 0 que l'on
trouve comme produit résiduel des engrais polyphosphatiques.
L'auteur considère la formation et la distribution de ces produits de réaction dans le sol comme des facteurs importants, qui déterminent l'efficacité
des divers engrais phosphatés.
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ZUSAMMENFASSUNG

Wenn wasserlösliches Phosphat aus Düngemitteln gelöst wird, wirkt
die so entstehende Lösung derartig auf den umgebenden Boden ein, dass
eine ganze Reihe neuer Phosphatverbindungen niedergeschlagen wird. Was
für ein besonderes Phosphat dann gebildet wird, hängt ab sowohl von dem
Boden wie von dem Düngestoff.
Als gut gekennzeichnete synthetische P r ä p a r a t e von verschiedenen dieser
Verbindungen im Gewächshaus als P-Quelle für Pflanzen geprüft wurden,
wurden deutliche Unterschiede angetroffen. Im Allgemeinen sind solche Produkte, welche am leichtesten niederschlagen, auch für die Pflanzen am leichtesten zugänglich. Hierzu gehören: C a H P 0 4 . 2 H 2 0 , C a H P 0 4 , C a F e 2 ( H P 0 4 ) 4 .
5 H 2 0 , (NH 4 , K) 3 A1 5 H 6 (P0 4 ) 4 .18 H 2 0 (Taranakit) u n d kolloidale Fe- u n d
AI-Phosphate, welche aus sauren P-Düngemitteln niederschlagen; ferner
M g N H 4 P 0 4 . 6 H 2 0 (Struvit), K 3 CaH (P0 4 ) 2 und Ca 4 H ( P 0 4 ) 3 . 3 H 2 0 (Oktocalciumphosphat) aus alkalischen P-Düngemitteln; und Ca(NH 4 ) 2 P 2 0 7 .
H 2 0 und Ca3(NH 4 ) 2 (P 2 0 7 ) 2 . GH 2 0 aus kondensierten P-Düngemitteln.
Daneben kommen im Boden, entweder als direkt gebildete Produkte oder
als Resultat einander nachfolgender Umänderungen dieser Produkte,
P-Reaktionsprodukte vor, welche für die Pflanzen nur schwer zugänglich sind. I m Allgemeinen sind solche Phosphate im Bodenmilieu beständiger; sie bleiben lange Zeit bestehen und lassen ihren P nur sehr langsam los.
Hierzu gehören: K F e , H 8 ( P 0 4 ) 6 . H 2 0 , F e P 0 4 . 2 H 2 0 (Strengit), Ca 1 0 (PO 4 ) 6
(OH) 2 (Hydroxyapatit), Ca 10 (PO 4 ) 6 Fe 2 (Fluorapatit) u n d basische Feund AI-Phosphate vom Typus K(A1, Fe) 2 (P0 4 ) 2 O H . 2 H 2 0 , somit als Ca 2
P 2 0 7 . 2 H 2 0 , welche als aus kondensierten P-Düngestoffen hervorgegangene
Produkte vorkommen. Man nimmt an, dass die Bildung u n d Verteilung
dieser Reaktionsprodukte im Boden einflussreiche Faktoren bei der Effizienzbeurteilung der verschiedenen P-Düngemittel sind.
DISCUSSION

LOWAY T. KADRY: 1. What criterion of availability was employed? 2. Whether
the release rate of the available form of P was ascertained to be uniform with
respect to time?
WILLARD L. LINDSAY: The availabilty of materials reported here was based
on the uptake of phosphorus in the above-ground portion of either maize, oats,
rye grass or sudan grass, relative to that taken up from monocalcium phosphate
or dicalcium phosphate dihydrate included in each experiment. The uptake of
phosphorus from the MCP or PCPD treatment in each experiment was taken as
100.
No. Successive cropping indicates in many cases that the rate of release of
P from these materials did change with time.
H. KICK: When comparing the various light ions in NH 4 Fe'" phosphate,
K F e ' " phosphate, NM4A1 phosphate and KAL phosphate, it was found that
there was a different uptake from NH 4 Fe"' phosphate as from K F e ' " phosphate.
With NH4A1 phosphate and KAL phosphate it was just in a contrary sense.
Why is that so?
WILLARD L. LINDSAY: Reason for the reversed effect from the respective
NH 4 or K from (NH 4 , K) Fe 3 H 8 (P0 4 ) 8 .6H 2 0 versus that of the taranakites
(NH 4 , K) 3 A16H„ (P0 4 )„ .18H 2 0, is not clear. Undoubtedly the dissolutions of
these materials in the soil are accompanied by precipitation of the Fe and Al
oxides which may form coatings and retard further release of phosphorus.
Another possible explanation may be the surface areas: Although the materials
were < 200 mesh and in some cases < 325 mesh, they are not compared on a
specific area basis. The approximate particle sizes of these materials are described
in more detail in the original papers cited in the text.
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D. J. LATHWELL: For how long do the reaction products of the fertilizer
dominate the P status of the soil and when do the soil properties begin to
dominate the P status of the soil?
WILLARD L. LINDSAY: Soil-fertilizer reaction products will persist as long as
the phosphorus remains in the soil, however transformation will occur by which
the more soluble products disappear as less soluble ones form. Some will persist
for only a day or so while others are expected to remain for years. For example
taranakite crystals, in the present studies, were recovered after 3 croppings and
showed only slight erosion. More soluble products such as K 3 CaH(P0 4 ) 2 are
expected to disappear within a few days as the initially concentrated phosphate
solution from a D K P granule soloides. Soil properties, of course are important
in determining the ultimate chemical environment of the reaction zone and
hence the nature of the ultimate products.
N. H. MONTEITH: What influence do you think high quantities of organic
matter have on the forms of phosphate in a high Fe and AI gel soil (Hawaiian
hydrol humic latosal) ?
WILLARD L. LINDSAY: The presence of high amounts of organic matter may
partially chelate some of the cations as Ca, Fe, Al, etc. which participate in
phosphate reactions and thereby temporarily retard precipitation of reaction
products. This is expected to modify only slightly the nature of the reactions.
Most of the water-soluble phosphate fertilizers during dissolution solubize
considerable quantities of organic matter as evidenced by highly colored filtrates
when soil fertilizer suspensions are filtered.
S. A. BARBER: When phosphate fertilizers are added to some soils a product
evolves which remains relatively available. In other soils, apparently, products
are formed which are very unavailable. Why is this?
WILLARD L. LINDSAY: The stability of any reaction product depends upon
the nature of the chemical environment into which it is placed. The soil furnishes
the cation which precipitates the phosphate and also ultimately governs the
pH of the environment that persists once the fertilizer and some of the more
soluble reaction products have disappeared. For example in an extremely
acid soil C a H P 0 4 . 2H ä O will not persist long as a reaction product because
various Fe and Al phosphates are capable of reducing the P-level in solutions
and C a H P 0 4 . 2H 2 0 dissolves. In a neutral soil, C a H P 0 4 . 2H 2 0 maintains a
much lower P-level and Fe and Al are not capable of reducing P-level as low
as in acid soils, therefore the C a H P 0 4 . 2H.jO persists much longer yet it still
maintains a P-level in solution adequate for normal plant growth. At higher
p H condition, CaHPO, . 2H 2 0 again cannot persist since orthocalcium phosphate apatites are more stable. The latter compound does not supply adequate
P for plants. This is only one example of the several transmutations that may
be cited.
HARRY PAUL: In the case of colloidal aluminium phosphate, would the
solubility decrease with repeated desiccation and re-wetting of the soil, and
would you expect the aluminium to form coordination compounds which may
decrease the solubility of the phosphorus?
A. W. TAYLOR: Colloidal aluminium phosphate can be reversibly dried and
wetted in the laboratory without inducing crystallization. Small aggregates of
colloidal aluminium phosphate have been recovered from a soil in a greenhouse
experiment which continued for more than six months, during which the soil
was allowed to dry between crops. When the P solution is dilute, the formation
of more complex compounds is unlikely. They will, however, form readily from
concentrated solutions such as exist around a fresh fertilizer granule.
FRANK VIETS Jr.: What is the source of NH 4 + in the MgNH 4 P0 4 and similar
ammonia-containing compounds that form when superphosphates are added
to soil ? Does the formation of ammonium phosphates as reaction products have
any significance as to availability of phosphates when materials are banded
together and banded separately?
A. W. TAYLOR: Struvite, MgNH 4 P0 4 . 6H 2 0, is formed when diammonium
reacts with soils containing magnesium. The ammonia is derived from the
fertilizer. Struvite is sufficiently soluble to yield up the ammonia which it
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contains, but this is not necessarily the case with the ammonium-aluminium
and ammonium-iron phosphates.
N. P. DATTA: I find that you have confirmed the production of apatites and
strengites in soils treated with phosphoric fertilizers, the presence of which in
long fertilized plots at Rothamsted incidentally had earlier been found and
reported. I would be delighted if you would please discuss the techniques and
methods followed in identification under acid soil conditions of various iron, aluminium, calcium and magnesium-ammonium phosphates which you describe
as having residual effects, and as being more readily available phosphates.
Certainly we can suppose that their formation is most likely.
A. W. TAYLOR: The questioner is referred to the earlier papers cited by us
in our present paper.
C. O. STANBERRY: Comments: I t is appropriate to call attention to the
findings of Dr. Lindsay and Dr. Taylor that water solubility has no relation
to plant availability. Their findings that water insolubility is in no way correlated with unavailability to plants has been supported by fields results of
other investigators. This is contrary to common belief in the United States.
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PHOSPHATE POTENTIAL AND PHOSPHATE ION ACTIVITY IN
SOILS WITH SPECIAL REFERENCE TO
PHOSPHATE AVAILABILITY
by
B. RAMA MOORTHY AND T. R.

SUBRAMANIAN

Indian Agricultural Research Institute, New Delhi
Studies on the availability of soil phosphate to plants and evaluating
from these the need for phosphatic fertilization of crops occupy an important
place in agricultural science. They are therefore attracting attention from
various angles. Nelson et al (1953) have summarised the important causes
for the limitations in the correlation of conventional soil tests with crop
responses as heterogeneity of soil population under study due to (1) presence
in some of the soils of more limiting factors for crop growth other than the
element included in soil tests, (2) the variable depth of the root zone in the
different soils and (3) the differing nature, amount and reactivity of the soil
colloids. But by comparing the yield due to a complete fertilizer with that
obtained by omitting only that element that is under soil test — crop
correlation, the disturbance due to the first cause can be reduced. That due
to the second cause can also in principle at least be minimized by determining
soil test values of representative samples of the entire effective root zone
appropriate to each soil type instead of the arbitrarily fixed and uniform
depth of the soil from each field. In practice however this is not always easy
and makes it necessary to keep other sources of error at the minimum so that
they may not add up together and make the total error too large for satisfactory correlation. The soil test work group of the National Soil Research
Committee (1956) confirm Nelson et al's (Loc.cit.) finding that different
groups of soils require different amounts of phosphorus as measured by one
and the same soil test method depending upon the cation exchange capacity/
anion exchange capacity ratio of each soil group for giving 100 % yield or
optimum growth of plants which is in effect the limit of sufficiency in the
availability of the nutrients. This means that the escaping tendency of
the nutrient from the soil into the plant in the different soils is equal to
one another and to the optimum limit required by the plants only when
different amounts of the same nutrient as measured by the usual soil tests
are present in these soils as demanded by the C.E.C./A.E.C. ratio of the soil,
which is a characteristic of the soil colloidal complex. This indicates a
possibility that if the escaping tendency of the element, which has a thermodynamic significance can be measured directly, instead of the usual soil
test values, the error due to heterogeneity of population (of soils) caused
by the differing C.E.C./A.E.C. ratios of the soils can be eliminated. The
object of this investigation is to see how far this can be done.
The thermodynamics of the escaping tendency of the ions in soil systems
has been investigated by a large number of workers, notably by Low (1951),
Babcock et al (1951) and Marshall and Upchurch (1953) amongst others,
but there has been a singular lack of agreement either on the conclusions
or on some of the definitions of such important functions as the thermodynamic activity of an ion or the standard state etc., needed to measure the
escaping tendency of the nutrient. However, there are certain propositions
on which there seems to be the possibility of wider agreement amongst
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IV.74
different workers. One such is Schofield's ratio law on cation exchange in
clays (Russell, 1950) which states that when cations in a dilute solution are
in equilibrium with the exchangeable cations in the clay, a change in the
activity of the ions in solutions will not disturb the equilibrium if the
activities of all the monovalent ions are changed in one ratio, those of all
the divalent ions in the square of the ratio and those of the trivalent ions
in the cube of that ratio. This follows also by an application of the Donnan
membrane equilibrium conditions to the distribution of the ions between
the exchangeable and the solution phases of the clay-wat er systems. This
along with application of the Debye-Huckel method of calculating ionic
activities in dilute solutions then enables the determination of the ratio of the
activity of different cations in solution needed to keep the latter unchanged
during equilibration. It will be necessary to prepare a number of solutions
containing the important cations of the soils, Ca, Mg, K, Na and H within
certain ranges and to measure the changes in the ratio law functions like
the sum of the activities of the monovalent ions divided by the square root
of the sum of the activities of the divalent ions and the activity ratios of the
individual ions of the same valency. The graph connecting the initial ratio
law functions of the solutions and the change it has undergone on equilibrium with the soil gives the value of the actual ratio needed in the solution
for no change on equilibration with the clay of soil concerned. A number of
solutions satisfying these ratios at the same time with different salt content
can be prepared and shown to be in equilibrium with the soil. But as is
pointed out by Salinity Laboratory Staff (1954), any determination on the
exchangeable cations has a significancy only when it is defined in relation
to a definite soil: soil solution ratio. The salinity laboratory suggests soil:
water equal to that present in saturation extract as a point of reference, but
the actual amount of soil to water ratio changes from soil to soil. Another
way of taking this reference point is to imagine the soil to be in equilibrium
with solution of definite salinity, as for example 20 m.e./l which has been
suggested by Schofield (1950) as an upper limit of the salt concentration of
natural soil solutions in normal soils and to calculate the activities in solution
of this salinity to satisfy the various ratio law functions as determined
earlier.
Cole and Olsen (1959) have shown that there is a constancy of the mean
activity of di-calcium phosphate in three calcareous soil systems varying
from clay to clay loam and loam in texture. Clark and Peech (1955) have
shown that the slope of the solubility line connecting lime potential and
monocalcium phosphate potential reveals the nature of the solubility determining calcium phosphate solid phase in the soil whose formation can be
pictured as m Ca(OH)2 + n Ca(H 2 P0 4 ) 2 = x solid phase phosphate + yH 2 0.
The slope of this solubility line is —1 for dicalcium phosphate. In a
number of acid soils equilibrated with varying but low concentrations of
mono-calcium phosphate solution in this laboratory, the value of the
gradient was found to be + 1 , satisfying an anion exchange equation of the
type, 2 soil (OH) solid phase + Ca(H 2 P0 4 ) 2 = Ca(OH)2 + Soil-H 2 P0 4
(solid phase) while in a number ot other soils studied, the solid phase seemed
to be like the hydroxy-apatite or the metastable octocalcium phosphate
Ca4H (P0 4 ) 3 .2H 2 0. The main point is the existence of a solubility product
constancy over a range of values of pH, calcium concentration and ionic
strengths in quite a number of soils. For these soils therefore, it is possible
to associate with the given activity of Ca and H of the equilibrium 0.02 N.
solution determined by the ratio law functions, the requisite amount of
mono-calcium phosphate potential in the equilibrium solution.
In this soil-equilibrium solution system, the chemical potential of the
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neutral molecule Ca(H 2 P0 4 ) 2 is the same in both the phases and can be
computed from the composition of the equilibrium solution itself. As regards
the individual ions, it is only the total potential as used by Low (Loc. cit.)
which is the same as the electrochemical potential and chemical potential
respectively in the two phases that is equal and denotes its escaping tendency from these phases. The phosphate ion potential (total) and the phosphate
ion activity (total) of the soil phase can therefore be calculated from the
chemical potential and activity of the ion in the equilibrium solution.
This method is illustrated below with a sample of the Delhi soil (0—9")
from the treatment Ajin from the Cx—C2 fields of the middle block of this
Institute farm. Samples of the soil were shaken for a period of seven days
with one of the solutions whose composition is given in Table I with a soil
to solution ratio of 1 : 10 which was fixed at this ratio only for purpose of
experimental convenience. After equilibration at 23° C, the supernatant
liquid was centrifuged and analysed. The activities of the various ions in the
solution both initially before addition to the soil and finally after equilibration have been calculated using the approximations to Debye and Huckel
formulae suggested by Schofield and Taylor (1955) and a divalent to monovalent molar ratio of 1.05 amongst the anions that was actually found in the
twice saturation extract of the Delhi soil sample under study. These are
given in brackets, below the values of concentration in table I. These values
gave the following values for the ratio law functions in terms of activities
for the equilibrium solution i.e. a solution that will remain in equilibrium
without any marked change which is distinct from the equilibrated solutions
i.e. solutions that will not6 change any further. (Na + K)/(Ca + Mg)l = 2,8,
H/(Na + K) = 7 x 10- . Na/K = 2.1. The ratio of the activities of Ca/Mg
was computed as a first approximation from their ratio in the exchangeable
cation content of the soil determined in the usual way and = 8.13. The
corresponding ionic activities for a salinity 2of 20 m.e./litre in the equilibrium
solution work out to be Na = 1.34 x 10~ molar, K = 6.39 X 10~3 molar;
H = 10-7-15, Ca = 4.46 x 10"5, Mg = 5.49 x 10- 6 and pH—§ pCa = 4.975.
The associated J pCa(H 2 P0 4 ) 2 was found to be 7.18 from the solubility line
of this soil phosphate which was found in this laboratory to be a characteristic of CaHP0 4 according to the criteria of Clark and Peech (Loc. Cit.).
Since the above procedure is very laborious for evaluating the escaping
tendency for phosphate availability in soils, more conventions and approximations seem to be necessary in practice. Schofield (1955) proposed the determination of the monocalcium phosphate potential of a single equilibrated
solution initially containing only M/100 CaCl2 before equilibration. Since this
solution is initially free from P0 4 , this causes a large drift in the position of the
soil phosphate with respect to the soil surface resulting in the determination
of the phosphate potential of a soil disturbed as regards its phosphate
potential on its surface. The treatment of the soil with M/100 CaCl2 does
not correspond to any normal treatment in agriculture and it is therefore
proposed to treat the soil with various monocalcium phosphate solutions
in the order of magnitude, that one meets with in the normal fertilizing
with super in field practice, and to measure the monocalcium phosphate
potential of the solution by calculation and the change it has undergone
after equilibration of the soil as regards the phosphate potential. By drawing
a curve connecting these two values, the value of the monocalcium phosphate potential in the applied solution for which on equilibrium with the
soil there is no change in phosphate potential, can be determined, and has
been termed the equilibrium monocalcium phosphate potential or simply
equilibrium phosphate potential of the soil to distinguish it from Schofield's
phosphate potential. Similarly the phosphate ion activity, called the equi592
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TABLE II.

Characterisation of the soils studied.

Soil and name
of the State
in brackets
Aduthurai
(Madras)
Maruteru
(Andhra)
Karjat
(Bombay)
Burdwan
(Bengal)
Sahaspur
(Orissa)
Mankhand
(Bengal)
Chalakkudi
(Kerala)
Raneswar
(Bihar)
Raipur (M.P.)

Agartala
(Tripura)

Soil Group

Textural
Class

pH

Cation
exch.
capacity
in m.eq./
100 gm.
soil

Anion exch.
capacity in
milli atoms/
100 gms.

C.E.C.
A.E.C.

Physico-chemical
characterisation
of soil complex

1

2

1

2

Coastal alluvium

Loam

6.4

15.32

42.5

15.01

0.36

1.09

Black

Clay

7.4

64.37

87.6

29.9

0.73

2.19

Medium Black

Silty Loam

6.5

48.06

107.3

43.9

0.45

1.09

Recent Alluvium

Silty clay

5.8

14.63

45.1

16.1

0.32

0.91

Clay loam

5.2

15.00

15.4

0.97

Loam

5.8

11.30

13.4

0.84

Mixed Laterite

Clay loam

6.0

6.13

29.2

6.2

0.21

0.99

Red

- do -

6.1

14.00

20.5

11.5

0.68

1.21

Red and yellow

- do -

6.0

20.70

17.9

1.16

Alluvial
Undifferentiated

Silty clay
loam

5.1

14.64

37.5

0.39

-

do-

-do

1 Dean & Rubin's method
2 Mehlich's method.

-

Montmorillonitic
- do Illitic + Montmorillonitic
- do -

Kaolinitic
-do

-

Kaolinitic -fMontmorillonitic
+ amorphous
oxides
- do -

Ol
te
Ol

TABLE I I I .

Correlation between soil test values and Crop Responses.

Soil

Aduthurai
Marutheru
Karjat
Burdwan
Sahaspur
Mankhand
Chalakkudi
Raneswar
Raipur
Agartala
Coefficient of
Correlation

Bray I Avail.
P in lbs/acre
5.8

25.4
44.6
7.0
3.1
8.9
6.2
3.9

Paddy yield
Desorption
Phosphate **
Olsen's Avail. sorption cap.
phosphorus
without
P in lbs/acre in micro atoms/ in micro atoms/ phosphorus
100 gms. soil 100 gms. soil in mds*/acre
33.1
31.5
107.6
46.9
7.7
5.0
5.6

—
—

14.2
11.6
14.7

-0.48

-0.47

9.43
7.78
5.40
7.60
8.60
6.70
5.92
6.86
6.60
4.08
+ 0.09

Percentage
Response a t
30 lbs P a 0 5 /
acre

0.8
6.2
6.5
3.8
1.2
1.2
2.9
2.1
3.1
7.5

33.39
43.80
33.64
35.53
30.00
19.75
22.34
20.15
22.14
33.28

5.84
3.22
1.87
2.99
5.04
4.80
11.50
17.90
11.20
3.22

-0.44

—

—

* 1 maund = 82.5 lbs.
** This is the decrease in total P of the solution when a solution of 1 ppm as P 0 4 has been equilibrated with the soil in 1 : 10
ratio.
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librium phosphate ion activity can be determined from curves connecting
the phosphate ion activity of the added solution and the change it has
undergone on equilibrium with the soil and finding out a value of the former
for a zero value of the latter. These curves when extrapolated to zero
activity of the added phosphate, give a value of the phosphorus desorption
capacity. Such determination of the soils studied in this laboratory are
presented in table III. There is an error in the determination of this equilibrium phosphate ion activity due to the movement of calcium at this
point of zero phosphate movement from the soil but the error introduced
is generally not appreciable in this slight change in the exchangeable calcium
at this level which is usually the most dominating cation in normal soils
and whose activity does not change appreciably in the exchange phase as
shown by Mehlich and Coleman (1952), above 40 % degree of saturation on
the halloysitic, peaty and to some extent kaolinitic soils and above about
80 % on montmoriUonitic soils.
Table II gives the range of soils studied, and indicates that they vary
considerably in their pH, soil groupings, geographic distribution and their
physico-chemical characterisation by a modified method of 'Y' values
proposed by Martin and Russell (1952). Table III shows the soil test values
by Bray's and Olsen's methods and the desorption capacity using monocalcium phosphate initially varying in concentration from 0.1 to 5 ppm P 0 4 .
A soil to solution ratio of 1 : 10 is used as a matter of experimental convenience with a seven day period of shaking for equilibration. The phosphate
sorption capacity of these soils was also simultaneously determined from
the decrease in phosphate concentration when a solution initially of 1 ppm
as P 0 4 is used for equilibration. This table also gives the yield of paddy
(Rice) on these soils for the control untreated plots in the fertilizer agronomy
trials conducted by the Agronomy Division of this Institute in co-operation
with the various State Departments of Agriculture and the U.S. Technical
Cooperation Mission in India. The % crop response to the application of
30 lbs per acre of P 2 0 6 as super is also given and is the average of the %
increase in yield due to application of P 2 0 5 at the rate of 20 and 40 lb
P 2 0 6 /acre.
TABLE

IV. Correlation between Potentials and Crop Responses

Name

Aduthurai
Maruteru
Karjat
Burdwan
Sahaspur
Mankhand
Chalakkudi
Raneswar
Raipur
Agartala
Coefficient of
Correlation

Schofield's
phosphate
potential
8.42
7.98
6.87
7.81
7.40
7.41
7.41
7.19

Equilibrium
Per cent
phosphate Equilibrium Response of
phosphate
ions acting
Paddy to 30
in ppm P O , potential lb P,O s /acre

—
—

0.08
0.41
0.56
0.46
0.12
0.12
0.35
0.20
0.25
0.65

-0.22

-0.41

7.75
7.68
7.43
7.57
7.75
7.90
8.02
7.98
8.15
7.73

5.84
3.22
1.87
2.99
5.04
4.80
11.50
17.90
11.20
3.22

+ 0.77*

* Significant at 1 % level.
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The values of Schofield's phosphate potential a n d t h e equilibrium
phosphate potential a n d equilibrium phosphate ion activity using concentrations instead of activities in view of t h e very dilute n a t u r e of t h e
solutions studied are given in Table IV. The coefficients of correlation with
the various indices of phosphate availability studied here with crop responses
given in Tables I I I a n d IV show t h a t t h e highest a n d most significant
coefficient of correlation is obtained with t h e equilibrium phosphate potential. This indicates t h a t the approximations made in considering equihbrium
phosphate potential as t h e available phosphorus in these soils a r e nearer
the ideal t h a n those in t h e other indices studied.
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SUMMARY

Using t h e total thermodynamic potential of a nutrient instead of t h e
usual soil test values would reduce the error in correlation of soil test values
with crop responses due t o heterogeneity of soil population caused b y t h e
varying nature of the reactive soil complex. B u t unless some approximations
and conventions are used, this potential cannot be measured easily in
practice, one of such procedures is t h a t employed in obtaining t h e Schofield's phosphate potential (S.P.P.). Another called here t h e equilibrium
Ehosphate potential (E.P.P.) could be got b y equilibrating a soil with small
u t graded amounts of mono-calcium phosphate solution of t h e order of t h e
rate of phosphatic fertilization in t h e field scale and determining t h e initial
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mono-calcium phosphate potential in solution which would not undergo any
change in this value after equilibration.
The highest correlation was found for crop responses to phosphatic
fertilization by paddy on ten soils varying more widely in their nature with
E.P.P. than with Schofield's phosphate potential, equilibrium phosphate
ion activity Bray's P, Olsen's P, P-desorption capacity and P-sorption
capacity and anion exchange capacity indicating that the approximations made in considering equilibrium phosphate potential as the available P are nearer the ideal than those in the others studied.
RÉSUMÉ

L'utilisation du potentiel thermodynamique total d'un élément nutritif
au lieu des valeurs obtenues par analyse du sol pourrait réduire les erreurs
encourrues lors de la corrélation de ces valeurs analytiques avec les résultats
agronomiques, suite à la variabilité du complexe réactif du sol. Il n'est toutefois pas facile de mesurer ce potentiel, à moins de recourrir à certaines approximations et conventions. Une de ces méthodes est celle utilisée pour déterminer le potentiel phosphatique de Schofield (S.P.P.) Un autre potentiel
que nous appelerons le potentiel phosphatique d'équilibre (E.P.P.) à pu
être obtenu en équilibrant le sol au moyen d'une solution de phosphate monocalcique ajoutée en quantités petites mais croissantes et de l'ordre du taux
d'application des phosphates en champ. On déterminait ensuite le potentiel
de phosphate mono-calcique en solution à partir duquel on n'observait plus
de variation après l'établissement de l'équilibre.
Pour dix sols de nature très diverse, les rendements de paddy après
fumure phosphatée donnaient des meilleures corrélations avec le E.P.P. qu'
avec les autres valeurs telles que le potentiel phosphatique de Schofield,
l'activité ionique du phosphate à l'état d'équilibre, le P de Bray, le P de Olsen,
la capacité de désorption de P, la capacité de sorption pour P, et la capacité
d'échange ionique. Ceci montre que les approximations faites en considérant
le potentiel phosphatique d'équilibre comme égal au P disponible, sont plus
proches de la conception idéale que celles des autres méthodes que nous
avons étudiées.
ZUSAMMENFASSUNG

Die Benutzung des Total-thermodynamischen Potentials eines Nährstoffes anstatt der gebräuchlichen Bodenuntersuchungswerte würde den
Korrelationsfehler der Untersuchungsresultate mit den Ernteergebnissen
der Gewächse, infolge der Heterogenität der Bodenbevölkerung, durch die
veränderliche Natur des reaktiven Bodenkomplexes verursacht, gewiss
vermindern. Aber wenn nicht manche Annäherungen und Absprachen angewendet werden, so kann dieses Potential praktisch nicht leicht gemessen
werden, eine derartige Arbeitsweise ist diejenige welche zum Schofieldschen
Phosphatpotential (S.P.P.) führt. Eine andere, hier das Gleichgewichtsphosphatpotential (E.P.P.) genannt, konnte man befolgen, durch einen
Boden mit kleinen aber genau abgemessenen Mengen Monocalciumphosphatlösung in der Höhenordnung von P-Düngung auf dem Felde, in Gleichgewicht zu bringen und das ursprüngliche Monocalciumphosphatpotential in
Lösung, welches keinerlei Änderung jenes Wertes nach der Ausgleichung
zeigen würde, zu bestimmen. Die höchste Korrelation für Ernteertragsreaktionen von Padireis gegen P-Düngung wurde bei Prüfung von zehn in
Eigenart und Natur weit auseinander gehenden Böden mit E.P.P. gefunden;
darauf folgte S.P.P., die Gleichgewichts-Phosphationenaktivität Bray's P,
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Olsen's-P, die P-Desorptionskapazität und die P-Sorptionskapazität und
die Anionenauswechselungskapazität, welche Daten angeben, dass die
Schätzungen in Anbetracht dass das E.P.P. dem dem Gewächs verfügbaren
P gleichzustellen sei, dem Ideal näher kommen als solche, auf den anderen
Wegen erreicht.
DISCUSSION

C G . LAMM : A thermodynamic approach is valuable but not sufficient because
a high zlb-value will indicate the possibility of a reaction but not whether the
reaction really takes place under the given conditions.
B. RAMA-MOORTHY: I agree with you, but there is no better way when the
kinetec approach is very much complicated by the soil, cultural, climatic and
plant physiological factors. Even if thermodynamics will not ensure whether
a particular reaction will take place or not, it will certainly enable one to say
which are the reactions that are more probable than the others under any
given set of conditions. Hence is the usefulness of this approach.
SHANTI S. KHANNA: D O you think that this phosphate potential method
will work on sensitive crops like wheat? I think that phosphate chemistry in
water-logged or paddy soils is quite different than in ordinary soil and thus I
feel that this method may not work.
B. RAMA-MOORTHY: I am neither a prophet, nor a pessimist and am looking
forward to the completion of the work already on hand in this direction. All
that is required is that the soils under one test must be all either in waterlogged or in the ordinary condition. This is ensured by not mixing up the two.
As regards the effect of the type of crop, we are now determining the phosphate
potential of the plants and intend to assess their needs from the difference in
the phosphate potential of the plants and that of the soil.
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OBSERVATIONS ON THE PHOSPHATE POTENTIAL OF SOME
TROPICAL SOILS
by
P. H. L E MARE

Cotton Research Station, Namulonge, Uganda
In studying the phosphate status of soils a chemical estimate of plant
available phosphate giving a good correlation with plant uptake of phosphorus is necessary. Schofield (1) has suggested using the chemical potential
of monocalcium phosphate, expressed as |pCa + pH 2 P0 4 as an index of the
availability of soil phosphate to plants; Aslyng (2) has described the method
for the determination of the 'phosphate potential' and has presented data
for temperate soils which show that the phosphate potential can be of great
value for studying the nature of soil phosphate. The present paper summarizes data obtained in preliminary studies of the phosphate potential of some
tropical soils in East Africa.
P H O S P H A T E P O T E N T I A L A N D P H O S P H O R U S U P T A K E B Y C O T T O N AT N A M U L O N G E .

The relationship between phosphate potential and phosphorus content
of cotton plants has been examined using samples taken from fifteen fields
on the estate of the Cotton Research Station, Namulonge, on which the soil
is a red clay loam. The treatment of the fields from which the samples
were taken had differed only in their cropping during the ten years since
the first land was cleared when the Research Station was opened. None of
the fields had received manure, fertilizer or lime at any time. The samples
were from fields as varied as land recently cleared from natural vegetation
(largely Elephant grass, Pennisetum purpureum) to land which had been
under arable cultivation for periods of up to ten years, often carrying two
crops per year.
Samples of surface soil (0—8 inches) were taken from a plot 120 square
yards in area within each field. The range of values for £pCa + pH 2 P0 4 ,
determined according to the method of Aslyng (2), in these samples was
8.16 to 6.59. At the time of soil sampling cotton plant samples were also
taken from the same plots and their total phosphorus content determined.
All the plants were of the same age when sampled and were in the early
fruiting stage, with a few small bolls.
Linear regressions have been calculated for total phosphorus uptake by
the plants (mg P per plant) on soil phosphate potential, and for concentration of phosphorus (percent P) in the plant on phosphate potential.
The regression of total plant phosphorus on phosphate potential was
significant at probability
P < 0.02. However, the coefficient of determination was low (r2 = 0.37) indicating that only 37 % of the total variation in
phosphorus uptake by the plants was accounted for by variations in soil
phosphate potential. The low coefficient of determination was largely due
to two plant samples with relatively low phosphate uptake being associated
with soil samples having high phosphate status (low numerical values of
£pCa + pH 2 P0 4 ). For the remaining thirteen samples the regression was
highly significant (P < 0.001) and the coefficient of determination was
high (r* = 0.79).
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Under field conditions there is always the possibility of factors other
than that under study being limiting to plant growth and thus limiting the
total uptake of the factor of interest. This appears to have been so in the
present investigation because in the two instances mentioned the plants
had a high concentration of phosphorus, indicating that the soil phosphate
was readily available to the plants. The regression, using all 15 samples,
for phosphorus concentration (percent P) in the cotton plants on phosphate
potential was highly significant (P < 0.001) and the coefficient of determination was high (r2 = 0.72). Considering the data as a whole it may, therefore,
be concluded that the phosphate potential has provided a good estimate of
plant available soil phosphate.
R E L A T I O N S H I P B E T W E E N PHOSPHATE POTENTIAL AND OTHER SOIL
CHARACTERISTICS.

An examination of phosphate potential in relation to pH for Namulonge
soils indicated a linear relationship between the two. In addition there was
evidence of a linear relationship between phosphate potential and percent
organic carbon in the soil, as determined by the Walkley-Black method.
To investigate these relationships the multiple regression of phosphate
potential (Y) on pH (Xj) and percent organic carbon (X2) has been calculated for 34 soils. These included the 15 soil samples used in the investigation
described above and 19 other samples chosen as representative of the soils
of Namulonge. None had received any fertilizer, lime or manure. The range
of pH, which was determined in 0.01 M calcium chloride, was 4.38 to 6.20,
the range of percent organic carbon was 0.90 to 2.84, and the range of phosphate potential was 8.57 to 6.59. The regression equation for the 34 soils is
Y e = 11.31 — 0.56X! — 0.28X2
± 0.145 ± 0.141
The equation is very highly significant (P < 0.001 ). The partial regression
coefficient for pH is also very highly significant, but that for organic carbon
just fails to reach significance at P = 0.05. Thus there is no doubt of the
relationship with pH, but there is some doubt about that with organic
carbon. Closer examination revealed that the two soils noted in the previous
investigation had low organic carbon values relative to the phosphate
potential. These two were apart from the otherwise linear grouping of
phosphate potential plotted against organic carbon and appeared to be
giving considerable weight to the regression. The regression equation
recalculated for 32 samples is
Y e = 10.68 — 0.40XX — 0.38X2
±0.133 ±0.126
This equation is also very highly significant and in it both partial regression coefficients are significant at P < 0.01. It appears, therefore,
that for the majority of soils examined both pH and organic matter have an
important influence on the value of the phosphate potential.
CONCLUSIONS

The data presented indicate that the phosphate potential provides a good
index of soil phosphorus availability to cotton plants at Namulonge. In
addition it is relevant to mention some work by the author, to be published
elsewhere, relating to soil fertility studies at Ukiriguru, Tanganyika, where
soil phosphate availability limits crop production. There the phosphate
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potential has provided a better estimate of soil phosphate for correlation
with crop yield than has been provided by various estimates using dilute
acid or alkali extractants.
In East Africa, and also in Ghana (2), the responsiveness of a soil to
phosphate is often related to the length of time since the land was last under
a resting crop. It seems likely fjiat in tropical soils a proportion, perhaps a
fairly large proportion, of the phosphate taken u p by crops is derived from
readily mineralizable organic sources. In this respect the partial dependence
of phosphate potential on soil organic matter which has been demonstrated
at Namulonge is of particular interest.
The dependence of phosphate potential on soil p H is probably indicative
of the influence of iron and aluminium on phosphate solubility. The level
of organic matter may be important in this respect also since it has been
shown (3) t h a t organic substances may play an important part in preventing
precipitation of phosphate by iron and aluminium because of their ability
to form stable complexes with these metals.
In the two multiple regression equations relating phosphate potential to
p H and organic carbon the coefficients of determination (R 2 ) were 0.50
and 0.45 for 32 and 34 samples respectively, indicating t h a t only about
half the variation in phosphate potentia.1 has been accounted for bij variation
in the other two variâtes. It is pertinent, therefore, to enquire into the likely
sources of unexplained variation. The determination of phosphate potential
presents difficulties in soils of low phosphate status (|pCa + p H 2 P 0 4
numerically greater than about 8.0 in acid soils) and this source of error
probably accounts in part for the low coefficient of determination. It is
likely that the method for estimating the part played by organic matter
is not entirely appropriate; a study of the role of organic phosphorus and
its mineralization is likely to be rewarding, and a closer examination of the
apparently anomalous nature of the two soils discussed above may disclose
important factors influencing the phosphate potential. p H measurements
m a y be made with precision so that there is little scope for reduction of
error; improvement is likely to be gained by a study of other soil factors,
such as iron and aluminium, whose effect on the solubility of phosphates is
linked with soil p H .
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SUMMARY

Results of studies of the phosphate potential of soils at Namulonge,
Uganda, are reported.
The phosphate potential has provided a good index of plant available
soil phosphate, as indicated by the phosphorus uptake and phosphorus
concentration in cotton plants.
The phosphate potential is shown to be significantly and linearly related
to soil p H and, in the majority of soils examined, to soil organic matter also.
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These results are discussed in relation to the effects of iron and aluminium
on soil phosphate availability, and to the probable importance of phosphorus released from readily mineralizable organic sources.
RÉSUMÉ

Cette communication donne des résultats d'études, effectuées à Namulonge (Uganda) sur le potentiel phosphatique des sols.
Ce potentiel constitue un excellent indice de la quantité de phosphore du
sol disponible aux plantes, comme la quantité de phosphate adsorbée par
les plants de coton et la concentration de cet élément dans leurs paties végétales l'indiquent.
Il est montré que le potentiel phosphatique est relié linéairement et de
manière significative au pH et à la matière organique de la plupart des sols
examinés. Ces résultats sont discutés en tenant compte des effets du fer
et de l'aluminium sur la disponibilité des phosphates du sol et de l'importance
probable du phosphore libéré à partir de matières organiques aisément
minéralisées.
ZUSAMMENFASSUNG

Über Ergebnisse von Studien, das Phosphatpotential von Böden aus
Namulonge, Uganda, betreffend, wird berichtet.
Das Phosphatpotential hat sich als eine gute Messzahl des den Pflanzen
zugänglichen Bodenphosphates erwiesen, wie durch die Phosporaufnahme
und Phosphorkonzentration in Baumwollepflanzen erwiesen wurde.
Das Phosphatpotential steht in deutlichem linearem Verhältnis zu dem
Boden pH und, bei der Mehrzahl der untersuchten Böden, zu der organischen
Substanz im Boden ebenfalls. Diese Resultate werden in Beziehung zu dem
Einfluss von Fe und AI auf die Benutzbarkeit des Bodenphosphats,
sowie zu der wahrscheinlichen Bedeutung von Phosphor aus leicht mineralisierbaren organischen Stoffen auszulösen, besprochen.
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SOME ASPECTS OF PHOSPHATE RETENTION AND AVAILABILITY
IN SOILS
by
E.

G.

WILLIAMS

Department of Soil Fertility, Macaulay Institute for Soil Research,
Aberdeen, Scotland.
The phosphorus relationships in freely-drained acid surface soils derived
from contrasting glacial tills in north-east Scotland show features of potentially wider application, especially to similar soils in humid-temperate regions.
Some of the main relationships are illustrated below by average properties
and correlation coefficients for ten soils from each of four parent-material
groups.
SOIL GROUPS

The four parent-materials are glacial tills derived from (a) basic igneous
rocks, (b) slate, (c) Old Red Sandstone sediments, and (d) granite. In the
Soil Survey of Scotland the particular soil groups concerned are classified
as the Insch, Foudland, Stonehaven and Countesswells Associations,
respectively (1, 2), and the freely drained soils can be broadly described as
Brown Podzolic for the basic igneous group, Cultivated Podzols for the slate
and granite groups, and Grey-brown Podzolic for the Old Red Sandstone
group. The samples were taken to normal plough-depth from relatively
freely-drained agricultural areas which have been under cultivation for over
250 years, and regularly manured with phosphate for at least 50 years.
Details of their phosphorus relationships and other properties are given
elsewhere (3, 4, 5,). The 40 soils have pH of 5.0—6.4 and carbon (WalkleyBlack) contents of 2.0—7.1 per cent, and in texture they range from coarse
sandy loams in the granite group, to sandy loams in the basic igneous and
Old Red Sandstone groups, and silt loams in the slate group.
METHODS

Phosphate retention capacity was obtained by the method of Piper (6) for
'anion exchange capacity'. The soil is saturated with phosphate by prolonged
treatment with N NH 4 H 2 P0 4 at pH 4, washed with alcohol, and then
extracted by boiling for 5 minutes with N/8 NaOH. The inorganic phosphate
in this extract gives the retention capacity at pH 4.
NaOH-so/wô/e inorganic P was obtained by applying the above NaOH
extraction to the untreated soil, according to the method of Piper (6) for
'exchangeable phosphate'. The single extraction accounts for the bulk of the
more active Fe- and Al-bound P, representing 50—70 per cent of the total
inorganic P (4).
Other determinations. Total P was estimated by the fusion method of
Muir (7), total organic P by the ignition-2N H2SÖ4 extraction method of
Saunders and Williams (8), and the total inorganic P obtained by difference.
Acid-oxalate soluble Fe and Al were extracted according to Tamm (9).
Statistical analyses. In addition to the correlation coefficients quoted, the
standard errors of the mean group properties were determined, and significant differences, p <0.05, are noted in the text.
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SOIL PROPERTIES AND PHOSPHATE RETENTION

The phosphate retention capacity, Table 1, is high in all four groups.
The overall range (3) is 0.5—3.0 per cent P 2 0 6 and only 7 of the 40 values
are less than 1.0 per cent. A drastic treatment was used to obtain maximum
saturation values, but recent American studies (10) indicate that, in respect
to phosphate concentration and pH, comparable conditions develop
around fertilizer granules.
TABLE 1. Interrelationships of phosphate retention capacity, acid-oxalate soluble aluminium
and iron, loss on ignition and carbon (Walkley-Black) — mean group values and
correlation coefficients.
Properties
Retention capacity — % P 2 0 5
Arid
( °° A l i O ,
oxalate
,
A1 Q
p
Q
e x t r a c t i o n 1 , . 2, 3 . TV» i£ r^
*• Mol A l 2 0 3 / F e j 0 3

Basic
igneous
2.24
1.59
1.59
25.5
1.56
Correlation

,— F e 2 0 3
Phosphate
— A1 2 0 3
retention
| — A1 2 0 3 + F e 2 0 3
capacity
1 —Loss ignition
^ —Carbon
Al203-Fea03
C a r b o n —A1 2 0 3
Carbon — F e 2 0 3

0.67(1)
0.96(3)
0.92(3)
0.87(2)
0.78( 2 )
0.79( 2 )
0.77(2)
0.33

Slate
1.60
0.90
1.37
17.4
1.04

Old R e d
Sandstone
1.26
0.87
0.71
12.9
1.88

Granite
1.25
0.86
0.79
13.4
1.76

Coefficients
0.64(2)
0.91(3)
0.91(3)
0.68 f1)
0.77(2)
0.50
0.66(1)
0.34

0.74(1)
0.99(3)
0.99( 3 )
0.92(3)
0.89(3)
0.72(2)
0.89(3)
0.59

0.66(1)
0.77(2)
0.87(3)
0.91(3)
0.77(2)
0.35
0.54
0.15

* millimoles per 100 g. soil. (x) p <0.05 (2) p <0.01 (3) p<0.001
There are marked effects of parent material which show a clear association between retention capacity and acid-oxalate soluble AI + Fe according
to the sequence: basic igneous > > slate> Old Red Sandstone and granite,
nearly all the differences involved being statistically significant (4). The
reality of this association is confirmed by significant correlations between
retention capactiy and Fe, and very high correlations with Al and AI + Fe,
while the retention capacities of residues from the acid-oxalate extraction
are of the order of only 10 per cent of the values for the original soils. Fe
and Al are positively correlated, Table 1, but the level of correlation with
phosphate retention tends to be appreciably higher for Al, and multiple
regression analyses support the conclusion that it is the dominant factor
governing retention capacity in all groups. The increment in phosphate
retention per unit of acid-oxalate soluble Al (3), however, is smaller in the
basic igneous group, and the significantly lower Al/Fe ratio indicates a
relatively greater influence of Fe in the slate group.
Relationships with loss on ignition and carbon. Table 1 shows that phosphate
retention in all groups is also highly correlated with loss on ignition and
carbon. The relationship with loss on ignition may be due to some extent
to the fact that it includes structural water and reflects the activity of
sesquioxide complexes and clay minerals, but both relationships hinge
primarily on organic matter, and there is little doubt that they depend
mainly on the strong C-Al correlations. Most of the Fe-C relationships are
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poor, but there is a significant overall correlation of 0.37 (p<0.05). It seems
highly probable that in these acid surface soils major proportions of the
active Al, and possibly Fe also, occur in intimate association with organic
matter, probably as humate complexes of the type studied by Mattson and
his coworkers (11, 12, 13). The phosphate sorption characteristics of such
complexes are fully compatible with those of acid soils, while the acid
oxalate method is known to give useful evaluations of ß (acid-soluble,
sesquioxide-precipitable) humus (13), by virtue of the complexing action
of the oxalate ions.
PHOSPHORUS CONTENT

The P contents in Table 2 show large effects of parent material. The
following differences are statistically significant: basic igneous > all others
and slate > granite, for all four categories, and slate > Old Red Sandstone
for NaOH-soluble P. There are no significant differences between the Old
Red Sandstone and granite groups and it can be accepted that there is an
association between soluble Fe -f Al, phoshpate retention capacity, and
P content, according to the sequence: — basic igneous > > slate > Old
Red Sandstone and granite. As illustrated by the group correlations between
acid-oxalate soluble AI + Fe and total organic P in Table 2, this association
is supported by a highly significant relationship in the Old Red Sandstone
group, and substantial positive trends in the basic igneous and granite
groups. These relationships are subject not only to the possible influences
of differential manuring but also to the marked variations that occur in the
composition of the parent tills. These factors probably account for the
fact that within the rather narrow range of properties covered by the slate
soils (3) the trend is negative. Such effects can be counteracted by extending
the range, and when the basic igneous, Old Red Sandstone and granite
groups are combined, Table 2, the acid-oxalate soluble Fe + Al is significantly and strongly correlated with all four P categories.
The basic igneous till was undoubtedly richer in apatite as well as in
Fe and Al (14), but the balance between these constituents in rocks varies
widely. Higher content of Al and Fe, however, can be expected to reduce
TABLE

2. Mean group phosphorus contents in mg P 2 0 6 per 100 g. soil, and relationships with
carbon, sulphur and acid-oxalate soluble aluminium + iron
Combined *
group
correlations
withAl + Fe

Property

Basic
igneous

Slate

Old Red
Sandstone

Granite

Total P 2 0 6
Total organic P 2 0 6
Total inorganic P 2 0 5
NaOH-sol. inorg. P 2 0 6
Org. P 2 0 6 as % of total

465
240
225
128
52

321
179
142
103
56

277
162
115
76
58

237
145
92
68
61

0.73(3)
0.72(3)
0.58 (2)
0.60(3)

0.49
0.24
0.69t1)

-

Correlation Coefficients
Org. P 2 0 5 - A1 2 0 3
+ Fe 2 0 3
Carbon — Org. P 2 0 6
Carbon — Total S

0.55
0.22
0.93(3)

-0.29
0.19
0.87(2)

0.90(3)
0.85(2)
0.97(3)

* Combined basic igneous, Old Red Sandstone and granite groups. (x), (a), (3) — see table 1.
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losses of P released during weathering. This is probably a major factor
underlying the relationship of P content with AI + Fe a n d retention capacity
but as discussed later manurial practice is also significant.
About 50—60 per cent of the total P is organic, the proportion being
lowest in the basic igneous soils, in keeping with the fact t h a t they are
relatively rich in primary apatite (4, 14). T h e 40 soils give a mean C (Walkley-Black): total N : total S: total organic P ratio of 147 : 1 0 : 1 . 4 :2.5, similar
to results from other parts of the world (5), b u t as illustrated in Table 2,
organic P gives poorer and more variable relationships with carbon than
does sulphur, indicating t h a t it is a less integral part of the bulk organic
matter. T h e most likely reason for this is varying accumulation of resistant
compounds which are stabilized b y Fe and Al, especially inositol hexaphosphate, which according to Anderson (15) probably accounts for 20—40
per cent of the total organic P.
D E G R E E OF SATURATION AND PHOSPHATE STATUS

The above trends for P content to follow AI + F e and t h e retention
capacity indicate a tendency towards an uniform level of saturation with
phosphate. The most direct and appropriate estimate of saturation is
obtained b y expressing the NaOH-soluble inorganic P as a percentage of the
estimated retention capacity, and t h e values in Table 3 show that, despite
the large differences in P content, the four groups do in fact have very
similar degrees of saturation, with no significant differences. Table 3 also
shows t h a t they give closely similar values for the mean yields and phosphate
contents of oat crops obtained in pot experiments from treatments receiving
no phosphate b u t full dressings of other nutrients. I t is clear t h a t they have
much the same average phosphate status, and the similarity in the degrees
of saturation can be interpreted as an expression of this.
TABLE 3. Mean group values for percentage saturation with phosphate, and for yields and
P 2 0 6 uptakes of oat crops from pot treatments receiving no phosphate.

Group

Basic igneous
Slate
Old Red Sandstone
Granite

% Satura- Oat grain + straw
tion (a)
with
NaOH-sol.
P2O6
Yield
inorg.
uptake
g./Pot
mg./Pot
P2O5

% Saturations based on retention capacity + tot. org. P 2 0 6 (b)
Tot. org.
Tot. Org. NaOH sol. + NaOHinorg. P 2 0 6 sol. inorg.
P2O6

PA

5.9
6.7

43
46

174
189

9.9
10.3

5.3
6.0

15.2
16.3

6.4
5.5

46
42

176
183

11.9
10.6

5.6
4.9

17.5
15.5

(a) NaOH sol. inorganic P 2 0 6 as per cent of estimated retention capacity, (b) see text.
The degree of saturation estimated in this w a y can only be a rather insensitive criterion of phosphate status, b u t its validity is demonstrated b y the
fact t h a t over the four groups as a whole it gives a significant positive
correlation of 0.52 (p <0.001) with the oat yields. T h e NaOH-soluble
inorganic P b y itself gives a very similar correlation of 0.48 (p < 0 . 0 1 ) ,
b u t unlike the degree of saturation and the yields it gives markedly different
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mean group values, Table 2, its quantitative significance for crop nutrition
varying inversely with the phosphate retention capacity.
The maximum potential contribution of organic P to the degree of
saturation can be assessed by expressing the total organic P, the NaOHsoluble inorganic P, and the sum of these two as percentages of the estimated
retention capacity + total organic P. The values on this basis in Table 3
confirm that there are no significant differences between groups and indicate
a gross saturation of about 16 per cent, of which about 11 per cent is due
to organic P. Corresponding calculations using the total inorganic P instead
of the above NaOH-soluble category (4) give an overall mean total saturation of 18.5 per cent, of which 10.4 per cent is due to organic P. Although
it is completely alkali-soluble and present largely in the clay (14), it is
probably not justifiable to treat all the organic P in this way, but in so far
as there are compounds like inositol hexaphosphate present which are
stabilized by Al and Fe it would appear to be a valid approach. Since about
20—40 per cent or more of the total organic P in these soils is probably in
this category (15), it would appear that, even if it makes no direct contribution to the phosphate nutrition of crops, a major proportion, if not all,
of the organic P fulfills an useful function by partially satisfying the phosphate retention capacity and helping to raise the degree of saturation.
These soils are typical of much of the agricultural land in north-east
Scotland, where the common crops are oats, barley, turnips, swedes,
potatoes, hay and grass. It would appear that in order to obtain reasonably
profitable yields enough phosphate has been added over the years to raise the
soils to the general level of saturation in Table 3. More may have been
added where, as in the basic igneous group, the phosphate retention capacity
is high, and the proportion removed in crops has doubtless been smaller.
These factors probably account to a considerable extent for the relationship
of P content with Al + Fe and retention capacity. Most of the soils, however, are still deficient in phosphate and field experiments (16) show that
dressings of the order of 1000 lb. P 2 0 6 per acre, or more, are necessary
to eliminate immediate yield responses to phosphate. Addition of this
amount would raise the average overall saturation with respect to NaOH
soluble inorganic P to about 10 per cent, compared with 19 per cent for
NaOH-soluble inorganic P + total organic P, and 22 per cent for the gross
saturation with respect to total P (4).
CROP RESPONSES AND EFFECTS OF PLACEMENT

Field results of Reith (17) on other soils from these groups show that
the percentage superiority of placed (2" below the seed) compared with
broadcast phosphate for swedes grown in ridges varies as follows: basic
igneous — 165 > slate •— 100 > Old Red Sandstone — 51 and granite — 34.
The response to broadcast phosphate, however, shows the reverse trend, as
do the following pot responses (g. oat grain + straw) for the present soils,
obtained from treatments receiving 0.3 g. P 2 0 6 mixed throughout the soil: —
basic igneous — 7.6 < slate — 11.5 < Old Red Sandstone — 17.1 and granite
— 14.7. This contrast is readily understood on the basis that placement
produces high local saturation and is therefore relatively more effective
where the retention capacity is high, whereas broadcast phosphate is less
effective because it produces a smaller increase in the degree of saturation,
as with the native NaOH-soluble P above. The behaviour of the basic
igneous and slate soils, however, may depend also on specific effects of their
higher iron contents and, in the slate group, on stronger retention of phosphate associated with the lower Al/Fe ratio, Table 1.
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GENERAL CONCLUSIONS

The marked effects of parent-material, including the crop response a n d
placement variations, hinge ultimately on differences in the contents of
soluble Al and Fe, and illustrate the overriding importance of these elements
in t h e phosphorus relationships of acid soils. The behaviour of the basic
igneous and slate soils is subject partly to their higher Fe contents and,
in t h e latter, a lower Al/Fe ratio, b u t the dominant factor governing phosphate retention capacity in all cases is soluble Al. This is also indicated
b y comparisons between freely-drained a n d poorly-drained soils within each
parent-material group (4, 14). The freely-drained soils tend to be lower
in soluble Fe b u t are markedly higher in soluble Al and phosphate retention
capacity; they are also richer in total and total organic P , confirming t h e
association between P content and retention capacity.
The importance of t h e latter relationship is greatly enhanced b y the
fact that, despite t h e rather drastic determinations involved, t h e degree
of saturation is a significant criterion of phosphate status. This aspect
is of potentially wider interest and deserves further investigation, with
particular reference to t h e role of organic P , the possible influence of Al/Fe
ratio on the strength of phosphate retention, and t h e development of more
refined estimates of saturation.
Other features of general interest are t h e usefulness of t h e acidoxalate
extraction for evaluating both soluble Fe and Al, and the interrelationships
of AI, Fe, C, loss on ignition and phosphate retention capacity. The main
pivotal factor in these interrelationships is Al, and it seems highly probable
t h a t in acid surface soils of this type major proportions of the active Al,
and possibly Fe also, are present in intimate association with organic matter.
Finally, the numerous and marked influences of parent material a n d
drainage conditions on soil phosphorus relationships (4) illustrate t h e
desirability of gearing fertility investigations to soil surveys.
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SUMMARY

The phosphorus relationships in acid surface soils derived from contrasting glacial tills in north-east Scotland show marked effects of parent
material which hinge ultimately on varying contents of acid-oxalate
soluble Al and Fe. The phosphate retention capacity ranges from 0.5 t o 3.0
per cent P 2 0 5 and depends mainly on soluble Al, b u t it is also significantly
correlated with acid-oxalate soluble Fe and with loss on ignition and carbon.
The latter relationships derive mainly from strong Al-C correlations, and
major proportions of the active Al, and possibly Fe also, probably occur
in intimate association with organic matter. Phosphorus content is significantly correlated with retention capacity. The degree of saturation gives a
significant
criterion of phosphate status, and organic phosphates like
inositol hexaphosphate probably fulfill an useful function b y partially
satisfying the retention capacity. High retention capacity is associated with
lower crop responses b u t relatively higher effectiveness of placed compared
with broadcast phosphate.
RÉSUMÉ

Dans les couches superficielles acides des sols, dérivés de tills glaciaires
forts différents du nord-est de l'Ecosse, l'économie des phosphates accuse
des effets très marqués de la part du matériau originel, effets qui en dernière
analyse se rapportent a u x teneurs variables en Al et en F e solubles dans
l'oxalate acide. La capacité de rétention pour les phosphates varie de 0.5
à 3.0 % de P 2 0 6 et dépend surtout de la teneur du sol en Al soluble, mais
elle accuse aussi une corrélation significative avec le Fe soluble dans
l'oxalate acide, avec la perte à la calcination et avec la teneur en carbone.
Ces dernières relations sont surtout dues aux corrélations étroites qui relient
Al et C: la majeure partie de l'Ai et aussi du Fe actif est probablement
associée de manière intime à la matière organique. L a teneur en P montre
une corrélation significative avec la capacité de rétention. Le degré de
saturation fournit un critère significatif pour évaluer la 'situation phosphore'
du sol, et les phosphates organiques, tels que l'hexaphosphate d'inositol,
accomplissent probablement une fonction utile en saturant partiellement
cette capacité de rétention. Une capacité de rétention élevée du sol est
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IV.76
associée à une réaction moins marquée de la part des récoltes aux applications d'engrais, mais, comparé à l'application par épandage, le placement
des engrais y est relativement plus efficace.
ZUSAMMENFASSUNG

Die Phosphorverhältnisse in sauren Oberböden, aus Gletscherablagerungen verschiedener Art in N.O. Schottland entstanden, zeigen deutliche
Einflüsse des Muttermaterials welche auf verschiedenen Gehalt an in Hydroxalatlöslichem AI und Fe beruhen. Das Fixierungsvermögen für Phosphat
schwankt von 0.5 bis 3.0 % P 2 0 5 und ist hauptsächlich vom löslichen AI
abhängig, aber es korreliert auch erheblich mit dem in Hydroxalatlöslichen
Fe, sowie mit dem Glüh verlust und dem C-Gehalt. Letztere Verhältnisse
lassen sich hauptsächlich auf starke Al-C Korrelationen zurückführen,
während grössere Mengen von aktivem AI u n d möglicherweise auch Fe,
wahrscheinlich in enger Beziehung zur organischen Substanz stehen. Der
Phosphorgehalt korreliert deutlich mit dem Fixierungsvermögen. Der
Sättigungsgrad liefert ein deutliches Kriterium des Phosphatzustandes,
u n d organische Phosphate wie z.B. Inositol-hexaphosphat haben wahrscheinlich eine nützliche Funktion bei der teilweise Absättigung des Fixierungsvermögens. Mit einem hohen Fixierungsvermögen sind niedrigere
Ernteerträge verbunden, aber eine relativ höhere Wirkung von Kopfdüngung im Vergleich zu Feldstreudüngung mit Phosphat.
DISCUSSION

S. M. KING: YOU stated that yield responses were achieved by 1000 # / A .
P 2 0 6 . How much P 2 0 6 was placed in the row 2 " below the Swedes? How much
do you think would be harmful to germination?
E. G. WILLIAMS: The dressing of 1000 lbs. P 2 0 6 per acre was mentioned as a
general average estimate of the amount required to eliminate any further immediate yield responses to phosphate, and is not directly connected with placement experiments. The danger of harmful effects of placement on germination
depends a lot on the soil and season, being greatest on light soils in dry seasons;
the danger is also less for superphosphate than for KCl or (NH 4 ) 2 S0 4 , and dresssings up to about 100 lbs. P 2 0 5 per acre can be expected to be quite safe under
Scottish conditions. In the experiments quoted 40 and 80 lbs. P 2 0 5 rates were
placed.
SHANTI S. KHANNA: At Illinois in Oquawka sand, I added soluble phosphorus and found that about 60 % of the added phosphorus, was transformed
into aluminium phosphate and 10-—15 % was transformed into iron phosphate.
These results are probably similar to those obtained by you.
Why did you not use the selective extractants, as recommended by Chang
and Jackson?
E. G. WILLIAMS: Estimates of Al-bound P by Bray's neutral N H , F method
on these 40 soils have been published elsewhere (E.G. Williams, Agrochimica,
Vol 3, pp. 279—309, 1959) and more detailed fractionations using Chang and
Jackson's scheme, and other similar treatments, will be published in due course.
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ÜBER PHOSPHATFORMEN DES BODENS UND IHRE
AUFNEHMBARKEIT
von
F. SCHEFFER UND B. ULRICH

Agrikulturchemisches und Bodenkundliches Institut der Universität Göttingen,
Deutschland
Die wichtigste physikalisch-chemische Grundgröße zur Charakterisierung
des Phosphathaushalts unserer Böden ist das Phosphatpotential. Als
Phosphatpotential bezeichnet Aslyng (1) in Übereinstimmung mit Schofield
(2) die Größe 0,5 p Ca + p H 2 P0 4 , die gemäß der Beziehung:
aCa(H2P04)2aq = ^ a C a + + . a 2 H 2 P0 4 ~ - | (0,5 pCa + pH 2 P0 4 )
mit der mittleren Monocalciumphosphat-Aktivität verknüpft ist und die
es ermöglicht, das Phosphatpotential eines Bodens in Relation zu seinem
Kalkpotential pH — 0,5 pCa zu betrachten. Wir ziehen diese Definition
des Phosphatpotentials der von Cole und Olsen (3) gegebenen vor, weil
sich theoretisch und experimentell zeigen läßt, daß sich die Phosphatpotentiale der bekannten Calciumphosphate alle als Funktion des Kalkpotentials pH — 0,5 pCa darstellen lassen. (Ulrich 4). Da das Kalkpotential eines Bodens eine konstante Größe ist, müßte demnach auch das
Phosphatpotential eines Bodens eine konstante Größe sein, falls es durch
die Löslichkeitsgieichgewichte der bekannten Calciumphosphate bestimmt
wird.
Um einen Überblick über die praktische Bedeutung des Phosphatpotentials
zu erhalten, ergab sich die Notwendigkeit folgender Untersuchungen:
1. Ermittlung des mengenmäßigen Anteils der verschiedenen Phosphate
in verschiedenen Böden.
2. Ermittlung der Phosphate, aus denen die Versorgung der Pflanze
überwiegend erfolgt.
3. Untersuchungen über die pflanzen physiologische Bedeutung des
Phosphatpotentials.
1. MENGENMÄßIGER A N T E I L DER VERSCHIEDENEN PHOSPHATE IM B O D E N :

Es ist verständlich, daß das auf der Basis der Calciumphosphate definierte Phosphatpotential nur dann eine reelle Bedeutung zu besitzen
braucht, wenn im Boden überwiegend Calciumphosphate vorhanden sind
und diese die Phosphationen-Konzentration in der Gleichgewichts-Bodenlösung bestimmen. Um über diese Frage Aufschluß zu erhalten, wurden
in einigen Böden die Phosphatformen in Anlehnung an die Methode von
Chang und Jackson (6) bestimmt, des weiteren wurde ihre Verteilung auf
die Korngrößenfraktionen ermittelt. Die wichtigsten Ergebnisse sind in
Tabelle 1 zusammengestellt:
Die Böden sind alle sehr phosphatreich. Entsprechend liegen die Phosphatpotentiale in einem für die Phosphatversorgung der Pflanzen sehr
günstigen Bereich.
Der Anteil an organisch gebundenem Phosphor ('org. P') ist im allgemeinen umso größer, je geringer der Gehalt an Gesamtphosphor ('P 2 0 5t ')
ist. Fast in allen Böden, auch bei niedrigem Kalkpotential, sind die Calcium612
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phosphate ('Ca-P') stärker als die Eisen- und Aluminiumphosphate
('Fe-Al-P') vorhanden. Die Eisen- und Aluminiumphosphate sind vorwiegend in den gröberen Korngrößenfraktionen vertreten (6).
Die weitere Auftrennung der Calciumphosphate anhand der Löslichkeitsprodukte wurde n u r bei einem Boden durchgeführt. I m Prinzip wurde dabei
so verfahren, d a ß steigende Phosphatmengen des Bodens in Lösung gebracht wurden; nach Erreichung des Löslichkeitsgieichgewichtes wurden
in der Lösung das Kalkpotential u n d das Phosphatpotential bestimmt
(wegen experimenteller Einzelheiten m u ß auf Ulrich, 4, verwiesen werden).
Das Ergebnis dieser Fraktionierung der Calciumphosphate ist in A b b . 1
dargestellt. Bei einem Kalkpotential von 6,29 beträgt das Phosphatpotential von Hydroxylapatit 9,65, das Gebiet der Defektapatite erstreckt
sich zwischen Phosphatpotential 7 und 9,65. Wie sich aus Abb. 1 u n d den
entsprechenden Angaben aus Tabelle 1 errechnen läßt, sind rund 6 % der
Calciumphosphate als Defektapatite vorhanden, der Rest ist etwas schwerer
löslich als reiner Hydroxylapatit.
mg P/IOt <gBo ien
F-Fe td,P Pan eile
P/70SJ >hatp<itentii 4 beiogen auf
alkpc tentiq t vo,i 6 2 S

(

•

!

li
0,5 pCa*

17

r

0
P H 7 f]

ai

Abb. 1: Phosphatvorräte im Boden E-Feld, P-Parzelle in Abhängigkeit vom
Phosphatpotential.
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2. VERSUCHE ÜBER DIE PFLANZENAUFNEHMBARKEIT DER VERSCHIEDENEN
PFLANZEN:

Mit den in Tabelle 1 aufgeführten Böden wurden Gefäßversuche durchgeführt, wobei der Boden gewissermaßen als Phosphatdünger diente. 200 g
Boden wurden als Schicht zusammen mit 7,8 kg Sand in ein MitscherlichGefäß eingebracht und Weidelgras (Lolium sp.) eingesät. Stickstoff und
Kali wurden gedüngt. Es wurden zwei volle und ein halber Schnitt Weidelgras genommen und in den Schnitten der P-Gehalt bestimmt. Nach dem
letzten Schnitt wurde der Boden aus den Gefäßen zurückgewonnen und
die durch die Pflanzenaufnahme bedingte Abnahme des Gesamt-P-Gehalt
des Bodens wie auch bei den verschiedenen Phosphatformen bestimmt.
Die wichtigsten Ergebnisse sind in Tabelle 2 zusammengefaßt:
TABELLE

2: Phosphataufnahme durch Weidelgras aus 200 g Boden im Gefäßversuch.
Kalkpotential
pH - 0,5 p Ca

Boden

vor

nach

P 2 0 5 -Auf nähme
Analyse von
Boden

d. Vegetation
Kassel 926
E-Feld, Hecke
Kassel 939
Schöppenstedt
Paderborn
Einbeck
Goslar
Oldenburg

6,21
6,10
5,96
5,83
5,81
5,33
5,01
4,35

6,00
5,80
4,72
4,31
5,75
3,53
3,97
3,51

Pflanze

Ca-Phosphat
Ausgangs- Pflanzenboden
aufnahme

mg P 2 O 6 /100 g Boden
160
139
213
290
174
161
110
189

208
147
204
187
166
230
133
271

245
272
175
263
250
81
50
135

143
130
168
233
190
63
38
31

Wie der Vergleich der einmal aufgrund der Bodenanalyse, zum anderen
aufgrund der Pflanzenanalyse gewonnenen Entzugsdaten zeigt, liefert die
Bodenanalyse recht verläßliche Werte. Im Laufe der Vegetationszeit ist
das Kalkpotential abgesunken (d.h. der Boden ist stärker sauer geworden),
diese Absenkung war bei allen Böden schon nach dem ersten vollen Schnitt
erfolgt, im weiteren Verlauf blieb das Kalkpotential annähernd konstant.
Diese Absenkung des Kalkpotentials hat naturgemäß die Aufnahme der
Calciumphosphate durch die Pflanze begünstigt. Aus Tabelle 2, in der die
Böden nach fallendem Kalkpotential angeordnet sind, kann man erkennen,
daß bei allen Böden mit einem Kalkpotential > 5,0—5,3 hinsichtlich der
Ausnutzung der Calciumphosphate zwei Möglichkeiten bestehen:
a. fast alle von den Pflanzen aufgenommene Phosphorsäure stammt aus
dem Calciumphosphat des Bodens,
b. bei den Böden, wo der Phosphatentzug den Calciumphosphat-Gehalt des Ausgangsbodens übersteigt, ist das Calciumphosphat fast vollständig aufgenommen worden.
Man kann aus diesen Versuchen folgern, daß bei allen neutralen bis
schwach sauren Böden die Versorgung der Pflanzen überwiegend aus den
Calciumphosphaten erfolgt; für diese Böden kann man demnach den eingangs eingeführten Ausdruck für das Phosphatpotential mit Recht benützen.
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3. UNTERSUCHUNGEN ÜBER DIE PFLANZENPHYSIOLOGISCHE BEDEUTUNG DES
PHOSPHATPOTENTIALS :

Es erhebt sich nun die Frage, inwieweit das Phosphatpotential 0,5 pCa +
p H 2 P0 4 auch in der Lage ist, die Phosphatversorgung der Pflanzen zu
charakterisieren. Zur Lösung dieser Frage wurden Wasserkulturversuche
und Gefäß versuche durchgeführt. Das Ergebnis der Wasserkulturversuche
mit 3 Wochen alten Haferpflanzen ist in Abb. 2 und 3 dargestellt. Der
pH-Wert der Nährlösung betrug 5,80, das Kalkpotential pH-—0,5 pCa
errechnet sich zu 3,96, das Phosphatpotential in Abhängigkeit von den
P-Konzentrationen zu:
0,2 mg P/1 Nährlösung: 0,5 pCa + pH 2 P0 4 = 7,07
1

„

: 0,5 pCa + pH 2 P0 4 = 6,37

5

„

: 0,5 pCa + pH 2 P0 4 = 5,67

Abb. 2: Summenkurve der Phosphationenaufnahme durch
20 Haferkeimpflanzen.
Aus den beiden Abb. läßt sich entnehmen, daß bereits eine P-Konzentration von 0,2 mg P/1 Nährlösung für eine dem täglichen Bedarf entsprechende Phosphationen-Aufnahme und für ein normales Wachstum ausreicht. Bis herauf zu einem Phosphatpotential von ca. 7,1, wie es der
Nährlösung mit 0,2 mg P/1 zukommt, scheinen die Pflanzen ausreichend
Phosphationen in der Nährlösung vorzufinden. Dasselbe Ergebnis erbrachten
Gefäßversuche mit 25 verschiedenen Böden unterschiedlichen Kalk- und
Phosphatpotentials. Unabhängig vom Kalkpotential sprachen alle Böden
mit einem Phosphatpotential von > 7,1 stark auf Phosphatdüngung an,
alle Böden mit einem Phosphatpotential < 6,8 dagegen kaum. Bei Phosphatpotentialen zwischen 6,8 und 7,1 war die Reaktion der Pflanzen auf
615
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Abb. 3: Aufgenommener Phosphor und Trockensubstanz als Funktion der
P-Konzentration in der Nährlösung.

die Phosphatdüngung uneinheitlich. Die für die Nährstoffaufnahme kritische Grenze des Phosphatpotentials m u ß in der Nähe von 0,5 pCa + p
H 2 P 0 4 = 7 liegen. Sie läßt sich exakt n u r durch Versuche in fließender
Nährlösung erfassen, weil j a nicht nur das Phosphatpotential, sondern auch
der Phosphatvorrat, der su diesem Potential verfügbar ist, u n d die Nährstoffkinetik (Ulrich u n d Scheffer, 5) auf die Nährstoffaufnahme Einfluß
nehmen.
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ZUSAMMENFASSUNG

An einer Reihe phosphatreicher Böden wurden die Phosphatformen
(Calciumphosphate, Eisen- u n d Aluminiumphosphate, organisch gebundener Phosphor) bestimmt. E s wurde untersucht, welche Phosphate von der
Pflanze bevorzugt aufgenommen werden. Ferner wurden Wasserkulturund Gefäßversuche über die pflanzenphysiologische Bedeutung des Phosphatpotentials 0,5 pCa + p H 2 P 0 4 durchgeführt.
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SUMMARY

In a number of soils rich in phosphate the form in which this element
occurred (calcium, iron, aluminium, and organic phosphate) was determined. It was investigated what kind is absorbed with preference by the
plant. Water culture and pot experiments were carried out in order to
study from a plant physiological point of view, the significance of the
phosphate potential 0.5 pCa + pH 2 P0 4 .
RÉSUMÉ

Sur une série de sols, riches en phosphates, les différentes formes furent
déterminées sous lesquelles cet élément y était présent. (Phosphates de
Fer, et d'Aluminium, phosphore organique). Il fut également recherché
sous quelles formes les phosphates étaient de préférence utilisés par les
plantes. Enfin l'auteur a étudié la signification phyto-physiologique du
potentiel phosphatique 0.5 pCa + pH 2 P0 4 par des essais en milieu aqueux
et en vases de culture.
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GROWTH AND PHOSPHORUS UPTAKE BY TOMATO SEEDLINGS
AS INFLUENCED BY SOIL TEMPERATURE, APPLICATION RATE
AND WATER SOLUBILITY OF APPLIED PHOSPHORUS
by
JOHN C. LINGLE

Department of Vegetable Crops, University of California, Davis
INTRODUCTION

For maximum growth, tomato seedlings require heavier phosphate
applications in cold soils than in warmer soils (2). It has been observed by
many that the plant growth of many species increases with increased soil
temperatures (even in the absence of elevated air temperatures) until a
certain maximum for a species is reached. Soil temperatures above this
point depress growth. This phenomenon has been thought to be due to
greater nitrate release in the soil and/or increased water uptake (4).
Previous research by the author (2) has shown that the tissue of tomato
plants grown at elevated soil temperatures contained higher concentrations
of phosphorus as well as other mineral elements. Other work by the author
has shown that tomato seedlings absorb phosphorus from fertilizers somewhat more slowly if water-soluble phosphate is less than 85 percent of the
available phosphate (3). It was thought that different phosphate sources
might react somewhat differently at different soil temperatures. This paper
reports the results of investigations into the effect of soil temperature on the
response to and uptake of phosphorus from fertilizers with phosphates of
different water solubilities.
EXPERIMENTAL

Tomato seedlings were grown in Yolo fine sandy loam soil in 7.5-liter
crocks. The soil was fertilized at the time of potting with P32-tagged 10-10-10
fertilizers wherein the phosphate had water solubilities of 10, 45, or 90
percent of the available P 2 0 5 . The phosphorus was applied at 0, 100, and
200 pounds P 2 0 5 per acre. All pots received 200 pounds per acre each of
nitrogen and potash (K 2 0).
After seedling emergence, the pots were placed in constant-temperature
water baths of 12°, 18°, 24°, and 30° C. Each pot had its own gravity
drainage system. Greenhouse air temperatures were about 18° C at night
and 24° C in the day. The pots were thinned to 20 plants each when placed
in the water baths.
Half of the plants were harvested after 30 days' growth, and the other
half at 45 days, and weighed for growth determinations. The plants were
dried in a dehydrator at 70° C, reweighed, and ground in a Wiley Mill for
chemical analysis.
One-gram samples of the tissue were ashed directly in stainless-steel
planchets in a muffle furnace for 8 hours at 450° C. Radio-assay of the plant
material was made by counting the flattened ash in the planchet with a
thin mica-window Geiger-Mueller tube attached to a scaling apparatus.
After radio-assay the ash was dissolved in IN HCl and brought to suitable
volume. Total phosphorus was then determined by the Dickman and Bray
method (1). All data were subjected to statistical analysis.
(il
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RESULTS AND CONCLUSIONS

Growth: Figure 1 shows the effects on the growth of tomato seedlings of
different rates and water solubilities of applied phosphate at different soil
temperatures. Growth a t both sampling dates was greater at each increase
in soil temperature, regardless of phosphorus solubility. Previous research
has shown t h a t the growth of this species practically ceases below 12° C (2).
Phosphate applications of 100 pounds P 2 0 6 per acre increased plant growth
a t all soil temperatures. Increasing the application to 200 pounds per acre,
however, resulted in a further growth increase only at 12° and 30° C. The
higher application rate depressed growth at 18° C and had no effect at 24° C.
Water Solubility
of applied P
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i
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P205
24° C

30°C

SOIL TEMPERATURE
Figure 1. The effect of soil temperature and the rate of application and solubility of applied phosphate on the total growth of tomato seedlings at 45 days of
age (expressed as grams dry weight per pot). Lines across the bars indicate
growth of 10 plants at 30 days of age.
The depression of growth b y higher rates of phosphate at 18° C appeared
t o be caused b y a sulfur deficiency induced b y the phosphate application.
All pots receiving the 200 pounds per acre phosphate of the highly watersoluble source showed foliar symptoms of sulfur deficiency. The severity
of the deficiency varied with soil temperature, increasing in the order 30°,
12°, 24°, and 18° C. Slight sulfur deficiency symptoms were evident at 18° C
on pots receiving 200 pounds per acre of the 45 percent water-soluble
formulation. Increasing the water solubility of the available phosphate from
10 to 45 percent significantly increased plant growth at both rates of phosphate application, but the 90 percent water-soluble formulation gave no
greater growth than the 45 percent formulation. Growth effects due to
treatment were quite similar a t both sampling dates.
619
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Phosphorus concentration: Table 1 summarizes the effect of the various
treatments on total phosphorus concentration in the tissue. Soil temperature
had the greatest effect on phosphorus concentration, increasing in the 30day seedling from a mean for all phosphorus treatments of 0.31 percent dry
weight at 12° C to 0.43 percent at 30° C. The 45-day seedlings increased
from 0.17 percent at 12° C to 0.33 percent at 30° C. Phosphorus concentration was significantly lower at 45 days than at 30 days except at the higher
temperatures at 200 pounds per acre of phosphate application.
TABLE

1. The effect of soil temperature and the rate of application and water
solubility of applied phosphate on total phosphorus concentration (as
percent of dry weight) in tomato seedlings.

Pj0 6 pounds
per acre

Total phosphorus concentration as
percent of dry weight

Percent
water
soluble

Soil temperature, °C
12°

18°

24°

30°

Mean

30 days of age
0.27

0.33

0.34

0.36

0.32

100

10
45
90
Mean

0.29
0.31
0.34
0.32

0.34
0.39
0.41
0.38

0.39
0.39
0.46
0.41

0.41
0.45
0.48
0.45

0.35
0.39
0.42

200

10
45
90
Mean

0.34
0.37
0.35
0.35

0.41
0.43
0.47
0.44

0.42
0.47
0.48
0.46

0.45
0.53
0.51
0.50

0.41
0.45
0.45

0

45 days of age
0.12

0.17

0.24

0.25

0.20

100

10
45
90
Mean

0.15
0.16
0.17
0.16

0.22
0.27
0.29
0.26

0.29
0.30
0.29
0.29

0.31
0.33
0.33
0.32

0.24
0.26
0.27

200

10
45
90
Mean

0.20
0.21
0.23
0.22

0.41
0.44
0.44
0.43

0.44
0.46
0.47
0.46

0.37
0.44
0.40
0.40

0.37
0.39
0.39

0

As would be expected, phosphate application significantly increased the
phosphorus concentration in the tissue, being significantly higher from the
high rate of application than from the low rate of application.
Increasing the water solubility of the applied phosphate significantly
increased the phosphorus concentration in the tissue at the low rate of
application. Phosphorus concentration from the high rate of application did
not increase, however, when the water solubility of the applied phosphate
was changed from 45 to 90 percent.
Percent tissue phosphorus derived from the fertilizer: Table 2 shows the
percentage of the total phosphorus concentration in the plant that was
620
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derived from the fertilizer. Curiously, plants grown a t higher soil temperatures
derived less of their phosphorus from the fertilizer. The 45-day-old plants
a n d the 30-day-old plants derived about the same amount of the phosphorus
from the fertilizer.
TABLE 2. The effect of soil temperature and the rate of application and water
solubility of applied phosphorus on the percent of the tissue phosphorus
derived from the fertilizer by tomato plants.

P 2 0 5 pounds
p e r acre

P e r c e n t a g e of tissue p h o s p h o r u s
d e r i v e d from fertilizer

Percent
water
soluble

Soil t e m p e r a t u r e , °C
12°

18°

24°

30°

Mean

30 d a y s of age
100

10
45
90
Mean

29.2
28.8
27.4
28.5

24.9
25.6
24.3
24.9

19.6
24.4
23.9
22.6

25.3
23.9
23.8
24.3

24.7
25.7
24.8

200

10
45
90
Mean

40.0
42.3
44.3
42.2

37.4
44.7
42.9
41.7

36.4
39.7
41.9
39.3

38.0
40.0
42.1
40.0

37.9
41.7
42.8

45 d a y s of age
100

10
45
90
Mean

24.7
25.9
26.2
25.6

26.4
24.4
26.4
25.7

22.2
25.1
24.2
23.8

21.4
23.0
24.1
22.8

23.7
24.6
25.2

200

10
45
90
Mean

44.0
46.5
48.9
46.5

41.0
47.3
46.0
44.8

37.3
42.0
42.6
40.6

38.6
40.2
40.0
39.6

40.2
44.0
44.4

Increasing the rate of application of phosphate almost doubled the
amount of fertilizer phosphorus in the plants. Increasing the water solubility
of the applied phosphate had no effect on the percentage phosphorus derived
from the fertilizer at the low rate of application, but there was a small but
significant increase at the high rate of application.
Total phosphorus uptake: Figures 2 to 4 summarize the total phosphorus
uptake as affected b y treatment. These d a t a largely expand the differences
observed in the growth and phosphorus concentration determinations.
Figure 2 shows t h a t phosphorus u p t a k e was affected b y phosphorus application to a much lesser degree at cool soil temperatures (12° and 18° C) than
a t higher soil temperatures. This was particularly clear when the effects of
the two different rates of phosphate application were compared.
Figure 3 illustrates the similar performance of the higher water-soluble
forms of phosphate at all four soil temperatures. The low water-soluble form
was taken u p to a lesser degree than the other two, but the degree of difference was about the same at all soil temperatures.
621
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Figure 4 illustrates the effect t h a t was shown in the tissue concentration
d a t a of table 2. Differences in u p t a k e between t h e 45 and t h e 90 percent
water-soluble forms were slight at the high rate of application, but significant
at 100 pounds per acre.
These data again demonstrate the effect of soil temperature on t h e growth
of tomatoes and t h e close correlation of this effect with phosphorus concentration in the tissue. Such data would immediately lead to the conclusion
t h a t the lack of growth a t low soil temperatures was in part due to restriction
of phosphorus uptake by the plants.

mg/pot -total P uptake

mg/pot-total Puptake

mg / p o t - total P uptake

Figure 2. Total phosphorus uptake by tomato seedlings (as mg/pot) as influenced by soil temperature and rate of phosphate application.
Figure 3. Total phosphorus uptake by tomato seedlings (as mg/pot) as influenced by soil temperature and the water solubility of applied
phosphate.
Figure 4. Total phosphorus uptake by tomato seedlings (as mg/pot) as a function
of rate of application and the water solubility of applied phosphate.
This could help explain the frequent observation t h a t early-planted crops
show marked responses to phosphate applications whereas later plantings
in the same soil respond less if at all.
In their summary of the value of nitric phosphates for plant growth,
Rogers et al (5) pointed out that low water solubility 'may be more important
under adverse climatic conditions.' These d a t a point out t h a t phosphorus
was less readily absorbed from t h e low water-soluble form, especially a t
lower soil temperatures. Also, the rates of application m a y have a distinct
bearing on t h e efficiency of phosphates of varying water solubilities. From
these data it is apparent t h a t phosphate of low solubility would have to be
applied at higher rates to achieve results equivalent to a phosphate of a
higher solubility, especially a t low soil temperatures or in crops t h a t grow
more favorably under low temperatures.
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SUMMARY

Differentially fertilized tomato plants were grown in Yolo fine sandy loam
soil pots in constant-temperature water baths a t 12°, 18°, 24° a n d 36° C.
Differential fertilization consisted of P 3 2 -tagged fertilizers of varying
phosphate water solubility of 10, 45, or 90 percent of t h e available P 2 0 6
applied a t rates of 0, 100, and 200 pounds P 2 O s per acre.
Growth was increased significantly with each increase in soil temperature.
Positive responses to phosphate were observed with both rates of phosphate
application a n d all water solubilities except t h e 10 percent water-soluble
form a t the low rate of application.
Phosphorus concentration in t h e tissue also increased with soil temperatures a n d rates of phosphate application. Increasing t h e water solubility
of t h e applied phosphate increased phosphorus concentration except t h a t
high and median solubility gave similar results a t t h e high rate of application.
The percentage of phosphorus in t h e plant t h a t was derived from t h e
fertilizer decreased with increasing soil temperature, a n d with t h e age of
the plant. I t increased with higher rates of application a n d t h e water
•
solubility of t h e applied phosphate.
Total phosphorus uptake reflected the effect of treatment on growth a n d
phosphorus concentration in the tissue.
RÉSUMÉ

Des plantules de tomate, recevant des apports d'engrais différents, furent établies en vases de culture, sur sable limoneux fin (Yolo fine sandy
loam). Ces vases furent maintenus à des températures constantes en les
plaçant dans des bains d'eau réglés à 11°, 18°, 24°, et 36° C. Les apports
d'engrais différents consistaient en engrais marqués au P 3 2 où la solubilité
dans l'eau des phosphates était de 10 % , 45 % ou 90 % du P 2 0 5 présent,
et qui étaient appliqués a u x t a u x de 0, 100 et 200 livres/acre.
La croissance augmentait de manière significative avec la température
du sol. Des réactions positives à l'application de phosphates furent o b servées pour les deux doses d'application et toutes les solubilités sauf pour
la faible dose à une solubilité de 10 % .
La concentration du phosphore dans les tissus végétaux augmentait
également avec la température du sol et les t a u x d'application. Une augmentation de la solubilité de l'engrais augmentait la concentration dans les
tissus mais les solubilités moyennes et élevées donnaient des résultats
similaires pour les t a u x d'application élevés.
Le pourcentage de phosphore dans la plante, provenant de l'engrais,
diminuait avec la température d u sol et avec l'âge de la plante. Ce pour623
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centage augmentait avec les taux d'application et la solubilité dans l'eau
de l'engrais phosphaté. La quantité totale de phosphore adsorbé reflétait
l'effet des divers traitements sur la croissance et sur la concentration en
phosphore des tissus végétaux.
ZUSAMMENFASSUNG

Verschieden gedüngte Tomatenpflanzen wurden in mit Yolo-feinsandigem Lehm gefüllten Töpfen in Wasserbädern auf konstant gehaltenen
Temperaturen von 12°, 18°, 24° und 30° C , gezüchtet und beobachtet.
Die verschiedenen Düngungen bestanden aus mit P 3 2 -markierten Düngerarten von verschiedener Phosphatwasserlöslichkeit, nämlich 10, 45 oder
90 % des verfügbaren P 2 0 B , angewendet in Mengen von 0, 100 und 200
Pfund P 2 0 5 pro acre.
Mit jeder Zunahme der Temperatur wurde das Wachstum erhöht.
Auch wurden positive Erfolge erzielt mit beiden P 2 0 5 -Düngungen u n d
allen Wasserlöslichkeiten mit Ausnahme der nur 10 %-löslichen Form in
Kombination mit der geringe Anwendungsmenge.
Mit zunehmender Temperatur u n d angewendeter Phosphatmenge
nimmt auch die P-Konzentration im Pflanzengewebe zu. Ebenso mit
steigender Wasserlöslichkeit, ausgenommen dass die hohe u n d mittlere
Löslichkeit bei der höchsten Menge Dünger gleiche Resultate ergab.
Der P-Prozentgehalt in der Pflanze, vom Düngemittel herkünftig nahm
ab mit steigender Temperatur und mit dem Alter der Pflanze. E r n a h m
dagegen zu mit steigender Menge Dünger und mit dessen Wasserlöslichkeit.
Die totale P-Aufnahme widerspiegelte den Einfluss der Behandlung auf
das Wachstum und die P-Konzentration im Gewebe.
DISCUSSION

E. VON BOGUSLAWSKI: In your result was there no interaction between the
influence of temperature on plant growth and the solubility of phosphorus?
JOHN C. L I N G L E : N O !

HARRY PAUL: I would like some explanation as to how you ensured in your
experiments equal available water supply to the plants kept a t the higher
temperatures. For comparison, I think it is important that the rate of loss of
water per unit area in both systems should be the same.
JOHN C. LINGLE: Water was applied daily where needed as indicated by tensiometers in each pot. They were watered when tensions reached 0.5 bars.
Plants at higher temperatures transpired much more water and hence it would
have been impossible to control the rate of water loss to the same amount at
different temperatures.
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STUDIES ON AVAILABLE PHOSPHORUS IN
EGYPTIAN CULTIVATED SOILS
by
M. Y. SHAWARBI, A. A. ABDEL-BAR and

E. BAISARI

Soil Science Department, Faculty of Agriculture, Cairo University
INTRODUCTION

A large number of workers including Blenkinsop (5), Burd and Murphy
(7), and Bingham (4) have developed methods based on extraction of soil
phosphorus with water. Under some soil and crop conditions, this procedure
has given satisfactory prediction of crop response to phosphorus fertilization.
Water as an extracting agent for phosphorus is employed on sandy soils
(Forsee (10)). Under these conditions the reversion of added soluble phosphorus into insoluble forms is not great. Hence, the relatively large portion
of the phosphorus remaining in soluble forms serves as the principal source
of phosphorus for plants.
Bryan and Neal (6) verified the statement that the soil content of water
soluble phosphorus is the most effective fraction of soil phosphorus on the
crop yield of different plants. They found that in areas in Florida where
phosphorus deficiency is reported, the phosphorus content of the foliage is
correlated with water-soluble phosphorus in soil.
The same conclusions were obtained by Daniel and Harper (8). They
found that phosphorus content of grasses and legumes on various soils is
correlated to the amount of rainfall, i.e., the lighter the rainfall, the smaller
will be the amount of phosphorus in the forage. It may be also added that
results at Rothamsted (11) showed that the yield of wheat in the wet year
1879 increased from 4.3 bushels/acre (with nitrogen only) to 11.1 bushels
with nitrogen and phosphoric acid. In the dry year of 1893 the yield declined from 8.4 to 7.7 bushels.
Omar (13), through his studies on available phosphorus in Egyptian
cultivated soils, tried three different solvents namely: water, Olsen and
Egner-Riehm. He found that the results of the three methods are equally
satisfactory and correlated significantly with the crop yields of cotton,
wheat and corn. He also found that the values of phosphorus obtained by
the three methods were so significantly correlated with each other, that the
results of any method could be calculated through a linear regression from
the results of any other method. The water-extract method was, therefore,
recommended as a soil test for available phosphorus due to its simplicity
and rapidity.
Shalaby (16) found that extracting soil phosphorus with water was somewhat promising. He stated that the results of Neubauer's method were most
suitable for the determination of soil and crop requirements for phosphate
fertilization.
On the other hand, Abdel-Bar (1) compared the figures of three extracting methods (Sigmond, Truog and Egner-Riehm) with those of the
calculated residual amounts of P 2 0 5 of the total superphosphate added to
the permanent experiment at the Cairo University Agricultural Experimental
Station. After deducting the original amount of soil phosphorus and that
recovered by crops, he found that the results obtained by using Egner625
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Riehm's method were very similar to the calculated ones. When using Sigmond's and Truog's methods, the figures obtained were somewhat higher.
Anwar (2) utilized P 32 as a tracer in soil and plant to evaluate some
chemical methods for the determination of available phosphorus in soils.
The main point of evaluation of each solvent was based on the assumption
that the best extracting solution is the one in which the specific activity of
phosphorus in its filtrate approaches that of the growing plant. On this
basis, the different solutions were arranged owing to their availability as
extracting solutions in the following decreasing order:
Hibbard > Egner > Truog > Peech > Dyer > Bray.
AIM AND LAYOUT

The aim of this work is to examine the suitability of water and EgnerRiehm's methods for the determination of the available phosphorus in
some soils of different productivity levels in the Southern Region of the
United Arab Republic. The results obtained by the two methods were
compared with the results of the Neubauer's method, which was considered
a standard method, due to its closeness to Field Experiments.
The study includes the influence of divalent cations in the soil water
extract on the suitability of the above mentioned methods.
EXPERIMENTAL

Forty three representative soil samples were collected from different
localities of the Egyptian Region of the United Arab Republic. All these
were surface soil samples taken from the top to the depth of 25 cm. They
were divided into three groups (A, B and C) according to their chemical
properties and productivity levels.
The soils of group A (Nos. 1—16) represent newly reclaimed soils with
high percentage of soluble salts in the province of Fayoum. The soils of
group B (Nos. 17—32) were collected from highly productive land distributed all over Egypt, whereas soils of group C (Nos. 33—43) are taken from
a calcareous area near the Mediterranean shore.
Three methods for the determination of available phosphorus in soils
were selected for this investigation, namely:
1. Water extract method (soil to water 1 : 20).
2. Egner-Riehm's method (9 & 15).
3. Neubauer's method (12) (considered as a standard method).
Phosphorus was determined colorimetrically (17 & 18). The results of
phosphorus determinations were calculated in mg. P/100 g. oven dried soil.
The soil samples were also analysed for pH (14), total soluble salts (14),
water soluble calcium and magnesium (19), and calcium carbonate content
(14).
It should be mentioned that in Neubauer's method wheat seedlings
were used as indicator plants. They were tried by several workers and
proved to be a suitable substitute of rye seedlings (3).
RESULTS AND CONCLUSIONS

Owing to the great differences in the chemical properties of the present
three groups of soils with respect to soluble salts, water soluble calcium and
magnesium and calcium carbonate content, we should first discuss the results
of each group separately depending on the statistical analysis:
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between the water extract and the Egner-Riehm's method is 0.998 which
are both highly significant.
2. With regard to soils of group B, we notice from table II that their pH
values range between 7.2—8.2. Their calcium carbonate content is less than
3 %, whereas total soluble salts content varies from 0.38%—3.29%. With
respect to the available phosphorus determined by the three methods, the
correlation coefficient between the method of Neubauer and that of EgnerRiehm is 0.999 which is highly significant. The (r) value between the
water extract method and that of Neubauer is 0.857 which is highly significant also, whereas the (r) value between the water extract and EgnerRiehm's method is 0.539 which is significant at 0.05 level only.
TABLE 3. Chemical Analyses of Soils (Group C)
N o . of
Soil
Samples

PH

33
34
35
36
37
38
39
40
41
42
43

7.60
7.60
8.00
7.65
7.70
7.50
7.50
8.00
7.80
7.45
7.80

CaCO s

%
34.0
34.4
28.0
28.8
25.3
27.4
27.4
32.3
33.6
28.2
34.7

Total
Soluble
Salts

%
4.60
11.38
2.58
1.98
0.85
4.60
0.61
1.07
1.50
3.25
0.60

Ca &
Mg as
m.e./L.

Water
Soluble
P

Egner
Soluble
P

RootSoluble
P

(mg./100 g. soil)
14.0
76.0
4.1
4.9
4.3
17.5
3.4
3.8
8.0
39.0
3.4

0.070
0.010
0.030
0.070
0.036
0.044 •
0.036
0.044
0.032
0.016
0.070

18.12
16.50
17.15
18.13
17.30
17.50
17.30
17.50
17.20
16.80
16.30

19.19
17.49
18.18
19.19
18.34
18.55
18.34
18.55
18.23
17.81
19.19

3. With respect to soils of group C, we notice from table III that their
pH values range between 7.45—8.00. Their calcium carbonate content
varies from 25.3 % to'34.7 %, whereas total soluble salts percentage lies
between 0.60 to 11.38. With respect to the available phosphorus determined
by the three methods, the correlation coefficient between the method of
Neubauer and that of water is 0.997 which is highly significant. However,
the (r) value between the Neubauer's method and that of Egner-Riehm is
0.519 which is significant, and the (r) value between the water extract
method and that of Egner-Riehm is 0.500 which is also significant.
These relationships show clearly that the Egner-Riehm's method as plant
available phosphorus test is unsuitable.
The high content of calcium carbonate in this last group of soils may
be responsible for this result. It may be concluded, however, that the
unsuitability of Egner-Riehm's method on highly calcareous soils may be
attributed to the low degree of the buffering effect of the lactate-HCl
solution.
THE MATHEMATICAL RELATION BETWEEN THE THREE METHODS

A trial was made for obtaining a general relationship between the three
methods by calculating the correlation coefficient between each two
methods. It was found that there is a highly significant correlation between
the method of Neubauer and that of Egner-Riehm. The correlation co628
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efficient (r) between these two methods is 0.997. The (r) value between
the water extract method and that of Neubauer is 0.928 which is highly
significant, whereas the (r) value between the water extract and EgnerRiehm's method is 0.778 which is highly significant also.
On determining the available phosphorus by any one of the three methods,
we can easily calculate the anticipated amount of the available phosphorus which will be obtained when using anyone of the other two methods.
The following regression equations for such calculations have been statistically arrived at:
1. Y = 1.045 X + 0.362
Where Y = the amount of available phosphorus in mg./100 g. soil
which will be obtained by Neubauer's method.
X = the amount of available phosphorus in mg./100 g. soil
which will be obtained by Egner-Riehm's method.
2. Y = 22.697 X + 18.0223
Where y = the amount of available phosphorus in mg./100 g. soil
which will be obtained by Neubauer's method.
X = the amount of available phosphorus in mg./100 g. soil
which will be obtained by the water extract method.
3. y = 18.158 X + 17.553
Where y = the amount of available phosphorus in mg./100 g. soil
which will be obtained by Egner-Riehm's method.
X = the amount of available phosphorus in mg./100 g. soil
which will be obtained by the water extract method.
The relations between the three methods are presented graphically in
figures 1, 2, and 3.
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E F F E C T OF DIVALENT CATIONS (Ca & Mg) IN THE W A T E R EXTRACT ON THE
AMOUNT OF PHOSPHORUS EXTRACTED BY E G N E R - R I E H M ' S AND THE WATER
METHODS.

The correlation coefficients between water soluble calcium and magnesium and the available phosphorus determined b y the water extract and
Egner-Riehm's methods are —0.140 and —0.148 respectively.
It could be seen t h a t the relation between available phosphorus determined b y the two methods is rather insignificant. This suggests t h a t the
values of available phosphorus determined by the two methods: water and
630
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Egner-Riehm's are independent of t h e water-soluble calcium and magnesium.
Bearing in mind t h e precipitation of t h e phosphoric acid in an insoluble
condition, Hall (11) stated t h a t Whitney a n d Cameron argue t h a t previous
to t h e addition of t h e fertilizer, a certain amount of phosphoric acid exists
in solution in t h e soil water, this amount being in equilibrium with t h e
various phosphates of Ca, Mg, . . . etc. making u p t h e great store of phosphate in soils. This particular state of equilibrium would be b u t little disturbed b y t h e addition of t h e soluble fertilizer in quantities which are small
compared with t h e great mass of undissolved phosphates in contact with
the soil water. Before t h e fertilizer was added, t h e soil water was as fully
saturated with phosphoric acid as t h e amount of Ca, Mg, . . . etc. would
permit, and, as these bases are present in enormous excess, t h e soil water
must remain a t t h e same saturation point after the fertilizer has been added.
Consequently, in base saturated soils, like those of Egypt, it m a y be stated
t h a t there is always certain equilibrium between water soluble phosphoric
acid a n d Ca, Mg, . . . etc. The cause of t h e low phosphorus availability is
t h a t excess of calcium ions causes the concentration of P 0 4 ions t o be very
low.
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SUMMARY

The aim of this work is to find out a suitable method for the determination
of available phosphorus in Egyptian soils. For this reason 43 representative
soil samples were chosen from different localities in the Southern Region
of the United Arab Republic. Two chemical methods were used for the
determination of available phosphorus namely: the water extract and
Egner-Riehm's methods. The results obtained b y the two methods were
compared with the results of the Neubauer's method which is considered
a standard method due to its closeness to Field Experiments. We arrived
a t the following conclusions:
1. There is a highly significant correlation between the method of Neubauer and t h a t of Egner-Riehm. The correlation coefficient (r) between
those two methods is 0.997. The (r) value between the water extract
method and t h a t of Neubauer is 0.928, whereas the (r) value between
the water extract and the Egner-Riehm's method is 0.778.
2. In calcareous soils, the correlation between Egner-Riehm's method
and t h a t of Neubauer is insignificant. The Egner-Riehm's method is therefore unsuitable for the determination of available phosphorus in highly
calcareous soils.
3. On determining the available phosphorus b y any one of the three
methods, we can easily calculate the anticipated amount of available phosphorus which will be obtained when using anyone of the other two methods.
Three regression equations for such calculations have been arrived at.
RÉSUMÉ

Le but de ce travail était de trouver une méthode, convenant à la détermination du phosphore assimilable dans les sols d'Egypte. Nous avons
choisi 43 échantillons représentatifs provenant de localités différentes de
la région méridionale de la République Arabe Unie. Le phosphate assimilable fut déterminé par deux méthodes chimiques différentes, notamment:
l'extraction à l'eau et la méthode de Egner-Riehm. Les résultats obtenus
par les deux méthodes furent ensuite comparés avec ceux obtenus par la
méthode Neubauer, laquelle fut considérée comme méthode standard, à
cause de son analogie avec l'expérimentation en champ. Cette étude nous
a permis les conclusions suivantes:
1. Il existe une corrélation hautement significative entre les résultats
Neubauer et ceux obtenus par la méthode de Egner-Riehm. Le coefficient
de corrélation (r) entre ces deux méthodes est de 0.997. La valeur de r
pour la corrélation entre l'extrait à l'eau et la méthode de Egner-Riehm
est de 0.778.
2. E n sols calcaires, la corrélation entre les résultats de Egner-Riehm
632
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e t de Neubauer n'est pas significative. La méthode Egner-Riehm ne convient donc pas pour la détermination du phosphore assimilable dans les
sols très calcareux.
3. E n déterminant le phosphore assimilable par l'une ou l'autre de ces
trois méthodes, on peut facilement calculer les quantités que l'on trouvera
en utilisant les autres méthodes. Trois équations de régression pour des
calculs de cette sorte ont été établies.
ZUSAMMENFASSUNG

Bestreben dieser Arbeit war, eine geeignete Methode zur Bestimmung
des den Pflanzen zur Verfügung stehenden P in ägyptischen Böden zu
finden. Zu dem Zweck wurden 43 representative Bodenproben aus verschiedenen Gebieten im Süden der Vereinigten Arabischen Republik
ausgewählt. Zwei chemische Methoden zur Bestimmung des verfügbaren
P wurden dazu benutzt, nämlich Wasserextraktion und die Egner-RiehmMethode. Die mit den beiden Methoden erhaltenen Resultate wurden
mit den Resultaten der Neubauer-Methode verglichen, da diese als Standart
Methode, auf Grund des engen Anschlusses an Feldversuche, zu betrachten
ist. Wir kamen zu folgenden Schlüssen:
1. E s besteht eine ausgesprochene Korrelation zwischen den Resultaten
der Neubauer- und der Egner-Riehm-Methode, mit dem Korrelationskoeffizienten (r) gleich 0.997. Der (r)-Wert der Wasserextrakt- und der NeubauerMethode ist 0.928, während der (r)-Wert zwischen der Wasserextrakt und
der Egner-Riehm-Methode sich stellt auf 0.778.
2. In Kalkböden ist die Korrelation zwischen der Egner-Riehm- und
der Neubauer-Methode unbedeutend. I n kalkreichen Böden ist die EgnerRiehm-Methode also unbrauchbar.
3. Wenn man nach irgendeiner der drei genannten Methoden den verfügbaren P bestimmt, lässt sich die Menge verfügbaren P's, welche nach
irgendeiner der beiden andern Methoden zu finden wäre, leicht berechnen.
Drei Regressionsgleichungen für derartige Berechnungen wurden aufgestellt.
DISCUSSION

N. L. GALVEZ: What is the range of the pH-value of the soils used?
M. Y. SHAWARBI: There were 3 groups of soils under investigation. The
pH of group (A) ranges between 7.0—-7.8, and that of group (B) ranges between
7.2—8 1, whereas that of group (C) lies between 7.45—8.0.
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