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Nutrient Cycling Considerations for
Sustainable Agriculture
T. Hakamata. Department of Environmental Management, National Institute of
Agro-Environmental Sciences, Tsukuba 305 Japan.
H. Hirata. Tokyo University of Agriculture and Technology, 3-5-8 Saiwai-cho,
Fuchu, Tokyo 183 Japan.
Introduction. Victor Hugo(1862) said "Each belch of our cloaca costs us a thousand francs, and
the result is that the land is impoverished and water made foul". It can be said from the nutrient
cycling point of view that the same situation has been continued even until today, although the
facilities of sewerage systems have been improved to gain clearer water from polluted water in even
the most developed urban area. Imbalance in nutrient cycling is common almost all over the world
and seems to cause the most water pollution and famine, that is, the input into society from our
environment is about 70 million tons larger than the output. The amount is derived from the industrial
nitrogen fixation and is finally returned again to the environment including terrestrial aquatic areas and
oceans. Sustainability of ecosystems is of critical importance especially in food and feed systems. We
have to focus on some points along the process of nutrients from the industrial intake to the output
into environments, especially on food and feed trade, nutrient cycling in a country and/or a local area,
each crop system and such a depositing system as a sewerage system. We have to remember the law
of nutrient cycling in ecosystems to realize the soil utilization in harmony with nature and the the
sustainable system.
Nutrient cycling on international scales. There are differences between countries in nutrient
cycling, consequently in the budget. The budgets in some countries show higher input of nutrients to
their national lands than the output of them; in the other some countries, higher output and lower
input. Miwa(1990) showed the flow of nitrogen through the international food and feed trade.
Nitrogen from the U.S.A., Canada, Argentina, Australia, France, Thailand, Denmark and Peru
flowed into Japan, U.S.S.R., F.R. of Germany, Spain, U.K., China, the Netherlands, Poland,
Mexico, Egypt, Korea, Belux, and other countries. While the export flow is overwhelmed by the
U.S.A. and executed by a small number of countries, and import of nitrogen is scattered through
many countries in the world. Nitrogen imported/exported per area of arable and permanent grassland
of each country shows another figure (Fig.1). The largest exporter is not the U.S.A. but Norway,
which exports about 50kg/ha. Denmark, Suriname, France and Thailand rank above the U.S.A. and
Canada. Large importers are Japan, the Netherlands, Belux, Korea, Egypt, Israel, F.R. of Germany
and Switzerland.
Generally speaking, the developing countries remove small amounts of nutrients from
agricultural lands and return smaller amounts. Sub-Saharan Africa, however, is the only region in the
world where the per capita food production has decreased during the past 25 years(Smaling, 1991).
We can see imbalance of nutrient budgets (Hakamata, 1992) and depletion of soil fertility (Smaling,
1992; Fieri, 1989) in some area/countries in Africa. We have to think about not only low input
strategy but also high input one in some areas or countries for realizing sustainable systems in a food
and feed system in the world.
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Fig.l Nitrogen imported per area of arable and permanent grassland. (Miwa,1990)
Nutrient cycling on a national scale ... Experiences in Japan. We believe that the way
towards the sustainable agriculture can take into account the serious experiences of high input
nutrients in Japan. The land of Japan has been enormously loaded with nutrients because of the
import of large amounts of food and feed (Hakamata,1990;Fig.2). Imported food and feed are
stocked, processed, trades and utilized. A large part of them are wasted as animal, home and industry
waste. Nitrogen waste from the system are carried into the environment including agricultural lands.
Beside this, chemical fertilizers and byproducts of crops were loaded into the environment, making a
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Fig.2 Nitrogen cycling through
the food and feed system in
Japan in 1987. (Thousand tons;
Hakamata,1990). L.i.livestock
industry. D.h.:Dietary habits.
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total of about 2,400kt of nitrogen in 1987. This causes the problems of water and livestock pollution.
In 1960, the Doubling Program of National Income were submitted to the Japanese cabinet
meeting, and nitrogen flowed more through domestic production than import (Miwa & Iwamoto,
1988). 609kt of nitrogen were wasted to the environment. This is about 40% of the 1987 levels.
Dietary habits in Japan have been changed during these three decades. An intake of grain has
decreased by 307c, that of protein has increased by 26% and that of fat has increased to near three
times of 1960's level. The number of livestock animals has increased during the days. Nutrients
derived from animal waste shows remarkable increase after that. At the same time, livestock farmers
have dramatically decreased. Most of them do not feed the animals on roughage from their own
farmlands but mainly on concentrates, more than 90% of which is imported from foreign countries.
These mean the animal wastes are concentrated in so limited places that they tend to be not effectively
returned to agricultural lands. Only 50% of pig excreta has been returned to agricultural lands after
1970s. By the way, only less than 10% of sewage sludge is used as fertilizers in Japan because of
mainly high level of such toxic chemicals as heavy metals, etc..
639kt of chemical fertilizer nitrogen was used in 1960 which is not so different from the 1987
figure.
Can we manage such a large amount of nitrogen in agricultural lands in Japan as mentioned
above. We had 5.53 million ha of cropping land in 1987. If we returned whole nitrogen to the land,
fertilizing rate of nitrogen would be 430 kg/ha (including nitrogen from chemical fertilizers and
byproducts of crop). This level is higher than the nitrogen carrying capacity of agricultural lands in
Japan, which is estimated to be 250 kg/ha by Nishio(1993), and than the upper standards of nitrogen
fertilization (100kg for paddy rice or ordinal upland crops, 200kg/ha for vegetables and 230kg/ha for
herbage).
Can we secure enough area to produce the same amount of feed as imported in Japan? The
necessary area of crop lands can be estimated to be 5.79 million ha(4.10, 1.23 and 0.46 million ha.
for corn, for sorghum and for barley, respectively) supposing average yield of each crop equals
3t/ha. Area of agricultural land and planted field and cropping ratio, which have been decreasing,
should increase and techniques for such high yield as 4.7t/ha for corn and 10t/ha which are
established in Japan should be extended to realize it. Agro-forestry is also useful even in
Japan(Okubo, 1987).
Future prospects for integrated farming systems in Japa.. are reported by Kon-no, et al.(1994)
in our symposium IV-A.
Nutrient cycling on a local scale. The situation is similar on a local scale in Japan. For
example, in the Ushiku Lake basin in a central part of Japan, which has a total area of about 160km2,
about one-third of which is cultivated, and has only a small weight of livestock farming, a total of a
little over 50 thousand tons of organic materials including nutrients are discharged every year to
agricultural land or the environment (Matsumoto et al.,1992a, 1992b). The sources of these materials
are derived from our dietary habits, livestock farming and by-products of agriculture. If all of the
organic matter could have been recycled to the agricultural land, the amount of mineralized nitrogen in
the soil would have reached 138kg/ha. The amount exceed nitrogen in chemical fertilizers used in the
area. Increase of nitrate nitrogen level of ground water was recently reported in the area.
Reasonable and maximum rates of organic nitrogen application were estimated on the basis of
the nitrogen budget in the area. The reasonable rates under the actual nitrogen application (70120kg/ha) were 30-70kg/ha. The maximum rates which assumed complete replacement of inorganic
nitrogen by organic sources were 140-160kg/ha. The amount of organic nitrogen generated in the
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area exceeded the reasonable rate but was within the maximum rate. This fact shows that the organic
nitrogen generated in the area can be used as an alternative to chemical fertilizer nitrogen.
Nutrient cycling on a farmland scale. We can see examples of relatively closed system of
nutrient cycling in a paddy field and a grazing pasture in Japan. Nitrogen purifying function of paddy
fields is reported by Ogawa & Sakai(1984) and Kon-no et al.(1994). We will now give an example
of nitrogen cycling in a heifer pasture studied in eastern Hokkaido, a northern island of Japan
(Hakamata & Hirashima, 1978).
A major part of nitrogen absorbed by the herbage from the soil is grazed by heifers. A part of
them is used by their bodies, and a residual part is returned to the soil in the form of excreta.
Ungrazed herbage is divided into edible and inedible parts. The majority of them will eventually
decompose into the soil. Only such nitrogen as is consisted of the increment of heifer bodies must be
taken off from the pasture. Gaseous nitrogen is also reported to be released from the surface of a
pasture into the atmosphere. 14% of the nitrogen is eventually taken out from the system, with 86%
returning to the soil. Generally speaking, 80-90% of nitrogen are returned to the soil in a grazing
pasture system. We can understand that nutrient cycling system in a pasture is not only relatively
closed but also structurally complex and well-controlled by a lot of natural processes (Hakamata,
1986, 1990).
We have to learn from such a system as a nutrient cycle keeps the balance in harmony with
nature.
Conclusion. Justus von Liebig (1876) said "The fundamental principle of... Japanese agriculture
is to replenish all nutrients removed from the soil by the harvesting of crops". From 12th century,
when our ancestors began to apply human excreta to agricultural lands in Japan, human excreta had
been completely returned to increase soil productivity until the early stage of 20th century. Most
waste produced from our lives had been returned even in 1950s. Nutrient cycling through food and
feed systems was also limited in environmental loading in 1960. In the 1960s the economy of Japan
went into a period of high growth and introduced technological innovation even in agricultural fields.
The process after that was undertaken without proper attention to the environment, and the result was
serious pollution-related damage. It was only after experiencing this damage that Japan began
implementing proper pollution control measures. An approach to economic development which
includes pollution control is much more fruitful than one which neglects environmental issues even
from a purely financial standpoint (Study Group for Global Environment and Economics, 1991). We
have to learn from the past to face the future.
We have to realize the new balanced system of nutrient cycling by learning from the traditional
agricultural systems in Japan. The general necessary conditions are as following: l)the self-sufficient
ratio of food and feed should increase in a country; 2) Construction (reconstruction in some
developed countries) of toxicant free sewerage systems should be realized; 3) New organic fertilizers
and fertilizing technologies should be developed following the new sewerage systems; 4) All other
techniques in each cropping system should be innovated in harmony with nature from nutrient cycling
point of view.
Each paper in our symposium will propose how to realize the sustainable agriculture not only in
each countries or area but also in the world from nutrient cycling point of view.
Literature Cited.
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Nitrogen cycling and soil productivity in contrasting
farming systems.
J.H.J. Spiertz and H. van Keulen. Centre for Agrobiological Research
(CABO-DLO), P.O. Box 14, 6700 AA Wageningen, The Netherlands.
Introduction. To minimise losses of nutrients to the environment, the supply of nutrients
both from natural sources and from amendments (fertilizer and manure) should coincide as
closely as possible with the demands of the crop. However, a poor quantitative
understanding of the biotic and abiotic processes that play a role in the supply of nitrogen
from organic sources as well as in the losses by leaching and denitrofication, is hampering
the fine-timing of amount and timing in nutrient management. To improve the nitrogen use
efficiency and to reduce losses more insight is needed of soil-crop interactions and of the
flow of nitrogen through the various compartments of crop and/or animal based farming
systems.
System modeling. Nitrogen use efficiency and nitrogen losses are affected by soil
properties, cropping system and weather conditions. Soil nitrogen mineralisation rates may
vary considerably from field to field in relation organic matter content, soil moisture and
temperature. The use of simulation models allows to quantify the nitrogen availability
from various pools in the course of the growing period. However, the existing simulation
models do not accurately enough predict the nitrogen availability in the soil under a range
of soil conditions and farming practices. Therefore, current nitrogen recommendation
schemes are still based on "economic optimum" fertilizer application rates, which aim at
yield security. Van Noordwijk en Wadman (1992) recommend to take also the degree of
spatial variability in nitrogen supply into account for assessing environmentally acceptable
nitrogen fertiliser application rates. It may be concluded that progress has been made in
modeling the nitrogen dynamics of the soil, but a better understanding of the interactions
between biotic and abiotic processes in the soil is needed to quantify nitrogen availability
more accurately.
In developing integrated and sustainable farming systems the balance-sheet method has
been used to evaluate the inputs and outputs of nitrogen in farming systems (Van der
Meer, 1986; Aarts, Biewinga and Van Keulen, 1992). The results show, that the nitrogen
utilisation efficiency of dairy farms amounts to 0.16 and 0.34 for an intensive and
extensive farm, respectively. Intensification has led to a serious imbalance between inputs
of nutrients in fertilizers and purchased feeds and outputs in milk and meat. Whole-farm
system research on interactions and overall effects of integrated measures is needed for
substantial improvement in nutrient utilization. Aarts et al (1992) suggested to combine
system modelling and system prototyping to generate and evaluate prototype farming
systems. This approach may reduce the costs and enhance the effectiveness of whole-farm
experimental research. The latter type of research is needed to validate and improve the
models.
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Case studies. Some results will be presented of on-going research on integrated arable
farming systems and dairy farming systems with efficient nutrient management in the
Netherlands and of the integration of arable and animal production in a nutrient poor
Sahelian zone in Mali.
Literature.
(1) Aarts, H.F.M.; E.E. Biewinga and H. van Keulen, 1992. Dairy farming systems based
on efficient nutrient management. Neth. J. Agric. Sci. 40: 285-299.
(2) Meer, H.G. van der and M.G. van Uum-van Lohuijzen, 1986. The relationship between
inputs and outputs of nitrogen in intensive grassland systems.
In: H.G. van der Meer, J.C. Rijden and G.C. Ennik (Eds). Nitrogen fluxes in intensive
grassland systems. Martinus Nijhoff Publishers, Dordrecht, pp 1-18.
(3) Noordwijk, M van and W.P. Wadman, 1992. Effects of spatial variability of nitrogen
supply on environmentally acceptable nitrogen fertilizer application rates to arable crops.
Neth. J. Agric. Sci. 44: 51-72.
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F\iture Prospect for Integrated Farming System in Japan in
Relation to Mineral Cycling and Sustainable Agro-ecosystem -to
Establish the Environmental Preservation-Type SystemT. Konno, M. Uwasawa, and Y. Ozaki. Department of Soil and Fertilizers,
National Agriculture Research Center, Tsukuba, 305 Japan

A bs tract
To minimize nitric stress on the environment from agriculture production, the amount of nitrogen
application per unit area will be restricted within Nitrogen Environmental Assimilating Capacity (NEAC) of
every cultivated land. We will define NEAC as a yearly average amount of nitrogen that can satisfy not only
productivity requirements, but also environment preservaiion requirements. We propose the bases to estimate
NEAC, and estimate the value of NEAC in Volcanic Ash soil under vegetable cropping by using lysimeter
test data.
Paddy soil has higher purifying capacity for nitrate nitrogen (N03-N) than ammonium nitrogen
(NH4-N). If NH4-N concentration in irrigation water does not exceed 6 mg/L, total nitrogen (T-N)
concentration in permeated water can be kept lower than 1 mg/L throughout the year. But if NH4-N
concentration exceeds 10 mg/L, T-N concentration in permeated water increase during winter season. In order
to satisfy the environmental quality standard for lakes and reservoirs (Type V in Japan), annual load should be
less than 330 kg N/ha. Paddy fields and forest areas have also N03-N purifying functions on spring
groundwater from upland field. We can use these functions to preserve quality of groundwater and water in
closed water areas. More studies must be conducted to investigate the N03-N purifying capacity of paddy
fields and forest areas to establish environmental preservation-type land utilization.
We have to expand beneficial utilization of organic waste compost for green and agricultural land
through the competition with chemical fertilizers. High quality should be attached to organic waste compost,
such as efficiency to keep or increase soil fertility and activity of soil micro-organisms and also to be able to
handle with ease.
The establishment of permissible level of Zn of soil (120 mg/kg) restricts use of sewage sludge
compost on agricultural land in Japan. Monitoring with the method of soil micro-organisms activity may be
useful to review the strict management standard of Zn concentration in soil. When we applied ZnS04 and
sewage sludge to some kinds of soil up to 120 mg Zn/kg or higher level, soil micro-organisms growth rate
was not inhibited in certain kinds of soil. The permissible level should be established to each kind of soil.

Introduction
Groundwater is one of the important resources in Japan. It is the primary source of
drinking water specially in rural areas. However, groundwater contamination has become
one of the serious environmental problems. NO3-N is the most widespread contaminant of
groundwater. Industrial and human waste disposal, intensive cropping and heavy fertilizer
application contribute the accumulation of NO3-N in the groundwater system .
Ministry of Agriculture, Forestry and Fisheries of Japan decided in 1992 to promote
environmental preservation-type agriculture that means the agriculture friendly for the
environment and the agriculture utilizing resources of organic waste. To promote the
agriculture like this, it is important to grasp nitrogen cycle and to estimate Nitrogen
Environmental Assimilating Capacity (NEAC) that can satisfy not only productivity
requirements, but also environment preservation requirements.
There is a huge output of organic waste as compared with the arable land area in
Japan. Organic waste usually has high concentration of heavy metals. To recycle nitrogen of
organic waste, it is important to preserve the recycling function of agricultural land from the
toxicity of heavy metal.
In this paper we propose the bases to estimate the value of NEAC and land
utilization plan to preserve the rural environment. And we also introduce how we use
organic waste, especially sewage sludge, avoiding the the material recycling function in
arable land.
Nitrogen Cycle of Agriculture Ecosystem and Nitrogen Application

in Japan

Nitrogen in imported feed and food to Japan is increasing nitric stress on the
environment from agricultural ecosystem.
As shown Figure 1, nitrogen cycle shown as double lines is not working effectively
in Japan. The flow from livestock waste to the environment is increasing. Iwamoto and
Miwa estimated that nitrogen discharge as livestock waste was 724,000 tons, and among
them beneficial use as animal manure was 300,000 N tons, and the other 424,000 N tons
might be nitric stress on the environment10). Besides flows shown in Figure 1, there are
flows from food and agriculture products to cultivated land and the environment. Sewage
sludge carries these flows. The amount of sewage sludge produced in Japan was 2,590,000
m3 in 1990, and will be 3,310,000 m3,90,000 nitrogen tons in 19959>.

n

As mentioned above, Japan now faces a new situation. Consumption of chemical
fertilizer nitrogen is on a lowering trend and is below the 700,000 ton level, on the other
hand nitrogen discharge as livestock waste now exceeds the 700,000 ton level in a year.
As shown in Table 1, amount of nitrogen in sewage sludge is not so big compared to the
amounts of chemical fertilizer and livestock waste nitrogen. But the amount of sewage
sludge is increasing. The value of total nitrogen per cultivated land area is estimated 343
kg/ha.
As shown in Table 2, averages of applied nitrogen are less than 150 kg/ha for rice,
wheat, potatoes, cereals and beans. Influences on the environment may be relatively small in
cases of these crops. However, averages of applied nitrogen are over 200 kg/ha for each
vegetable, tea and mulberry cultivation. Vegetable farmers apply much more nitrogen
because of the continuous vegetable cropping system. Due to the heavy fertilization, the
concentrations of nitrate nitrogen in the under ground water of vegetable fields are higher
than those of paddy fields (Figure 2)8>.
Nitrogen Environmental Assimilating Capacity (NEAC) of Cultivated Land
To minimize nitric stress on the environment from agriculture production, it is
necessary to estimate the value of Nitrogen Environmental Assimilating Capacity (NEAC) on
every soil type and every climatic province. We will define NEAC here as a yearly average
amount of nitrogen that can satisfy not only productivity requirements (from the aspect of the
topography and cropping system), but also environment preservation requirements.
We would like to propose the bases to estimate NEAC by using lysimeter test data as
follows.
1) Nitrogen recovery rate by crops to total input of nitrogen should be higher than
50%. This rate should not decrease year by year.
2) Average of nitrogen concentration in permeated water should not exceed the
permissible level of environmental water quality (10 mg NO3-N/L) settled by National
Environmental Agency. This nitrogen concentration should not increase year by year.
We estimated that the value of NEAC in Volcanic Ash soil was approximately 250 (in
northern part) ~350 (in southern part of Japan) kg N/ha in a year under vegetable cropping.
We estimated this value by applying the above bases to nitrogen balancing data from forage
crops-, common upland crops- and vegetables-cultivation experiments. These experiments
were carried out by the method of lysimeter (the least area 10m2, depth lm) in Iwate,
Yamanashi and Ohita prefectures in 1974-1981 (Figure 3, Table 3, Table 4). Amount of total
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nitrogen per cultivated land area (As shown in Table 1, the value is 343 kg N/ha.) is more
than the value of NEAC in Volcanic Ash soil17'.
From now on, amount of nitrogen applied in a year or in one cycle of cropping
system may be restricted within the value of NEAC. It is obvious that beneficial use of
organic waste nitrogen on cultivated land has to expand through the competition with
chemical fertilizer nitrogen.
Nitrogen-purifying

Capacity of Paddy Field

Table 5 shows the capacity of the paddy fields or soils in purifying nitrogen. The
daily amounts of nitrogen removed per hectare increase as the nitrogen concentration in
irrigation water increases. Paddy fields can remove 0.2 - 2 kg N per hectare per day even
during the winter season16). Hence, effective utilization of this ability is indispensable in
preserving the water quality in a terrain-crop chain system.
To clarify the value of nitrogen purifying capacity of paddy soils, we conducted the
experiment using lysimeters (0.216m2) filled with Gray Lowland soil from plow layer.
About 30 mm irrigation water containing 0-20 mg NH4-N/L was supplied every other day.
Table 6 shows the amount of removed NH4-N. The average T-N concentration was 0.58
mg/L in permeated water from soil without NH4-N application. With average N
concentration in weight per volume of rain and irrigation water at 0.95 mg/L, the soil can
removed about 26 kg NH4-N per hectare in a year. When irrigation water with 10 mg NH4N/L was supplied, average T-N concentration in permeated water became 1.19 mg/L,
removing 394 kg NH4-N/ha in a year (1.08 kg N/ha/day). The result shows that we have to
control NH4-N concentration in irrigation water (15 mm per day) lower than 6 mg/L to
restrain T-N concentration in permeated water lower than 1 mg/L and annual load should be
less than 330 kg NH4-N/ha.
Paddy soil also has the function purifying NO3-N. Figure 4 shows the changes of TN concentration in permeated water from paddy field in lysimeter (0.5 m2) during fallow
period. We applied rice straw on the soil surface to augment nitrogen purifying capacity and
supplemented irrigation water containing 25 mg NCb-N/L. In the plot without rice straw
application, T-N concentration in permeated water increased as the temperature dropped in
the beginning of January. The maximum T-N concentration was 19.1 mg/L on February 26.
As the temperature rose up, T-N concentration decreased to 4-5 mg/L in mid-March, the
average rate T-N removal was 1.85 kg/ha/day. On the other hand, in the plot where 600 g of
rice straw/m2 was applied, T-N concentrations in permeated water slightly increased for
about 3 mg/L during early January to mid February but kept only about 1 mg/L during other
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periods. The average T-N concentration in permeated water was 1.24 mg/L during the
fallow period. We can estimate 591 kg of N was removed in one hectare for 221 days (2.67
kg N/ha/day)15). The results of our researches show that rice straw application significantly
increase the rate of nitrogen removal even in fallow period.
Utilizing Nitrogen Purifying Capacity of Each Terrain-crop Chain System
Nitrogen purifying capacity of the terrain-crop chain system was studied in which
spring water from the tea garden plateau is used as irrigation water to paddy fields through
an irrigation pond. Average T-N concentration in the drainage water from the tea garden was
16.6 mg/L and 92% of that was NO3-N. Nitrogen inflow during irrigation was 1,037 kg/ha
(7.92kg/ha/day), and T-N discharge was 910 kg/ha, resulting in the net removal of 127
kg/ha. Hence, the average T-N removal rate is 0.97 kg N/ha/day. Influent is drained
through an open ditches during unplanted period of the paddy field, the net removal of T-N
during this period is 36 kg/ha (Table 7). High N03-N concentration did not cause lodging of
rice, Hasegawa estimates the function of paddy fields to remove nitrogen is mainly due to
denitrification5'.
Hidaka and Yamaguchi also showed changes of NO3-N concentration in
groundwater from upland field to paddy field in Table 8. Averages of N03-N concentration
in upland field range from 25.7 to 32.3 mg/L, but in paddy field range from 1.2 to 2.1
mg/L8).
These results show that we can utilize the nitrogen purifying function of each terraincrop chain system, such as tea garden or vegetable fields to paddy field, to control NO3-N
concentration in groundwater.
To Promote Beneficial Use of Organic Waste
To expand beneficial use of organic waste we have to understand advantages and
disadvantages of organic waste.
Annakaet al., Chino, and Kurihara summarized advantages and disadvantages of
organic waste compared with chemical fertilizer in Japan as follows13' 12>.
Advantages. 1) Low price, 2) Slow release nitrogen, 3) Rich in available micro
nutrients, 4) Neutralizing power of soil acidity (limed sewage sludge) and avoiding function
of over liming in green house soil (polymer used sewage sludge), 5) Increasing power of
organic carbon contents and improving power of soil physical properties.
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Disadvantages. 1) Noxious odor, 2) Unstable supply, 3) Difficulty in mechanical
spreading, 4) High content of heavy metals, 5) Anxiety about quality change during storage,
6) Regionally uneven distribution.
To decrease disadvantages and to increase advantages of organic waste, composting
is essential. Harada et al.summarized objectives of composting as follows : 1) To increase
handling quality and safety for health and to decrease noxious odor, 2) To convert organic
waste into organic materials or organic fertilizers those are safe for plant and soil microorganisms4).
To expand beneficial use, followings are essential. 1) Improvement of quality and
performance, such as granulation, increase of potassium and magnesium contents, decrease
of heavy metal concentration, 2) Development in use of organic waste compost to newly
expanding crops such as flowers, 3) Innovation of farmers' and food consumers'
consciousness on the use of organic waste compost for food crop lands, 4) Information
service on component and heavy metal concentration in organic waste compost, and also
information service on stocking amount of compost and local utilization system, 5)
Settlement of open fields applied with organic waste compost for exhibition and long term
monitoring of heavy metal concentrations in edible parts of crops and in soils 1 ' 2 3 1 2 ).
New Trends of Beneficial Use of Sewage Sludge for Green and

Agriculture

Yokohama city developed granulated artificial horticulture medium "Hamasoiru"
from sewage sludge ash. They are now testing the function of this medium and developing a
new cultivating technology for flowers19). This granulated horticulture medium is made
from incinerated ash of polymer used sewage sludge and poly-vinyl-alcohol.
Table 9 shows chemical properties of this medium. It has excellent physical
properties, such as water stable aggregate, enough water retentivity and air permeability, and
also has good sanitary and safe condition for human health. Further more we can easily
know the time of water supplying to this medium because of color change.
Artificial culture medium like this may provide a big market for sewage sludge in
urban area.
Sapporo city began to provide granulated sewage sludge compost in 1991 n >. They
produce three kinds of granulated compost by sieving, less than 1 mm, 1~5 mm and bigger
5 mm in diameter. There are 5 kg bags, 20 kg bags and 500 kg packs in the form of goods.
They set the price at 300 yen for one 20 kg bag of 1 mm compost and 400 yen for one 20 kg
bag of 1~5 mm compost. The sales of compost have been steady with increase. Fanners use
this compost to various crops, such as wheat, grasses, vegetables, onion, red bean, etc.
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Table 10 shows concentration of nutritious elements and heavy metals in Sapporo
Sewage Sludge Compost. Concentration of heavy metals are lower enough than the
standard settled by National Environment Agency.
Heavy Metal Concentration in Sewage Sludge Compost
oraganisms Activity in Various Kinds of Soil

and Soil

Micro-

Sewage sludge compost usually has higher heavy metal concentration compared with
crop residue compost (Table 11)12>. Therefore, concentration of heavy metal in sewage
sludge compost for agricultural land use has to meet the standards according to the Fertilizers
Control Law shown in Table 1218>. Concentration standards of heavy metal in sewage
sludge in Japan are rather strict compared with those of the other countries except As(Table
12). To establish standards of Zn and Cu concentration in sewage sludge compost and
sewage sludge fertilizer, investigation are now under going in Japan.
Besides of heavy metal concentration in sewage sludge compost, concentration of
heavy metal in soil, represented by Zn, has to meet the management standard as shown in
Table 13.
Detail surveys revealed that the Zn concentration in the soil derived from Fuji
Volcanic Ash of Japan is very high. Averages of Zn concentration in Tokyo and Kanagawa
are 119 mg/kg. This value is as high as the Zn concentration standard 120 mg/kg.
Soil microbial thermo-analyzing is an excellent method to evaluate the activity of soil
micro-organisms. We made some experiments with sewage sludge to check the relationship
between Zn concentration and growth rate of soil micro-organisms, and estimated the critical
level of Zn concentration that effects growth rate of soil micro-organisms. Table 14 shows
some chemical properties of soil samples, and Table 15 shows those of sewage sludge
samples. As shown in Figure 5 and 6, Zn concentration that decrease the growth rate of soil
micro-organisms are different in each kind of soil. Table 16 shows estimated critical levels
of Zn concentration. The critical level in Granite soil is the lowest and that in Volcanic Ash
soil 2 is the highest, and critical levels of Alluvial and Volcanic Ash soils are higher than the
Zn concentration standard 120 mg/kg.
We estimated these critical levels under the most strict condition that means just or 1
day incubation after addition of ZnSC«4 to increase Zn concentration in soil samples. Hattori
showed toxicity of Zn in soil decrease after long incubation. Soil micro-organisms activity
may be affected by the concentration of water soluble Zn not by strong acid soluble Zn 6 7 ).
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Conclusions
Minami (1993) indicated that rice cropping which utilizes terrain-crop chain is an
ideal agricultural system in Japan because it needs the least labor and energy, maintains
continuous production and preserves the environment13'. We propose plans in Figure 7 for
reducing N load and for water-quality control. The first plan is to increase utilization
efficiency of applied N (including manure) and to balance nitrogen application and uptake
for each field. The second is to develop a synthetic model for nitrogen movement in a soilcrop chain system and use this model to control nitrogen flow to plans and the environment.
The third is to develop technologies for improving and purifying water quality whithin an
agricultural watershed utilizing the water purification capacity of a terrain-crop chain system.
The fourth is to develop cultivation technologies within each closed system from which
permeated water does not flow out, and establish technologies for recycling manure
components for regions where water quality is not sufficiently improved by the above three
methods, such as regions of protected horticulture and animal husbandry. The final is to
establish and expand a system which exhaustively recycle manure components, such as
nitrogen, within the field.
Agriculture is the only one industry that originally has the function recycling material.
Beneficial use of organic waste compost has to be expanded within the environmental
assimilating capacity in one field or in every water system.
Long term open fields for exhibition to the public and for monitoring of heavy metal
contents in edible part of crop and in soil will be great help to expand consumption of
organic waste compost for greens and agricultural land.
Artificial culture medium made from organic waste ash may help greatly to expand
consumption of organic waste in urban area. Granulated organic waste compost with high
quality and low concentration of heavy metals is expanding consumption of sewage sludge
in rural area.
Soil micro-organisms carries the function recycling material. It is one of the most
important components that decide environmental assimilating capacity. Monitoring of soil
with the method of soil micro-organisms activity may be useful to review too much strict
management standard of heavy metal concentration in soil of agricultural land.
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Table 1.

Aaount of Nitogen in Various Foras and the
Avarage Aaount Applied to Cultivated Land

Nitorgcn fora
Cheaical

Aaount of « "

fertilizer

Crop residue
Livestock waste

Ratio(X)

142
31
151
19
343

41
9
44
6
100

683
150
724
90 s '

Seiage sludge
Sua
Note

N kg/ha

647
1) Thousand tons,

2) F.stiaation in 1995.

Table 2-1. Aaount of Nitogen Applied to Coaaon Crops
Crop

Range'

Rice

40-140

Wheat

40-165

Average 2 1

Cropped Area 3 '

Sweet potato

20-150

Potato

55-210

89
93
52
119

Cereals

10-150

• 49

29

Beans

10-130

36

272

Note

2235
384
66
128

1.2) N kg/ha. 3) Thousand ha.

Table 2-2. Aaount of Nitogen Applied to the Other Crops
Range''

Average 2 '

open-field

110- 600

protected

75- 510

213
266
171
214
580
270
126
109
82

Crop

Cropped Area 3 '

Vegetables

Fruit trees

65- 320

Industrial crop

40- 600

Tea

120-1000

Mulberry

60- 400

Tobacco

71- 320

Forage

20- 400

Pasture
Note

30- 400

1.2) N kg/ha. 3) Thousand ha.
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627
42
399
142
62
114
57
331
718

Table 3. N recovery Rate by Crops in Each Year (%) and Secular Change
Prefecture Crop
Nitrogen^
Years
Average Secular
_t£E§_
supply*) 1976 1977 1979' 1980 **)
change***)
Iwate
Forage
218 42.0 101.3 83.5 218.3
78.
2.11
308 34.0 100.0 70.3 104.4
58.
1.30
Common
126 85.1 103.0 85.3 87.1
97.0
0.92
228 60.6 80.3 55.2 30.7
0.61 |
59.3
Vegetable
288 30.4 63.4 67.2 30.1
59.0
1.04
Yamanashi Tubers, etc.
271 33.0 113.5 10.9 49. 6
0.41
54.
Ohita
Forage
338 118.4 77.1115.6 102.5
102.1
1.12
582 140.4 51.1 142.3 109.2
75.2
1.31
1136 157.0 71.5 301.4 129.8
58.2
1.89
Common
147 129.3 167.4 98.0 77.2
128.4
0.59
393 74.9 70.7 55.7 47.7
70.6
0.71
Vegetable
378 75.5 29.6 74.8 60.4
59.7
1.29
*)Yeary average kg/ha, **)Average from 1976 to 80,
***)Secular change (1979+1980)/(1976+1977),
Excess of NEAC.

Table 4. Nitrogen in Permeated Water (kg/ha) and Secular Change
\verage Secular
Years
Nitrogen
Prefecture Crop
change***)
supply*) 1976 1977 1979 1980 **)
type
4.0
0.36
2.0
218
8.0
6.0
3.0
Iwate
Forage
0.58
5.0
5.0
5.0
2.0
308
7.0
32.0
2.55
126 25.0 19.0 88.0 24.0
Common
33.0
2.40
228 25.0 22.0 88.0 25.0
42.0
0.29
288
9.0 141.0 21.0 22.0
Vegetable
74.0
3.95
Yamanashi Tubers, vege
271 22.0 60.0 277.0 46.0
36.0
1.21
338 26.0 55.0 20.0 78.0
Ohita
Forage
65.0
0.53
582 82.0 123.0 43.0 65.0
0.71
228.0
1136 |440.0 208.0 355.0 103.0
0.90
43.0
147 71.0 22.0 19.0 65.0
Common
63.0
2.67 |
393 42.0 43.0 68.0 159.0
169.0
0.89
378 |264.0 172.0 134.0 256.0
Vegetable
*)Yeary average kg/ha, **)Average from 1976 to 80,
Excess of NEAC.
***)Secular change (1979+1980)7(1976+1977),
[ H
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Table 5. Nitrogen-purifying capacity of paddy field (Tabuchi,1991)
Research area

Land use

Ibaraki
(Paddy field)

Rice

Ibaraki
(Paddy field)

Rice

Siga
(Lysimeter)

Rice

Ibaraki
(Lysimeter)

Ibaraki
(Paddy field)

Nitrogen removal
(kg/ha • day)
0.2
0.8
1.3
1.7
0.8
1.3
2.2
4.9

N cone, in irrigation
water (mg/L)
Irrigation water
2
with animal
7
urine (T-N)
10
14
NO3-N
2
6
12
31

NO3-N

10

NO,-N

20

Unplanted

NO3-N

Unplanted

Spring water
(T-N)

50
50
50
6~12
4-8
2-4

Ogawa and Sakai
May to Sep.

Ogawa, et. al.
May to Sep.

Kunimatu, et. al.
Jun. to Oct.

0.8
1.0
1.6

8

NH„-N

Remarks

0.8
0.4
4.2

Takamura, et. al.
Sep. to Nov.(Retentive type)
Nov. to Dec.(Retentive type)
Sep. to Nov.(Percolating type)

0.5-4
0.2-2
0.7-1.3

Tabuchi, et. al. Autumn
Winter
Sep. to Nov.

Table 6. NH4-N concentration in irrigation water and nitrogen-purifying
capacity of paddy field in lysimeters '
NH„-N
Concentration
in irrigation
water (mg/L)
0
2
4
6
10
15
20
, j 4)

T-N Inflow 2 '

T-N Concentration

T-N Outflow

in permeated water3
2

(S/m )
Planted Annual
period (I)
1.53
5.20
4.36 12.79
7.03 20.55
9.73 28.32
15.30 44.51
20.34 61.16
26.73 80.32
20.34 22.70
20.13 20.93

Planted
period
0.81
0.75
0.73
0.72
0.70
2.06
1.75
1.46

15(no planting)
4.06
l)Lysimeter dimension = 0.54 X 0.40 X 0.35 m

(mg/L)
Unplanted
period
0.48
0.46
0.64
0.65
1.43
3.54
5.89
0.50

(g/m 2 )
Planted Annual
period (E)
1.16 2.59
1.17 2.53
1.08 2.98
1.06 2.97
0.97 5.12
1.64 12.63
1.45 19.44
1.12 2.67
5.19 7.08

3.17 5>
2)Sum of irrigation and precipitation

3)Weighted average 4)NH 4 -N free irrigation water was added during unplanted period
5)No irrigation water
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Annual T-N
removal

(I-E, g/m 2 )
2.61
10.26
17.57
25.35
39.39
48.53
60.88
20.03
13.85

Table 7. Nitrogen balance in paddy field where drainage from tea garden inflows
(Hasegawa,1992)
Research
period

Rain

(kg/ha)
T-N inflow
Irrigation Fertilizer
water
1,030
64

Total

T-N outflow (kg/ha)
Uptake
Surface
Total
by rice drainage
69
910
979

Planted
7.0
1,101
period
Unplanted
6.0
950
956
920
920
period
Annual
2,057
69
1,830
1,899
13
1,980
64
l)Planted period; Apr.22~Aug.30 (131 days) 2)Unplanted period; Aug.31 ^Apr.21 (234 days)
3)Straw(47kgN/ha) is not included in the absorption by rice because it is incorporated into the soil

Table 8. Changes of NO3-N concentration in ground water from
upland to paddy field(Hidaka,1990)
Sampling site

Upland field 1 (WW)
Upland field 2 (WW)
Upland field 3 (SW)
Upland field 4 (SW)
Upland field 5 (SW)
Upland field 6 (SW)

NO 3 -N concentration
7/10
27.5
23.7
23.4
25.8
24.5
23.4

7/23
27.0
23.4
23.1
25.2
23.8
23.0

8/18 10/22
44.4 32.5
20.6 29.8
23.6 29.0
24.9 31.7
24.7 29.6
25.9 28.3

Paddy field 1 (WW)
7.2
1.1
1.2
Paddy field 2 (SW)
2.4
1.0
0.0
WW = Well Water, SW - Spring Water

0.6
0.1

Elevation above
sea level (m)

(mg/L)
12/5 Average
30.3
32.3
31.7
25.9
29.2
25.7
32.0
27.9
31.7
26.8
59.1
32.0
0.6
-
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2.1
1.2

45
41
40
38
38
35
35
35

Unknown
(denitrification)
122
36
158

Table 9. Cheiical Properties of 'Haiasoiru"
Eleient

Concentration

W. P;0s. I2O. CaO

280. 1200. 100.

Properties

dg/kg)
HOP

Daiasoil

Natural

Electric Conductivity ( I S / C M )

0.8-1.2

0.5-1.2

Cation-Exchange Capacity d e q / k g )

150-200

200-400

Table 10. Analyses of Sapporo Coipost (Based on Dry Solids)
Eleieni .

Range (X) Average

Eleient

Kange(ig/kg)

T-N

2.19- 2.44

2.30

Be

0. 34-" 0.51

P205

2.98- 3. 47

3. 25

0.78-

1.37

I20
CaO
MgO
T-C

0. 14- 0. 19

0. 16

5.96-

8.52

21.8 -24.2

23.2

Cd
As
Ni
Cu
Zn

II2O

18.5 -21.7

20. 1

18.4 -20.4

19.5

0.63- 0.74

6. 67

22. 0 - 3 0 . 9
99.0 -120
470

-566

St;indard
2
5
1. 17
7. 24
50
24. 9
112
527

Average

0. 43

Note *) Toxic Sabstanccs Standard of Special Fertilizer
in the Fertilizer Control l.ai of Japan.

Table 11. Heavy Metal Concentration in Sewage Sludge Coipost
and Crop Residue Coipost
Eleient

Hg
Cd
As
Cu

Zn

Crop Residue Coipost

Seiage Sludge Coipost
Range (ig/kg)

Range(ig/kg)

Average

Average

0.03-

3.30

1.37

0.01-

0.32

0.11

0.01-

6.86

2.79

0.02-

2.90

0.82

'4.55

0.01-

4.38

2.22

0.07-

16.1

3.0 - 680
167

-3320

184

2. 0 - 62.0

1110

15.0 -222

24

28.0
82.0

Tablel2. Maxima Peraission Concentration of Heavy Metals in Seiage
Sludge for Agricultural D t i l i z a t i o n (ag/kg. Based on Dried Solid)
Eleaent

Nether
Belgiua Denaark France Geraany

Dg
Cd
As
Cu
Zn

10
10
10
500
2000

6
0

10
20

25
20

-lands

1000

1200

5
5
10
600

3000

3000

2000

Slitzer
U.K.
7. 5

20

-land Japan
10

2

30

5

50
1500

1000

2000

3000

Table 13 Manageaent Standards for Heavy Metals in Seiage Sludge Applied
to A g r i c u l t u r a l Land ( N o t i c e by the Departaent of Water
Conservation. Environaent Agency)
l.The Index for C o n t r o l l i n g Accuaulation of Heavy Metals in the Soil
of Agricultural Land Shall Be Zinc Content.
2.The Manageaent G u i d e l i n e R e l a t i n g to C o n t r o l l i n g Accuaulation
of Heavy Metals in the S o i l of A g r i c u l t u r a l Land Shall Be 120 ag
of Zinc per 1 kg of Dry S o i l .
3.The A n a l y t i c a l Method to Measure the Zinc Content in the Surface
S o i l S h a l l Be the Atoaic Absorption S p e c t r o p h o t o a e t r y Following
the Digestion by Mineral Acids.
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Table 10.
Soil

Chemical Properties of Soil Samples
pH(l:5) EC(1:5) CEC(me/100g) T-C(X) T-N(X)
PH7.0

pH5.0

18.6

9.0

3.53

C/N

Zn(mg/kg)

0.460

7.7

73

0.600

8.7

81

Volcanic 1

5.8

0.213

Volcanic 2

6.1

0.278

-

Granite

5.6

0.064

9.5

5.5

1.20

0.234

5.1

32

Alluvial

5.6

0.110

10.7

6.9

1.60

0.278

5.8

67

-5.24

Amount of compost applied to Volcanic 1 and 2 soil is 0 and 4 tons/year.

Table 15.
No.

Chemical Properties of Sewage Sludge Samples

Froccul pH(H20) T-C(X)

101 Hi-poly
102

Inorgan

T-N(X)

C/N

Zn(mgAg)

6.5

34.7

6.4

5.4

2050

10.0

20.5

2.2

9.3

1430

Table 16. Estiaated C r i t i c a l Levels of Zn Concentration in Soil
to Hicro-organisas A c t i v i t y
(ag/kg)
Type of S.S. Added
Volcanic 1
Volcanic 2
Granite
Alluvial
No Addition
118-163
126-177
77-122
122-157
Liaed S.S.
133-178
141-186
92-137
127-172
Hi-Polyaer S.S.
126-171
(179-224)
85-122
120-165
Suaaarized
133-163
141-177
92-122
127-157
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Self-Supplied
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Cheiical
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The Role of Grain Legumes in Nitrogen Cycling
of Low Input Sustainable Agroecosystems
E. S. Jensen1* and J.Z. Castellanos2. environmental Science and Technology
Department, Ris0 National Laboratory, DK-4000 Roskilde, Denmark and 2Campo
Experimental Bajio, INIFAP CIR-CENTRO, P.O.Box 112, Celaya, Gto., 38000
Mexico.
Abstract. Grain legumes are important food and feed protein sources and contribute N to
agroecosystems via symbiotic N2-fixation. If major environmental constraints are alleviated grain
legumes may fix high amounts of N and produce high seed yields. Intercropping of grain legumes
and cereals may improve the overall resource utilization and minimize risks of crop failure.
However, it is important to manage grain legumes in order to conserve the symbiotically fixed N
within the soil-plant system and reduce N losses due to leaching. We focus on the role of grain
legumes in N cycling of low input sustainable agroecosystem using common bean (Phaseolus
vulgaris L.) and field pea (Pisum sativum L.) as cases.
Introduction. Agricultural sustainability is defined as: "the successful management of resources to
satisfy changing human needs while maintaining or enhancing the quality of the environment and
conserving resources" (6). The central aim of low input sustainable agriculture in developing and
industrialized countries is to achieve long-term stabilization of agricultural production without or
with only limited use of nonrenewable energy sources, fertilizers and agrochemicals.
Since plant nutrients are lost from the farm by human consumption, export of products and losses
in the field, inputs of major plant nutrients are necessary to maintain the production and soil
fertility. Nitrogen (N) is often a major limiting factor in plant production and N-deficiency may be
alleviated by the use of N-fertilizers. However, there are vast areas of the developing world where
N fertilizers are neither available nor affordable. In the industrialized countries there are an increasing interest in developing more energy-efficient and sustainable agricultural systems, e.g. organic
farming systems, without the use of fertilizers and agrochemicals in order to reduce surplus production and environmental problems due to intensive agricultural methods. Biological N2-fixation in
symbiotic relationships involving legumes and Rhizobium spp. offers an economically attractive and
ecologically sound means of reducing external inputs of N and improve the quality and quantity of
internal sources (6).
Grain legumes, such as soyabean (Glycine max L. Merr.), common bean (Phaseolus vulgaris L.),
and field pea (Pisum sativum L.), provides a protein-rich source of human food and animal feed.
The world area, total production and average yield per hectare of the 7 most important grain
legumes are shown in Table 1. The total grain production of these seven legumes contain about
9xl0 6 metric tons of N. Assuming an average nitrogen harvest index (proportion of total N in grain)
of 0.7 and about 50% of N in the crop being derived from fixation, it is estimated that a total of
6.4xl06 ton of N are fixed annually by these legumes. This represent approx. 10% of the N input
from N fertilizers (41).
Since grain legumes are grown for harvesting the seed, it is desirable to maximize the seed dry
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matter and N yield. Thus, only a minor proportion of the N2 fixed by grain legumes may contribute
to soil fertility and the N-nutrition of inter- or subsequent crops. If legume grains are used as
animal feed a major part of the fixed N may be recycled via animal manure (21).
The aim of this work is to evaluate the role of grain legume crops in the N cycling of low input
sustainable agroecosystems. We will focus on each of the three components of the sustainability
issue: production, resource conservation and environmental quality and evaluate in which way grain
legume crops and their management may contribute to the sustainability of agroecosystems.
Common bean (Phaseolus vulgaris L.) and field pea (Pisum sativum L.) are chosen as cases to
represent grain legumes grown in tropical-subtropical and temperate regions, respectively.
Table 1. World area, average yield and total production of 7 important grain legumes. (Ref.: 12)
Grain legume

Area
(106 ha)

Soyabean
Common bean
Peanut
Chickpea
Field pea
Fababean
Lentil

55.4
26.3
20.3
10.8
9.3
3.2
3.1

Average yield
(t ha"1)
1.86
0.66
1.15
0.72
1.76
1.43
0.76

Total production
(1061)
103.1
17.5
23.4
7.7
16.3
4.5
2.4

Common bean and field pea grain production. Common bean (Phaseolus vulgaris L.) is a major
crop in Latin America and Africa (16), but the crop is also grown in temperate regions. Common
bean is mainly grown for harvest at the dry seed stage. The fertility of soil relegated to common
bean production vary greatly in pH and major and minor elements, from inadequate amounts to
levels toxic to plants and Rhizobium (5). Accordingly, the yield of the common bean crop is
extremely variable and besides soil fertility yields are influenced by e.g. cultivar (47), Rhizobium
inoculation (57) and irrigation (42) with yields ranging from <0.5 to near 5 t ha-1 (8). Field pea
(Pisum sativum L.) is a cool-season crop that grow best between 10°C and 30°C and it is
consequently largely confined to temperate regions for production of dry seeds. In Europe field pea
is grown primarily as a "break-crop" in cereal rich rotations, e.g. preceding winterwheat. The world
average yield of dry pea is about 1.8 t ha-1 (12). In North-Western Europe pea are normally grown
in fertile soil and yields may exceed 5 t seed and 1.5 t protein ha"1 (27). On these soils water is one
of the major limiting factors on grain yield. Water stress during reproductive growth stages may
reduce yields significantly (34).
The harvest index (HI) of a crop express the proportion of grain dry matter of total aboveground
dry matter production. In a well-adapted common bean cultivar grown under non-stress conditions
HI range from 0.40 to 0.55 (8). Similar values are found in field pea (3,33). The higher the HI of
a grain legume crop the lower is the amount of crop residues, which may be used as animal feed
or as a C and N source for increasing levels of soil organic matter.
Intercropping. Intercropping of plant species is a common practise in large parts of the world, especially in low input agricultural systems of the tropics. Previously intercropping was also a common
practise in industrialized countries, but the intensification of agricultural plant production with the
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use of fertilizers, agrochemicals and heavy machinery have gradually eliminated intercropping. Now
intercropping is mainly practised in clover-grass leys. However, intercropping is an integrated part
of sustainable farming systems, since intercropping may result in a higher combined yield than if
each of the components were grown in pure stands on the same piece of land, improve the use of
resources and minimize risks due to plant diseases and insects (59).
In many areas of Latin America common bean has traditionally been intercropped with maize (15),
and experiments have shown that the yield and the overall resource use may be more than 60%
higher in intercrops compared to pure stands (13, 50). Field pea is normally grown in pure stand,
but experiments with intercrops of pea and cereals have shown an improved utilization of resources,
especially of N, more stable yields than of pure stand pea and in many cases higher yield of the
mixtures than each of the pure stands at low levels of N-fertilization (9, 33). Jensen et al. (33)
found that the yield of a 1:1 mixture of pea and barley produced the same grain yield without N fertilization (c. 5.2 t ha"1) as pure stand barley fertilized with 80 kg N ha"1. The protein yield was
c. 30% higher in the intercrop than in the N-fertilized barley crop. However, the protein yield of
an intercrop may not be higher than the protein yield of the grain legume grown, since non-legumes
have lower N concentrations and may be more competitive for most growth factors (9, 33).
Resource conservation and grain legume cultivation. The cultivation of grain legumes, fixing N,
in symbiosis with Rhizobium, contributes to the N-sustainability of an agricultural system, since N
fixed by the legume can be viewed as a "free" resource. Nitrogen fixation occurs as a consequence
of capture of the energy of continuously renewable sunlight in the photoassimilates of green plants
(20). The alternatives to substituting the N-losses and maintaining soil N fertility in agricultural
system are organic manure or N-fertilizer. Synthesization of N-fertilizer require the use of large
amounts of non-renewable energy resources. The energy requirement for the production, transport
and application of 1 kg of fertilizer N is approx. 78 MJ corresponding to about 1.2 m3 natural gas
or 2 1 Diesel-oil (37). On the other hand, the grain legumes take up soil N, of which the major part
is removed by seeds an the remaining is recycled. Depending on the balance between N2-fixation
and seed N removed, grain legumes may either diminish or increase the soil N resources.
Nitrogen fixation by common bean andfieldpea. The cultivation of beans on poor soil (60) or under
water stress (8) have resulted in the general supposition that P. vulgaris is a poor N2 fixing plant,
which requires fertilizer N to produce acceptable yields (39). In many experiments inoculation with
Rhizobium neither improved the nodulation nor the yields, indicating that some environmental constraint is limiting yields (16). Experiments carried out under the FAO/IAEA Co-ordinated programme: "Enhancement of Biological Nitrogen Fixation of Common Bean in Latin America", have
shown that if environmental conditions are optimized, including the inoculation with efficient strains
of Rhizobium, plants nodulate and fix enough N2 to support grain yields of up to 2 t ha"1 (5). Thies
et al. (58) evaluated the response to inoculation in several grain legumes and they reported that the
native populations of Rhizobium and the potentially available N were the two main factors affecting
the response to inoculation. Since Mexico is a centre of origin of common bean native populations
of Rhizobium are abundant. This is probably the reason for the low rate of inoculation response
found in common bean in Mexico (8). More information on N2-fixation by common bean in fertile
soils with native populations of Rhizobium would be valuable. In soils without native populations
of Rhizobium for common bean, the introduction of efficient strains, which can persists in the soil
under adverse environmental conditions appear to be a more sustainable approach than the
inoculation of each crop. Field pea is nodulated readily in most soil and do not respond to
inoculation with Rhizobium and N-fertilization (24-26). Most soils of North-Western Europe con34

tain native and persistent populations of efficient Rhizobium strains, which nodulates field pea.
Common bean and field pea have been reported to be able to fix more than 150 and 200 kg N ha"1,
respectively (19, 24). Table 2 summarizes data on N2-fixation and soil N uptake in common bean
and field pea. Both pea and common bean N2-fixation is influenced by cultivar (Table 2). The N 2 fixation by grain legumes are influenced by crop management practices and environment, e.g.
alleviation of water stress during reproductive growth stages seems to be an important factor in
determining levels of N2-fixation in both crops (11, 34, 40, 42). The major effort to increase
symbiotic N2-fixation by grain legumes has been devoted to the microsymbiont eventhough great
genotypic variability has been shown in e.g. common bean (47). Castellanos (8) found that bean
lines with a long vegetative growth period had a high N2 fixing capacity. Bliss (5) described the
methodology to develop genotypes with high N2 fixing capacity and states that this trait should be
as important as yield or improved pest tolerance in breeding programmes.
Table 2. Seasonal N2-fixation and soil N uptake in common bean and field pea determined by 15N
isotope dilution techniques.
Species/
Location

Treatment
variable

Common bean
Brazil
Cultivar
Kenya
Nitrogen
Austria
Genotype
Brazil
Genotype
Mexico
Genotype
Mexico
Water
Cultivar
Canada
Canada
Stain
Field pea
Sweden
Cultivar
Denmark
Cult.,year
Cult.,site
Canada
Site.year
USA
Australia
Site,year
Pure stand
Canada
Intercrop
Denmark
Pure stand
Intercrop"

Total N
(kg N ha"1)

%Ndfa'

N2-fixation
(kg N ha"1)

Soil N uptake
(kg N ha"1)

Ref.

601756240 9877100130-

101
195
290
50
200
148
182
238

3811 271250380-

65
45
67
25
58
57
68
73

25 - 65
21 - 78
25 - 165
4-12
7 - 108
0-85
40 - 125
0 - 121

23 - 40
154-117
30 - 136
35 - 40
50 - 130
63 - 77
5 2 - 75
35 - 1 7 8

(49)
(54)
(19)
(19)
(19)
(8)
(47)
(48)

23022621611661 251824234-

231
337
236
140
191
109
82
338
88

53437545 2028335379-

62
64
82
62
95
80
88
64
82

122-145
102 -215
166 -189
6 3 - 76
28 - 177
2 0 - 50
1 6 - 27
128 -245
2 7 - 71

86 - 108
6 8 - 94
4 0 - 58
4 6 - 77
29 - 111
5-70
2-55
91 - 1 1 8
5-15

(18)
(24)
(46)
(53)
(11)
(9)
(33)

' %Ndfa: % of total crop N derived from N2-fixation
" Intercrop of field pea and barley, each sown at 50% of the pure stand density.
Intercropping grain legumes with a cereal may significantly reduce the amount of N2 fixed per ha
since the number of plants per unit area is reduced and because competition for other growth factors
than N in the intercrop may depress the growth of pea (Table 2; 33). Since grain legume cultivars
may respond differently to competition from an associated cereal it would be valuable to select
cultivars for suitability as an intercrop (15, 61).
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Soil N uptake by common bean and field pea. Depending on the level of soil mineral N and the
cultivar the contribution from N2-fixation to N total plant may vary between 20 to 60% in common
bean and 40 to 70% in field pea (Table 2). The remaining crop N is derived from the soil mineral
N pool. Soil N taken up by the grain legume crop is either removed with the harvested seed or
recycled to the soil via crop residues. Without N-fertilization the available soil N is derived from
mineralization of soil organic matter and atmospheric deposition. In order to increase the
sustainability of an agricultural system the mineral soil N must be used efficiently in the plant
production. If levels of mineral soil N are high during periods with fallow or newly planted soil
there is a risk that N is lost by leaching or denitrification. Soil N taken up by a grain legume plant
is conserved, but from a resource use point of view it is inefficient use of soil N, since legumes can
fix their own N. High levels of soil N may even reduce N2-fixation by the legumes. Environmental
stress such as mild drought may increase the proportion of total N in plants being derived from soil
N and the also the amount of soil N taken up (8).
Very large differences in the soil N uptake by both common bean and pea cultivars are obvious
from the data in Table 2. A cultivar which is efficient in taking up soil N may fix less N2 than a
cultivar which is not that efficient in acquiring soil N. However, such relationship does not seem
to be obvious from Fig. 1, which shows data from experiments carried out in Austria and Mexico
to determine N2-fixation in different genotypes of common bean (19). In the Austrian experiment
there was a tendency towards a positive correlation between soil N uptake and N2-fixation. The data
revealed that besides a large genotype effect on N2-fixation the soil N uptake varied between 27153 kg N ha"1 The results showed that cultivars which took up about 70 kg N ha~'the fixed between
25-125 kg N ha"1 (Fig. la).
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Fig. 1. Relationship between soil N uptake and N2-fixation in common bean genotypes. Data:
experiment from Austria (a) and Irapuato, Mexico (b) (Ref.: 19).
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The Mexican data indicated that the higher the soil N uptake in common bean the lower is the N 2 fixation (Fig. lb). The Mexican data also revealed a large variation in soil N uptake capacity by
common bean. A cultivar which is inefficient in taking up soil N may be useful in an intercrop, but
in pure stand there would be a high risk of losing soil N by leaching. Thus, from a resource use
point of view a cultivar with a high N2-fixation capacity and a low soil N uptake capacity would
be useful in the intercrop situation. In a region of high risk of nitrate leaching such a cultivar would
not be recommendable to be grown in pure stand due to the potential risk of losses of N from the
farming system. On the other hand it is convenient to have cultivars with high N2-fixation capacity
and low soil uptake in a semiarid region with little risk of nitrate leaching. Here spared soil N can
be utilized by subsequent crops. In breeding of grain legumes on should not focus on yield and N 2 fixation alone, but also take the capacity soil N uptake into account.
Even if grain legume may take up high amounts of soil N the soil profile usually contain higher
levels of soil mineral N, specially below the ploughlayer, after grain legumes than after cereals (10,
27, 32). The reasons for the higher level of mineral N in soil after grain legumes is not clear. It may
be due to inefficient uptake of soil mineral N, due to a small root system, which can only exploit
the upper soil layers. The effect is referred to as a "N-sparing" effect of grain legumes. The high
levels of soil mineral N may also be due to differences between grain legumes and cereals in net
mineralization of N during the turnover of roots in the reproductive growth stages. Grain legume
root residues have higher N concentrations than cereals root residues, and a higher deposition of N
in the rhizosphere may result in higher net mineralization of N after legumes. Soil mineral N present
after harvest of grain legumes can contribute to the subsequent crop or it may be lost by leaching.
In temperate regions with high rain fall in the autumn there is a high risk that this N is lost by
leaching even if the soil is planted to winterwheat. Winterwheat and winterbarley succeeding a pea
crop do not have the capacity to take up all the "spared" soil, which is often found after grain
legumes, whereas winter oilseed rape seem to me much more efficient in recovering soil mineral
N in the autumn (32).
Crop residues returned to soil. Grain legume crop residues contain higher amounts of N than cereal
crop residues. However, a grain legume crop is considered N sustainable only when the proportion
of N in the crop derived from fixation is equal to or higher than the proportion of plant N harvested
in seed (N-harvest index, NHI) or otherwise removed from the rield. In other words the amount of
N recycled to the field in residues must be higher than the amount of soil N taken up by the crop.
Quantitative data for grain legume residues are often excluded from reports and measurements are
difficult and normally underestimated due to fallen leaves and the turnover of roots during reproductive growth stages. The amount of crop residue and N concentration depend on the yield of the
crop and on the reproductive adaption. Castellanos (8) studied 68 cultivars of common bean and
reported the following averages: grain yield 2.7 t ha"1; crop residues 2.7 t ha"1; aboveground residue
N 35 kg N ha"1; N conc. residues 1.3% N. Table 3 summarizes data on crop residues for common
bean and field pea. The N harvest index varied typically from 70% to 90% in common bean and
60% to 70% in field pea, and amounts of N in above-ground residues were found up to 88 kg N
ha"1 in bean and 115 kg N ha"1 in pea. Only a few report are available on root residues and amounts
of root N harvested at maturity are usually below 5-10 kg N ha"1 (27, 55).
Since grain legumes are grown for harvest of the dry seeds, breeding of these plants has focused
on developing genotypes with high efficiency to translocate N and carbohydrates to grains. Breeders
could revert from this goal and breed for genotypes with lower harvest and N-harvest indexes
provided that the yield level is not lowered. Such genotypes would contribute more N and C to soil
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and increase the value of the crop in maintaining soil fertility. The recently registered common bean
genotype "Flor de Mayo M-38" (1) has a harvest index of about 0.5 as compared to the cultivar
"Flor de Mayo Bajio" with a harvest index of about 0.6 and a grain yield which is 25% higher than
of "Flor de Mayo Bajio". Determination of harvest index in an advanced stage of progeny selection
would help in the breeding of such genotypes.
Table 3. Grain yield, N content of aboveground residues and N harvest index (NHI) for common
bean and field pea.
Species/
Location

Treatment
variable

Common bean
USA
Cultivars
Culitvars
Brazil
USA
Lines
Mexico
Cultivars
Mexico
Cultivars
Canada
Field pea
Denmark
Pure stand
Intercrop
Denmark
Season
Canada
Cultivar
Australia
Site, season
USA
Site, season
Canada

Grain yield
(t haf')

Aboveground
residue N kg ha"1

1.7 --3.1
0.3 --0.9

5-88
46 - 68
13 - 30
1 8 - 32
2 0 - 50
32

2.8 --4.7
3.3
5.3
1.2
2.0 --6.4
3.6 --3.9

75
7
32-92
5 2 - 56
33 -111
41 - 73
115

1.4 --2.4
6.3

NHI
(%)
72
13
76
76
47

-

Ref.

95
32
89
88
80
79

(45)
(49)
(55)
(43)
(8)
(36)

73
83

(33)

71 - 72
28 - 63
40 - 65
66

(27)
(46)
(11)
(53)
(35)

N balances for common bean and field pea. When the amounts of fixed N and grain N are known
the potential of a grain legume crop to increase soil N can be calculated by difference (N-balance)
and indicate whether the crop may contribute to or diminish the soil N pool. Nitrogen balances for
common bean and field pea may vary significantly as indicated in Fig. 2. The outcome of the
balance strongly depend on the grain yield. When grain yields are low, e.g. due to unfavourable
conditions during grain filling and harvest the translocation of N from vegetative plant parts to grain
may be hampered resulting in high amounts of N present in the crop residues. In a comprehensive
study Evans et al. (11) found that the N balance for pea may vary between -32 and 96 kg N ha"1,
indicating that the value of a pea crop in terms of contributing to the N-sustainability of
agroecosystems differ tremendously. Peoples and Craswell (44) also reported that N-balances for
tropical grain legumes may vary from -74 to + 136 kg N ha"1. Although grain legume crops may
have a negative N balance and thus indicate that the crop is not N sustainable, grain legumes
normally have more positive N-balances than cereals, especially when cereals are grown at low N
levels (Table 4). In intercrops of grain legumes and cereals the N-balance will be determined by
the dominant intercrop species. In a pea-barley intercrop barley is the dominant species and the N balance of the intercrop will approach the barley crop N-balance (Table 4). Since the proportion
of total N in crop residues were higher in intercropped than pure stand barley the intercrop N balance was less negative than for barley grown in pure stand.
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Fig. 2. Nitrogen balances for common bean and field pea. Ref.: common bean (49, 36, 43) field pea
(27, 11, 46). Numbers on top of the columns are the calculated net N-balances.
Effect of grain legume N-sparing on associated and subsequent crops. A grain legume crop may
influence the N-nutrition of associated and subsequent crops via the "N-sparing" effect and the
amount and mineralization rate of legume crop residues. In the intercrop situation an associated
cereal may take up much more soil N per plant than in pure stand cereal, due to the N-sparing
effect (or low competitive ability for soil N) of the grain legume (Table 4). Since the grain legume
can fix its own N the N-sparing effect of a grain legume in intercrop will result in a better resource
use.
Table 4. Nitrogen balance (kg N ha"1) for field pea and spring barley grown in pure stands or in
a 1:1 mixed intercrop. Crops were fertilized with 50 kg N ha"1 labelled with 15N (Ref.: 33)
Parameter

Total N
N2-fixation
Fert. N in crop
Soil N in crop
Seed N harvested
Crop residue N
N balance

Pure stand
• pea

Intercrop*
pea
barley

Pure stand
barley

271
165
31
75
201
70

52
43
2
7
45
7

106
30
76
77
29

112
33
79
88
24

-5

0

-47

-55

' Intercrop plant population: 50% of each pure stand plant population
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After cultivating grain legumes the mineral soil N left may contribute to the N-nutrition of
subsequent crops. In a temperate soil autumn sown crops took up on average 77 and 44 kg N ha"1
after pea and oats, respectively, during the autumn and winter period (32). Similarly, Senaratne and
Hardarson (51) found that sorghum succeeding field pea and spring barley took up 75 and 34 kg
N ha"1, respectively. Evans et al. (10) used multiple regression techniques to separate the effect of
N spared, after a legume crop and N in legume residues on succeeding wheat. They found that about
80% of the difference in soil inorganic N present in the soil after harvest of a grain legume and a
cereal crop was recovered in the succeeding wheat.
It is well known that crop rotation increases yield over monocrop yield and this "break-crop" effect
may not be compensated for by N-fertilization (7). The causes for the rotation effects are not well
understood but improvement in soil physical properties and reduction of soilborne pathogens may
be responsible for yield increases besides the N benefits (7, 10, 32).
Contribution of grain legume crop residue N to associated and subsequent crops. The decomposition
and net mineralization of N from grain legume residues may proceed rather fast due to the narrow
C/N ratio of the residues. However, among several factors, the lignin and polyphenol contents of
the residue may significantly influence the residue N mineralization rate (14).
Nitrogen deposited in the rhizosphere may be taken up by an associated plant in the intercrop
situation. Such transfer of legume N to associated cereals is rather small; < 5% of grain legume N
transferred (17, Jensen, unpublished results). However, under conditions of severe N-limitation the
N transferred from pea to barley may exceed 10% of the N in the barley plants (Jensen, unpublished
results)
Jensen (29) found that about 1/4 of the N in mature pea crop residues (straw, empty pods and roots)
were apparently mineralized within 10 days of decomposition in the field. This highlight the
importance of planting a crop as soon as the grain legume is harvested in order to recover N spared
and residue N mineralized. Wihterbarley established at the time of pea residue incorporation
recovered 13% of the residue N during the three months following incorporation (30). At maturity
the recovery was only slightly increased to 15% (Table 5; 30). The recovery of grain legume
residue N in a subsequent crop may vary from less than 10% to higher than 30% (Table 5)
depending on the climatic conditions, the residue N-mineralization rate and the cropping system.
Similarly, the relative contribution of residue N to the N-nutrition of the subsequent crop varies and
depend on the amount of residue N incorporated and mineralized and the amount of fertilizer N
applied (Table 5). The N contribution from grain legume residues to a subsequent crop is derived
from both N2-fixation and soil N uptake in the legume crop (20). Another important aspect is that
the incorporation of grain legume residues may influence the turnover of soil organic N (62).
Consequently, the net effect of residue N may be positive or negative in terms of soil N uptake in
the subsequent crop, and the uptake of residue N may be counterbalanced by a lower uptake of soil
N compared to the N uptake in a crop grown on soil without residue incorporation. Jensen (30)
found that the increased N uptake in winterbarley, due to incorporation of pea residue was equal
to the amount of residue N taken up, indicating no significant "added nitrogen interaction" due to
pea residue incorporation.
During the first year of decomposition the major part residue N may be mineralized, e.g. c. 50%
of the pea residue N (29). In the following years the mineralization of residue N is much slower
indicating that the residue derived N remaining are now a part of the stabilized soil organic N pool
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(29). Consequently, the recovery of pea residue N in the second and third subsequent crops after
pea were only 3% and 2%, respectively (30). This is in agreement with results reported for other
legume materials e.g. Ta and Fans (56) and Heichel (20).
Table 5. Recovery of grain legume residue N in a subsequent crop. Data are derived from 15N
experiments.
Grain
legume

Subsequent
crop

Soyabean
Soyabean
Soyabean

Cowpea
Maize
Oats

Pea
Pea

Sorghum
W. barley

Fababean
Fababean

Sorghum
S. barley

Residue N
kg N ha"1
29
16 *
215

% of residue N
recovered

% N in crop derived .
from residues

Ref.

9
18-33
6

3
11-12
29

(52)
(22)
(4)

34
83

26
15

13
5

(51)
(30)

88
73

7
17

9
19

(51)
(38)

* Only fixed N2 from residues
Grain legume cultivation and environmental quality. Cultivation of grain legumes reduces the
need for N-fertilizers. Non-renewable energy sources may thus be conserved since less N-fertilizer
has to be produced. Environmental effects of N-fertilizer production and transport, such as C0 2
(green-house gas) emission may thus be reduced.
Under climatic conditions where heavy rainfall shortly after application of the fertilizer N may result
in leaching, grain legume N2-fixation may result in reduced leaching losses of N. On the other hand
the N-spared during cultivation of grain legumes and the fast mineralization of grain legume residue
increases the risk of losing N by leaching and denitrification. Only limited data is available on the
leaching of N during cultivation of grain legumes. Kjellerup (35) reported that the leaching of nitrate
in lysimeters was twice as high after field pea as compared to spring barley, and winterbarley
succeeding pea reduced the N-leaching with only 10-16%. Huber et al. (23) found that the leaching
of N during cultivation of fababean succeeded by winterwheat was about 20 kg N ha"1 higher than
from corn for silage succeeded by winterwheat. Experiments with 15N-labelled pea residues (2.2%
N) have shown that only 7-16% of the residue N may be leached as nitrate from a temperate uncropped soil during the first leaching period (31). One experiment showed that incorporating the pea
residues significantly reduced the total leaching as compared to soil without residues incorporated
(31). It was suggested that this was due to increased microbial activity and thus a higher temporarily
immobilization of soil N and/or increased denitrification due to the residue C added being a
substrate for the denitrifying microbial population in a soil with a high level of nitrate (2, 31).
Aulakh et al. (2) found that incorporated soybean residues increased the denitrification rate
compared to wheat residue amended and unamended control soils during early stages of
decomposition. The total denitrification from soyabean an corn residue amended soil (residues had
similar C/N ratios) was similar, but the N20/(N2+N20) ratio was higher in the soyabean residue
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amended soil. Increased losses of N by denitrification, and production of N 2 0 (a green-house gas),
due to grain legume residue incorporation is not in harmony with the resource and environmental
aspects of the sustainability issue. However, more research is need on leaching and denitrification
losses due to grain legume cultivation.
Managing grain legume cultivation in low input sustainable agriculture. Grain legumes should
be managed to maximize symbiotic N2-fixation, spare soil N for inter- or subsequent crops and
enrich the soil with N. The potential saving of N-fertilizer cost could then enable the farmer to purchase phosphorus and other fertilizers needed to improve soil fertility.
Important management methods to maximize N2-fixation have been indicated above. Two essential
are 1) inoculation with Rhizobium, if soil are devoid of efficient native strains and 2) the
maintenance of soil fertility in terms of other nutrients than N. Alleviating water stresses seems also
to be an important factor in obtaining high rates of N2-fixation (34, 42). Management methods to
increase the proportion of N in the plant derived from N2-fixation is to intercrop with a cereal, but
due to competition for other growth factors than N, fixation per plant may be reduced compared to
pure stand legumes. By intercropping soil N may be used more efficiently than by pure stand
cultivation of grain legumes and the risk of spared N being leached after harvest is reduced. Incorporation of crop residues with a wide C/N ratio to immobilize N prior to grain legume cultivation
is also a potential method to increase the proportion of N2-fixation in legumes, but there is a risk
that other nutrients, e.g. P, may also be temporarily immobilized in the microbial biomass. The
problem of an open N cycle after cultivation of grain legumes may be reduced by N-catch cropping
either by undersowing the grain legumes with the catch crop or by establishment of a fast-growing
non-legume with a high capacity for N uptake at harvest (28). Finally, grain legume residues are
an important factor in managing soil mineral N levels after grain legume cultivation. Incorporation
of crop residues with a wide C/N, e.g. wheat straw, may immobilized spared N after a grain legume
crop and reduce leaching losses of N.
Conclusions. Grain legumes are an important component of a low input, sustainable agroecosystem
due to their ability to contribute protein and N to the agroecosystem, where other N inputs are small.
However, the N sustainability of grain legumes at the field scale depend on their soil N use and the
proportion of total crop N returned to the soil in residues. Grain legumes may deplete soil N sources, due to the fact that the main part of N is present in the grain, which is harvested, although the
depletion rate may be much slower than of a cereal grown without N-fertilization. Cultivating grain
legumes reduce the need for N-fertilization and thus conserves non-renewable energy sources,
which should otherwise have been used for producing, transporting and applying N-fertilizers. In
order to optimize the conservation of the N fixed by grain legumes, which is not removed with the
harvested grain, it is important to improve management methods to reduce losses of N by leaching
and denitrification during and after cultivation of grain legumes.
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Denitriflcation in Soils under Sustainable Management as
Compared with Conventional-tillage
J.W. Doran and M.S. Aulakh", USDA-ARS, University of Nebraska, East
Campus, Lincoln, NE, U.S.A., and Department of Soils, Punjab Agricultural
University, Ludhiana, Punjab, India.

Introduction. Intensive cultivation and monoculture production of cereal grain crops using
chemical fertilizers have resulted in declines in soil productivity and increases in groundwater contamination and environmental pollution. These detrimental factors coupled with
drought promoted research to develop sustainable agricultural production systems.
Systems involving legume cover crop management and minimum tillage have shown
promise for economically viable and sustainable agriculture in temperate zones (4). The
crop yields and nutrient availability in a long-term study comparing ridge-tillage (RT) with
conventional-till (CT) were reported earlier (2, 3). This paper reports losses of N through
denitrification during two crop growth seasons in these tillage systems.
Material and Methods. Experimental site was located at Boone in central Iowa, U.S.A.
which had humid continental climate with mean annual precipitation of 848 mm. Denitrification study was conducted during April to November in 1989 and 1990. The treatments
include: (a) CT-after harvesting soybean its residues were incorporated into soil in fall 1988
and again disk cultivated in spring 1989 before planting corn in rows 90 cm apart, (b) RTmixer of hairy vetch (Vicia villosa) and rye (Secale cereale) was overseeded into soybean
crop before harvest in September 1988. Soybean residues and winter cover crop were
maintained until planting of corn in May 1989. Soil and crop residues were moved out to
ridge of previous crop with a Buffalo Ridge till-planter. This controls weeds in the row,
creates a warmer seedbed environment and enhances mineralization of organic N.
Alternative inter-rows were subjected to compaction by wheels of machinery used for
different field operations, (c) In spring 1990, RT plots were divided into 2 portions to impose
pre-plant cultivation (PPC) for comparison with no pre-plant cultivation (NPPC). Denitrification losses were measured following acetylene-inhibition soil core-method (1). Soil
water content, water-filled pore space (WFPS), bulk density, N0 3 -N, NH4+-N, and emitted
C02-C were also determined.
Results and Discussion. Denitrification losses were severalfold higher in RT as compared with CT before planting corn in early spring, 1989 and during initial corn growth period
(Table 1). Greater conservation of soil moisture as reflected by high WFPS coupled with
high supply of energy as evidenced by greater C02-C emissions in RT plots created
congenial conditions for denitrifying organisms. However, after harvesting com, the trend
of denitrification reversed and its rate in RT was almost half of CT. I n the second year (1990),
preplant cultivation treatment was included to enhance the rate of mineralization of N in RT.
As compacted to NPPC, PPC drastically reduced denitrification N losses (Table 1) as it
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reduced the bulk density and WFPS. The inter-row area which was relatively less mined
by growing plant roots had higher amounts of soil moisture (creating anaerobiosis) and
N0 3 -N and hence supported high rates of denitrification. Running of farm machinery for
different field operations compacted the inter-rowwheel track area and it supported highest
rates of denitrification.
Table 1 :Denitrification losses (g ha 1 d1) in row, interrow non-wheel track
(IRNWT) and interrow wheel track (IRWT) area under different tillage
treatments
Date

Row IRNWT

IRWT

Total

Row

--Conventional-till-April 24, 1989 .
0.6
May 15, 1989 20.6 42.0
Nov. 13, 1989 7.5 139.0

1.4
25.3
43.2

15.0
9.0
14.7
7.0

36.3
79.0
52.0
23.2

89.3
85.7
28.7
30.7

IRWT

Total

—- Ridge-till
2.0
87.9
190.0

No pre-plant cultivation
May 02, 1990
June 11, 1990
July 16, 1990
Aug. 27, 1990

IRNWT

141.0
174.0
95.4
61.0

2.2
4.5
8.2

29.4
142.0
38.9

8.9
40.5
114.0 260.0
50.2 97.3

Pre-plant cultivation
16.0 14.3
10.3 9.0
16.3 25.7
7.0
11.3

41.8
70.7
33.7
16.7

72.1
90.0
75.7
35.0

These results illustrate that before adopting and popularizing any innovative farming
system, it should be looked in a wider perspective including denitrification losses caused
by various treatments and field operations.
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Agricultural Sustainability and Soil Nutrient Cycling, With
Emphasis on Tropical Soils
A. Van Diest. Department of Soil Science and Plant Nutrition, Agricultura
University, Wageningen, Netherlands
SUMMARY
It is emphasized that the term "agricultural sustainability" has different meanings under different circumstances.
In tropical farming systems, it is mainly low productivity that
endangers the sustainability of agriculture. In the past,
subsistence farming could stabilize a soil's productivity, but
shortly after produce starts to be sold on markets the menace of
soil degradation presents itself. Judicious recycling of
nutrients in crop residues will not be enough to sustain the
farming system.
A plea is made to shift attention from low inputs of
nutrients to low-cost inputs of nutrients, and to convert
strictly arable farming systems into mixed systems. Together
with crop residues, livestock can consume forage legumes, in
which biologically fixed nitrogen and mobilized rock phosphates
are present. The animal excreta should be collected in a biogas
digester underneath a feedlot. Anaerobic fermentation, in
addition to producing biogas, guarantees minimum losses of
nutrients from excreta. The effluent, a liquid manure, can serve
as principal source of nutrients, and contributes as well to
soil organic matter conservation and buildup.
INTRODUCTION
The fashionable term "agricultural sustainability", as
it appears in the title of this paper, turns out to have
different meanings to different people. As a result, if not at
the start the term is properly defined, discussions on the
sustainability of agriculture run the risk of ending up in
confus ion.
To give an example, in the so-called developed world
the sustainability of agriculture is not in the first place
endangered by shortages of resources or by deterioration of
environmental quality, but by sanctions imposed upon violators
of ecological directives regarding maximally permissible
concentrations of nutrients and pesticide residues in the
atmosphere, in surface water and in deep groundwater. It must be
admitted that in my home country, the Netherlands, farmers'
organizations and governmental authorities in the Department of
Agriculture are partially to blame for the present difficult
situation into which they are being manoeuvered by
environmentalists. Too long they have closed their eyes to
excessive use of liquid manure and pesticides. The result is
that unrealistic regulations imposed by national and
supranational lawmakers will endanger the economic viability of
farming and, thus, the sustainability of agriculture in the
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Netherlands and in other Western European countries.
The situation in tropical countries is often entirely
different. Commonly low soil productivity, the term appearing in
the title of this symposium, constitutes the main cause of
endangered agricultural sustainabi1ity. A question that might
come to mind at this stage is "what exactly does the term soil
productivity stand for?". Textbooks on soils do not provide much
help in answering this question. Of ten textbooks in either the
English or the German language that I consulted, only two gave
an answer. One considered the term "soil productivity"
synonymous with the term "soil fertility".
In my own teaching I have always attached a broader
meaning to "soil productivity" than to "soil fertility". In this
view the fertility of a soil expresses the relative capacity of
that soil to provide nutrients to a crop, while "soil
productivity" in addition expresses the capacity of the soil
- to retain moisture and to provide it to a crop,
- to enable gas exchange to take place between atmosphere and
soi1, and
- to allow a root system to extend throughout that section of
the soil in which available nutrients and moisture are present
In the tropics, agricultural sustainabi1ity can be
endangered by flaws in any one of these four soil
characteristics or a combination of some of them. Low waterholding capacity of sandy soils, and poor permeability of water
and/or air of clay soils and soils with fragipans often endanger
the sustainabi1ity of agriculture. A widespread menace is
further the high acidity and ensuing Al toxicity of subsoils
preventing roots from making use of valuable moisture and
nutrients in the subsoil.
Nevertheless, inadequate nutrition is certainly the
most prominent obstacle to agricultural sustainabi1ity in the
tropics. For this reason the remainder of this paper will deal
with the relationships between nutrient cycling and agricultural
sustainabi1ity under tropical conditions. For reasons of limited
time and space the discussion must be confined to the nutrients
nitrogen, phosphorus and potassium.
NUTRIENT CYCLING
The present high interest in nutrient cycling is
undoubtedly prompted by the desire of agricultural policymakers
to stem the flow of nutrients to compartments of the environment
into which an influx of nutrients is considered undesirable. The
qualitative aspects of the various nutrient cycles have already
been known for a long time, but much is still to be learned
about quantities involved. For example, it is common knowledge
that denitrification constitutes the concluding step in closing
the nitrogen cycle, but comparatively little is known yet about
the relative quantities of nitrogen gas CN_) and nitrous oxide
(N_0) escaping from the earth surface, and about the fate of the
N_6 once it has entered the atmosphere.
Global nutrient cycles are often composed of a number
of subcycles, one of which might be called the agricultural
49

subcycle. An example is given for the nutrient potassium in
Fig.1. In this subcycle, the nutrient is transferred from soil
to crop and, ideally speaking, the portion of the nutrient
present in the non-marketable parts of the crop is supposed to
return to the soil and to remain there for uptake by the next
crop. A loss of a part of the nutrient mass involved to the
hydrosphere causes a pollution of the environment and, in
addition, reduces the feeding power of the crop with respect to
the subsequent crop.

K in marine
sediments

agricultural
subcycle

K in animal
biomass
K in
fert i 1 ize

K in oceans

K in or on
soil minerals

soil

subcycle

K in surface
wa ter

K in soil
solution

K to markets

Fig.1 The global potassium cycle, within which two subcycles
operate.
Advoc ates of alternative agriculture are often
unrealistic in their claims that conservation of nutrients
present in sue h subcycles in tropical regions can eliminate the
need of fertil izers. Very often such misconceptions stem from
experiences in European and North American agriculture where
long-term use of fertilizers and manure have resulted in
reservoirs of soil nutrients that sometimes can be tapped for
many years bef ore serious yield declines set in. The exaggerated
ideas advanced about nutrient cycling serving as a panacea to
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all nutritional problems are just as unrealistic as the names
coined for these farming systems, such as "ecological
agriculture" and "biological agriculture". These names raise the
erroneous impression that agriculture in which chemicals, such
as fertilizers and pesticides, are used would have lost touch
with ecology and biology.
In its most ideal form, subsistence farming could be
practiced for a long time without any soil depletion or soil
deterioration, as long as care was taken to retain all nutrients
in the farming ecosystem. However, soon after produce starts to
be sold on a market, a judicious recycling of nutrients in an
agricultural subcycle, however useful this may be, will prove to
be inadequate to sustain the farming system. Most tropical soils
just are not fertile enough to feed crops adequately when no
more nutrients than the ones in crop residues are available.
External inputs of nutrients will prove to be needed for
agricultural sustainabi1ity. On the ground of being a
contradiction in terms, the name "low external input and
sustainable agriculture" (LEISA) must, therefore, be rejected as
wel 1 .
In Table 1 an example is given of the extent to which
nutrient budgets in tropical farming can give rise to depletion
of soil nutrient resources.
Table 1. Modal nutrient inputs and outputs for arable crops
the Kisii district of Kenya, 1990
kg of nutrients/ha,yr
P
K
N
Input
17
12
2
mineral fertilizers
25
24
5
organic manure
4
6
1
wet and dry deposition
8
nr
nr
biological N fixation
0
0
0
sedimentation
Output
removal in crops
removal in crop residues
leaching
denitri ficat ion
water erosion
Balance
nr

not relevant

55
6
61
28
37

10
1
0
nr
10

43
13
9
nr
36

•112

-3

-70

Source: (7)

GLOBAL NUTRIENT CYCLES WITH AN OPEN END
For an effective circulation of nutrients in a global
nutrient cycle, every compartment in the cycle must serve as
both a sink and a source. For example, in the nitrogen cycle the
atmosphere has such a dual function. Every nitrogen atom present
in a terrestrial subcycle of the global cycle will eventually
return in elemental form to the atmosphere which in this context
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serves as a sink. Statistically viewed, it will take many
centuries until any elemental nitrogen molecule returning to the
atmosphere, will again become eligible for being split into two
nitrogen atoms which may combine with hydrogen or oxygen to
potentially serve as plant food. This long residence time is
explained by the fact that at any particular moment only a
minute portion of the total quantity of N present on or above
the earth is tied up in terrestrial ecosystems. However, at any
moment every nitrogen molecule in the atmosphere is potentially
available to serve as source for the formation of plantavailable nitrogen compounds, such as ammonium and nitrate.
However, this scenario differs widely from that of a number of
other plant nutrients, among them phosphorus and potassium.
Phosphorus
In the case of phosphorus, a proper circulation of P in
a global cycle is seriously hampered by the fact that the ocean
floor serves as a sink, but hardly as a source. Even the low
solubility of phosphate compounds cannot prevent that on a
geological time scale huge quantities of the nutrient are
leached from soils or -probably more important- are removed from
the continents in eroded soil material entering the oceans. In
these oceans the phosphorus is then partially utilized in a food
chain starting with phytoplankton and ending with fish and
crustaceous animals. Their bones and shells, containing
relatively high concentrations of P, end up on the ocean floor
and constitute there a gigantic phosphate sink of unknown
dimensions. Tectonic movement of the ocean floor is responsible
for an uplift of a part of these phosphate deposits, which then
may appear at shallow depths on the continents, often in coastal
regions. The insoluble nature of these phosphates and the fact
that they are mostly not exposed to weathering prevent their
dissipation over extensive land areas.
Only mining, and subsequent manufacturing of phosphate
fertilizers can be instrumental in closing the global phosphorus
cycle. The application of phosphate fertilizers can thus be seen
as the most effective way of turning a huge phosphate sink into
a phosphate source, and of returning phosphates to soils which
have lost a portion of their original P reservoir due to runoff
and leaching and due to export of P in marketable produce.

Potassium
The situation for potassium has its own particular
features, but like in the case of phosphorus, the oceans again
act as a sink. However, the high solubility of potassium salts
and the low percentages of potassium in bones and shells cause
most potassium in oceans to be present in soluble form. Only
there where in the past inland seas and lagoons have slowly
dried up, was the solubility product of potassium salts
surpassed and did potassium salts precipitate on a large scale.
Yet, in the present-day situation the total quantity of
potassium in the world's oceans is 5000 times larger than the
quantity in known continental deposits. The mining of these
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deposits and the manufacturing of potassium fertilizers again
causes a sink to be converted into a source.
Unfortunately, potassium deposits are woefully scarce
in tropical and subtropical regions. Large deposits are known to
be present in the Northern hemisphere, and long supply lines
make potassium fertilizers comparatively expensive in tropical
countries.
More than presently is the case, potassium could be won
from ocean water, but the overwhelmingly large presence of
sodium in ocean water poses the problem of separating the two
elements after precipitation, following evaporation of the
water. The technology of separating the two in dry salt has been
worked out, but the dilemma lies in the high energy requirement
of the process, additional to the energy needed for evaporating
off the water. Still, it can be visualized that in the future
tropical countries bordering on oceans, and with plenty of
sunshine, will be able to manufacture their own potassium
fertilizers through direct interception of solar energy.
THE GLOBAL NITROGEN CYCLE
Above each hectare of earth surface 75,000 tons of
nitrogen are present in the air, thus guaranteeing that nitrogen
gas as basic ingredient of nitrogen compounds that can serve as
plant food, will never be in low supply. A complicating factor,
however, is that elemental nitrogen in the air cannot be used as
such by higher plants.
As mentioned before, accomplishing a bond between
nitrogen and hydrogen requires energy. Some nitrogen-fixing soil
organisms acquire this energy by consuming soil organic matter
as food. Other organisms live inside nodules developing on roots
of leguminous plants. The nitrogen-fixing bacteria inside these
nodules acquire their energy materials from the leguminous host
plants, in exchange for which these plants receive fixed
nitrogen from the bacteria.
Since legumes must feed the N2-fixing bacteria with
their own biomass, their dry-matter yielc3 are usually lower
than those of cereals. Also in tropical farming the
disadvantages of such lower yields will have to be weighed
against the advantages of not having to invest in fertilizer
nitrogen needed to grow a cereal crop.
One of the additional assets of legumes that might be
taken into consideration is their ability to mobilize phosphates
that were added to soils as rock phosphates. Many tropical
countries possess rock phosphate deposits. The relatively soft
deposits are favored over the hard ones as basic materials for
phosphate fertilizer manufacturing, which still takes place
predominantly in developed countries. When these phosphate
fertilizers are shipped back to tropical countries, the price to
be paid per unit of P is much higher than that of the original
basic material which as such, but then in finely ground form,
can also be used as a fertilizer. Not all crops, however, are
capable of utilizing ground rock phosphate. Cereals, for
instance, lack the ability to absorb P from applied rock
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phosphate.
In contrast, leguminous crops are in a favorable
position to solubilize and utilize applied rock phosphates.
Their ability to grow without having to depend on soil nitrogen
leads to a situation in which, due to a excess-cation-over-anion
uptake pattern, legumes have an acidifying effect on the soil
around their nutrient-absorbing roots. This acidification favors
the solubilization of the usually alkaline rock phosphates, thus
making legumes more responsive to these phosphates than most
other crops .
An example of the influence of the source of nitrogen
on the ability of legumes to utilize rock phosphates is given in
Table 2. The phosphate used was Tilemsi rock phosphate from
Mali, listed as a rock phosphate of moderate reactivity (3).
Triple superphosphate was used as a reference fertilizer
phosphate .
Table 2. The influence of variation in N source (fixed N2 vs.
N03) on final soil pH, P uptake from different P sources, and on
dry-matter production of field bean (Vicia faba) in a pot
experiment
N2 fixation
N03 nutrition
pH
P in crop
D.M.
pH
P in crop
D.M.
P source
(H20) mg/pot
g/pot
(H20) mg/pot
g/pot
control (no P)
5 .6
48d
38c
6.8
27d
30c
TSP
302a
82a
7.0
196b
98a
5 ,1
57b
6.7
31d
27c
Tilems i rock P
5 .3
120c
Initial soil pH(H20): 6.0
Values followed by different letters differ significantly
(p 0.05) according to Duncan's multiple-range test
Source: (8)
It can be seen that the soil pH increase resulting from
an excess-anion-over-cation uptake pattern, when N03 is the N
source, renders the rock phosphate completely unavailable,
whereas the pH decrease resulting from symbiotic N fixation
leads to a moderate availability of the rock phosphate source.
The largest quantities of symbiotically fixed nitrogen
entering agricultural subcycles are to be expected from the
growth of perennial forage legumes. Consequently, these species
are also most effective in solubilizing rock phosphates.
Inclusion of forage legume production in a farming system
postulates the presence of livestock. With this statement, a
first plea is made for a strenghtening of mixed farming, in the
sense of a combination of arable cropping and livestock
production. Further advantages of this mixed farming for the
conservation of natural resources in agricultural subcycles and,
thus, for the sustainabi1ity of agriculture in tropical regions
will be discussed in the next section.
NUTRIENT CONSERVATION IN AGRICULTURAL SUBCYCLES
NITROGEN

One of the causes of low efficiency of applied
fertilizer nitrogen is the difficulty of adjusting the supply of
nitrogen to the N-absorption capacity of the crop. When in
tropical regions the start of a wet season has created an
opportunity for soil preparation and sowing, a part of applied
fertilizer N may be lost due to leaching when shortly after
emergence of the seedlings unexpectedly heavy rainfall will wash
down the applied N to depths where it cannot be intercepted by
the young roots. Such risks of low N efficiency are less serious
in the case of legumes, as the rate of N2 fixation is closely
related to the rate of biomass production, and the fixed N is
little exposed to the hazard of loss due to leaching.
Nevertheless, serious losses of N may occur when
livestock is allowed to graze the forage in the field, and when
in animal excreta the N is returned to the soil. Such losses
usually result from the combined effects of denitri fication, NH3
volatilization and N03 leaching. All three types of N loss can
be greatly reduced when the livestock is kept in a feedlot with
a slightly sloping floor, allowing the urine to flow into an
underground reservoir.
One of the most glaring obstacles to efficient
recycling in tropical farming systems is the injudicious
handling of animal excreta. In many cases the excreta are not
collected and, when they are, they are often improperly stored
or burned as fuel.
Anaerobic fermentation of excreta in a biogas digester
used to be out of financial reach for many tropical
smallholders. However, with the advent of plastics, to line
underground trenches and to form a dome underneath which the
biogas can be collected, the building costs have been reduced to
a fraction of the former price.
The technology is relatively simple, and with some help
in the initial years many farmers should be able to learn how to
keep the system in working condition. Eastern Asiatic nations,
especially China, have set an example of efficient biogas
production. It is inconceivable that thus far large donor
organizations have overlooked the prospects of widespread energy
conservation in small biogas installations.
The lack of interest may be due partially to
unawareness of the advantages of anaerobic fermentation other
than biogas production. It should be realized that in the
fermentation process all nutrients present in animal excreta and
in other processed waste materials can be conserved. Especially
all three abovementioned forms of N loss can be reduced to a
minimum.
An additional advantage is that when the effluent of
the biogas digester is used as a liquid manure, the C/N ratio of
the material is higher than of aerobically stored animal manure.
Consequently, the release of nitrogen from the liquid manure
after application proceeds more gradually, thus reducing the
risk of nitrogen leaching from soil in an early part of the
growing season, when the root systems of crops are still too
small to intercept all nitrogen released from manure having a
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low C/N ratio.

Phosphorus
When a phosphate fertilizer is applied to a soil, the
first crop to be grown usually absorbs only about 2 0 % of the
newly added P. The remainder is potentially available to
subsequent crops. This so-called residual phosphate reacts with
certain soil constituents. In such reactions, highly soluble
commercial fertilizer phosphate becomes less soluble, whereas
originally insoluble rock phosphates become more soluble.
Consequently, the residual effects of the two sources of P upon
future crops do not differ much.
Unfortunately, the crop-nutritional values of P
fertilizers are still too often judged by their immediate
effects on the first crop grown after application, and too
little by their residual effects on subsequent crops, is a
result, the agronomic values of commercial fertilizers tend to
be overrated, and those of rock phosphates underrated. Many
farmers in tropical countries use commercial P fertilizers,
where they could make do just as well with finely ground rock
phosphates, especially so when legumes are integrated into the
crop rotation system. When these legumes are fed to livestock
and the animal excreta enter a biogas digester, the availability
to crops of P eventually leaving the digester in the effluent is
almost as high as that in freshly applied superphosphate.
Due to the relative insolubility of soil phosphate
compounds, leaching hazards are remote. Runoff losses can become
serious only when soil mineral and organic material moves
downhill in an erosion process. Since the element does not occur
in gaseous forms, volatilization losses do not arise.
Still, the productivity of many farming systems in
subtropical and tropical countries is hampered primarily by lack
of P. In the Sahel region not water, but phosphate is often the
primary yield-limiting factor (6). In the rainy season, when
water is plentiful, crop growth is held back by P deficiency.

Potassium
Because of lack of indigenous deposits and of slow
progress in developing the technology needed to win potassium
from seawater, it is to be feared that in the not so distant
future in tropical farming potassium will become the crucial
element. In Fig.2 it is shown that due to large increases in use
of N and P fertilizers in China, the input/output balances for
these two nutrients have changed from negative into positive.
The resulting large yield increases have sharply raised the crop
demands for K. As a result of low fertilizer K inputs, the
balance for this nutrient has become strongly negative. If this
trend of massive soil mining will not be reversed, the
efficiencies of N and P fertilizer use will decline and
projected gains in crop yields will not materialize.
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Fig.2 Nutrient input/output balance sheets for arable
cropping systems in China
Source: (4)

In such cases of negative K input/output balances it is
all the more important to make optimal use of potassium in
agricultural subcycles. As can be seen from the data in Table 3,
contrary to N and P, most K in crops is to be found in crop
residues, which may remain on the farm. This residue-K can,
however, be easily washed out of these residues by rain. Through
injudicious handling of crop residues large portions of
potentially recyclable K can thus be lost. A very efficient way
of protecting this potassium from going to waste is to feed the
crop residues
to livestock, along with forage legumes, and to
collect the livestock excreta in a biogas digester
THE BENEFITS OF FORAGE LEGUMES
Two direct advantages of inclusion of forage legumes
into tropical crop rotation systems have already been mentioned:
1. Introduction of biologically fixed atmospheric nitrogen into
the agricultural nutrient subcycle, and
2. The possibility of utilizing rock phosphates, which can be
mobilized by the root systems of forage legumes.
If the advantages of growing forage legumes would be confined to
these two assets, it would be questionable if they would offset
the disadvantages of including a non-marketable crop, not fit
for human consumption, into the rotation system, and of
difficulties involved in converting arable farming systems into
mixed farming systems.
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Table 3. Amounts of nitrogen, phosphorus and potassium in
marketable and non-marketable portions of tropical crops

Crop

Part

Yield of D.M.
tons/ha

4. U
grain
straw
3 .3
Maize
grain
4. 0
4 .6
stover
Wheat
grain
A, 0
straw
4 .2
4 0
Pearl
grain
mi 1 let straw
3 .8
2. 0
Cassava tubers
2 .5
leaves and stems
1 .7
Cotton seed arid lint
stalks, leaves , burs 2 .2
Soybean seed
1 ,5
straw
2. 1
Sources: (2) and (5)
Rice

N
58
30
63
46
57
20
80
23
40
25
45
39
90
21

P
kg/ha
10
2
11
8
11
3
12
4
13
5
11
5
8
6

K
10
93
16
57
16
52
20
47
62
25
14
33
30
42

However, other advantages of a more indirect nature can
be mentioned as well, such as
3. the possibility to produce animal manure, and to store the
manure anaerobically, so that nutrient losses can be minimized,
4. the possibility to produce biogas in a digester.
Furthermore, during the period of growing a perennial
forage legume, the permanent root system will give rise to an
increase in soil organic matter content, and to an improvement
in soil aggregation. Both characteristics are of primary
importance in controlling soil erosion.
In the tropics, soil erosion is one of the greatest
threats to agricultural sustainabi1ity. Keeping a soil
permanently covered with vegetation is a highly effective way of
reducing the destructive action of rain impact and wind and,
hence, of preventing erosion. A vigorous and permanent root
system keeps such a large portion of the soil entangled between
its fine rootlets that the total soil body can effectively
resist the destructive actions of water and wind. In addition,
dead root mass serves as energy material for populations of
bacteria producing mucilaginous materials, and of fungi
producing mycelium tissue, which together exert an additional
stabilizing effect on the soil.
The most widely publicized case of large-scale soil
degradation, namely the dust storms on the North American Great
Plains during the 1930s, took place in a period and in a system
of low external input agriculture (LEIA). The low input was,
however, combined with a sizeable output, causing large
quantities of nutrients to leave the farms and finally resulting
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in large quantities of valuable topsoil to become lost.
If in the future tropical farmers would increase their
production for foreign markets, a system of low external input
agriculture would inevitably lead to soil degradation. In spite
of many environmentalists' allegations to the contrary,
fertilizer application, as one of the more effective ways of
stimulating above-ground and below-ground biomass production,
can be very helpful in reducing soil erosion.
Incorporation of perennial forage legumes into a crop
rotation system will raise the organic matter content and,
through improvement of soil aggregation, will increase the
moisture-retention capacity of a soil. A next advantage of the
growth of a forage legume is therefore
5. the opportunity it creates to reduce soil erosion and runoff
and, thus, to avoid soil degradation.
In the context of this presentation, the term
"integrated farming" in the first place stands for the
integration of arable cropping and livestock production. The
name "integrated farming" can also represent a system in which
integrated pest control is practiced, being the combination of
chemical and biological pest control. Crop rotation can be
viewed as a highly effective and environmentally safe way of
controlling soil-borne pests and diseases. As final advantage of
forage legumes in a mixed farming system can therefore be
ment ioned
6. the opportunity it creates to control soil-borne pests and
diseases in the years that the soil is not used for the growth
of marketable crops.
THE SPECIAL CASE OF LOWLAND RICE CULTURE
The above concept of low-cost inputs, mixed farming and
anaerobic fermentation of animal excreta was presented as an
example of sustainable agriculture applicable to tropical
farming systems. It must, however, be kept in mind that more
than half of the world population, living in South and East
Asia, is largely dependent on the sustainabi1ity of lowland rice
cropping systems. Nevertheless, in the context of low-cost
inputs and recycling of nutrients, lowland rice cropping systems
offer equally promising opportunities for nutrient acquisition
and conservation.
In between rice crops, certain fast growing legumes can
be instrumental in the fixation of quantities of atmospheric
nitrogen which can balance most of the nitrogen withdrawal by an
average-yield rice crop. Excellent results have been reported in
(9) .
The unusual situation of rice roots growing in a
water-saturated soil creates conditions under which the earlier
discussed, relatively insoluble rock phosphates can release
enough phosphate to meet the needs of a rice crop. In addition,
lowland rice has a remarkable capacity to utilize soil
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phosphates. The experiment reported on in Table h was designed
primarily to investigate the P-supplying capacity of rock
phosphate of low (Zimapan R.P., from Mexico) and moderate
(Tilemsi R.P., from Mali) reactivity. TSP was used as reference
P fertilizer. For lowland rice, the evaluation of the rock
phosphates was impeded by the circumstance that the crop managed
to withdraw a quantity of phosphate from soil sources which
obviated the need for additional fertilizer P. The soil used was
chosen for its extremely low level of available P. The control
yields of dry matter and P for the maize crop confirm the low
level of P availability. Nevertheless, without any fertilizer P
applied the rice crop showed excellent growth and P-withdrawal
capacity.
Table A Dry-matter production and phosphate uptake by two
cereals, as affected by variation in P source and soil physical
condition in a pot experiment
P source
TSP
Control (no I
ZRP
TRP
D.M. yield, g/pot
Yield of P, rag/pot

29c
37c

maize
38b
47c

86a
87b

26c
31c

lowland rice
D.M. yield, g/pot
101a
102a
101a
Ilia
Yield of P, mg/pot
180a
214a
183a
183a
Values followed by different letters differ significantly
(p<0.05) according to Duncan's multiple range test.
Source: (1 )
The data of Table 3 already showed that the portion of
K in non-marketable crop residues is nowhere larger than for the
rice crop. Hence, proper conservation of the rice straw and
recycling of the nutrients in the straw will greatly reduce the
need for fertilizer K to be used in lowland rice production.

CONCLUSIONS
Sizeable portions of nutrients absorbed by crops remain
on the farm in crop residues. Only a proper handling of such
residues can safeguard the nutrients against dissipation to
places where they are irretrievably lost for future crops. A
highly effective way of conserving nutrients in crop residues
for use by subsequent crops is to feed the residues to
livestock, along with forage legumes, and to process the animal
excreta anaerobically in a biogas digester.
Judicious conservation of nutrients in agricultural
subcycles of global nutrient cycles can sustain agriculture only
in subsistence farming systems. When farmers start to produce
for a market, they must be prepared to accept the reality that
nutrients leaving the farm in marketable produce must be
replenished. On a local or regional level nutrients may be
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returned to the farm in e.g. composted town refuse. When distant
markets are served, external inputs of nutrients become
mandatory. Emphasis should then be placed not so much on low
external inputs of nutrients, but more on inputs of low-cost
nutrient sources matching outputs of nutrients. Failure to abide
by this principle will inevitably lead to soil degradation.
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Evaluation of Forage and Grain Legumes, No-till
and Fertilisers to Restore Fertility Degraded Soils
R.C. Dalai*, W.M. Strong, EJ. Weston, MJ. Cahill, J.E. Cooper, K.J.
Lehane, A.J. King and J. Gaffney.
Queensland Wheat Research Institute,
Department of Primary Industries, Toowoomba, 4350, Australia.
Abstract. Enhancement and maintenance of soil fertility is essential for sustainable
agriculture. The low-input sustainable agricultural systems involving forage legumes, and
grain legumes in rotation with wheat, no-till practice, and fertilisers for wheat production were
examined for 7 years in a field experiment on a fertility degraded Vertisol in subtropical
Queensland, Australia. Soil fertility restorative practices using a 4 year mixed grass-legume
pasture (purple pigeon grass, Setaria incrassata; Rhodes grass, Chloris gayana; lucerne,
Medicago sativa; medics, M. scutellata and M. Truncatula) doubled the amounts of soil
microbial biomass, mineralisable N and N03-N and significantly increased organic C and total
N in soil. Subsequently, rate of N turnover in soil increased and higher cereal grain yields
were obtained. Two year rotations of lucerne-wheat and medic-wheat had lower but similar
effects on soil microbial biomass and organic matter but higher N turnover. Again cereal
grain yields increased considerably.
Unlike forage legume-wheat rotations, two year
chickpea-wheat rotation did not maintain soil microbial biomass and organic C and N
concentrations although cereal grain yields increased because of accrued N, a rapid rate of N
turnover in soil and a more favourable soil water regime. No-till practice had minor effect on
soil microbial biomass and organic matter but grain yields increased due to conservation of
soil water in dry years. Similarly, fertiliser N effects were evident only in increased cereal
grain yields and an enhanced rate of N turnover in the soil. The overall annual farm profits
increased in the order: medic-wheat ($6,000), lucerne-wheat ($10,000), chickpea-wheat
($16,000) and 50 kg N ha 1 yr'1 fertiliser application ($37,000). Thus, low-input sustainable
agriculture is feasible using any one of the restorative practices although stability of the
natural resource base (soil, biota, water) and economic benefits are likely to be attained in a
combination of restorative practices.
Introduction. Increasing world population from about 1 billion in 1800, 2.5 billion in 1950
and 5.2 billion in 1993 has necessitated the development of additional land, mainly marginal
in quality, especially in the tropical and subtropical regions. Potentially arable land resources
are limited and cannot meet the needs of projected increase in human population. The
increased production must be achieved with not only a minimum soil degradation but by
reversing soil degradative trends (20). Therefore, it is imperative to devise, promote and
implement management strategies that will maintain, restore and in the long term enhance the
soil fertility in these regions.
Principles of soil fertility restoration include the optimum use of solar radiation, temperature
and available water to maximise production of plant biomass (11). Furthermore, soil fertility
degradation is minimised by protecting the soil surface against erosion and structural
degradation, and by integrated nutrient management, including enhanced nutrient cycling and
reduced nutrient loss, while controlling disease and pollution.
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The incorporation of legumes is considered essential in crop rotations for sustainable
agriculture in temperate zones (23) although their roles in sustainable agriculture in subtropical
and tropical regions require further study (22). Similarly no-till practice without fertiliser
application does not appear to reverse soil fertility degradation in the warmer regions (7). A
long-term field experiment was established in 1986 on a fertility degraded Vertisol to evaluate
the effectiveness of legume-based pastures and grain legumes, no-till practice and fertiliser
application for fertility restoration as well as for sustainable grain production and good grain
quality. We present salient features of this experiment during the first seven years on organic
C, total N, mineralisable N and microbial biomass. Wheat grain yields and total N uptake
(plant and yield) are presented following the fertility restorative practices. An economic
assessment of the fertility restorative practices enabled a comparison of their relative
performance in low-input sustainable agriculture.
Materials and Methods. A long term field experiment was established in 1986 on a fertilitydepleted Vertisol (Typic Chromustert) in a semi-arid region, with mean annual rainfall of 630
mm, in subtropical Queensland (26° 47'S, 150° 53'E), Australia. The soil contained 52%
clay, 0.7% organic C, 0.07% total N and pH 8.5 in the 0 - 0.1 m layer. The following
treatments were examined:
1. A mixed grass-legume pasture of 4 years' duration followed by continuous wheat; the
grasses and legumes were purple pigeon grass (Setaria incrassata), Rhodes grass (Chloris
gayana), lucerne (Medicago sativa) and annual medics (Medicago scutellata, M. truncatula);
2. A two year rotation of annual medics and wheat (Triticum aestivwn); 3. A two year rotation
of lucerne and wheat; 4. A two year rotation of chickpea (Cicer arietinum) and wheat; 5. Notill wheat with annual application of 0, 25 and 75 kg N ha "'; and 6. Conventional till wheat
with annual application of 0, 25 and 75 kg N ha"1. Nitrogen was applied as fertiliser urea at
planting at about 5 cm depth in alternate mid-rows.
The treatments were arranged in a randomised block design with four replications.
dimensions were 25 m long and 6.75 m wide.

Plot

Grass-legume pastures were established in January 1986 and grown for 3.75 years. Lucerne
was planted with wheat during May - July period at the rate of 2 kg ha1. After harvesting
wheat, lucerne was grown for one year. Annual medics were also established under wheat
and because of their self-generating nature, were planted only once. Annual dry matter and N
yields of the perennial grass-legume pasture and lucerne were measured in four harvests at
three monthly intervals, while in only one harvest for the annual medics. At each harvest,
surplus dry matter was either removed or grazed. Since changes in soil properties were
similar in both pasture management systems, results of the cut and removed system only are
reported.
The grass-legume and forage legume phases were terminated by blade ploughing (minimum
soil inversion) in October each year, about six months before the planting of wheat so as to
allow water recharge of the soil profile during the summer - autumn period.
Wheat and chickpea grain yields were measured from 1.75 m x 23 m central areas of all
plots. After determination of grain water content, grain yields were adjusted to 12% H 2 0
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content. Total dry matter yields were recorded from the middle two rows, 0.25 m apart and 1
m long. Straw and grain were analysed for their N concentration.
Weeds in the no-till treatment were controlled by herbicide spray (glyphosate and 2-4 D,
amine) 2-4 times during the clean fallow period. Weed control in the conventional till
treatment was achieved by 2-4 operations usually by a tined implement to approximately 100
mm depth, during the fallow period.
Five soil samples were collected from each plot with a 50 mm dia. tube sampler down to 0.1
m depth at least twice a year, one sampling soon after the crop harvest in November and the
other in May before sowing. The samples were bulked, sealed in plastic bags and stored at
4°C until analysis. Soil samples were also taken from deeper layers, down to 1.5 m depth,
twice each year, and infrequently to 3 m depth for subsoil measurement of mineral N and
water.
After removal of large visible pieces of plant material, a portion of soil sample from 0 - 0.1 m
depth was moistened to field capacity, incubated at 22°C for 7 days and then soil microbial
biomass C and N were measured using a fumigation-incubation method (18, 19). A k,. value
of 0.41 (1) and k„ value of 0.5 (18) was used to calculate microbial biomass C and N in soil.
The unfumigated soil samples were used to determine aerobic mineralisable N. The remaining
soil was dried at 30 + 5°C in a forced draught oven and ground < 2 mm initially, and then
to < 0.25 mm for determination of total N, including NO3-N, by a modified Kjeldahl method
(10), and organic C by the Walkley-Black method adapted for spectrophotometric
determination (27). Total N in the plant material and the grain was determined in the Kjeldahl
digests using alkaline sodium isocyanurate (5). Mineral N in soil was extracted by 2 M KC1
and NH4-N and NO3-N were determined in the extracts by automated method (2). All results
are reported on oven-dry weight basis.
Analysis of variance was performed to assess the effect of treatments on microbial biomass,
organic C and total N, aerobic mineralisable N, mineral N (mostly NO3-N), grain yield and
total N yield by standard statistical techniques (28). Time trends in soil properties were
discerned by regression analysis. Economic analysis was made on a whole farm basis of
mixed grain-livestock enterprises.
Results and Discussion. Significance of the various soil fertility restorative practices in the
low-input sustainable agriculture were evaluated in terms of time-trends in relative stability of
the natural resource base (soil organic C, total N and microbial biomass), dynamics of nutrient
cycling (mineralisable N and field mineralisation rate), relative stability in crop yields and
relative economic benefits (farm profitability).
Relative ecological soundness of the
restorative practices was examined in terms of nutrient synchrony resulting from these cultural
practices
Soil Organic C and Total N. Soil organic C content following mixed grass-legume pasture
maintained for 2 to 4 years increased almost linearly with the pasture period. Organic C
content increased by about 650 kg C ha"1 yr' in soil under grass-legume pasture compared
with that under conventional cultivation. This is attributed to the continuous addition of C
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Fig 2. Trends in soil total N under 4-yr grass-legume pasture-wheat (4P-W), lucernewheat (L-W), medic-wheat (M-W), chickpea-wheat (CP-W) and conventionaltill (CT) wheat (Control)
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from surface plant materials and roots (26) and nitrogen accretion from legumes. The absence
of cultivation may also retard organic matter decomposition.
The rate of increase in soil organic C under grass-legume pasture (Fig. 1) was satisfactorily
explained by the equation:
OCt = 1.28 + (0.76 - 1.28) exp (0.1273yr), r2 = 0.99
where OC, is the organic C at time, t years. Thus, the rate of organic C accumulation in this
Vertisol was relatively rapid initially and it was similar to but opposite in magnitude to that of
rate of loss in organic C (-0.09 yr1) in this soil although the equilibrium value of 1.28%
organic C is much lower than the virgin soil organic C content of 2.26% (8). This
demonstrates that the grass-legume pasture system can restore organic C rapidly in fertility
degraded soils.
Two-year rotation of lucerne-wheat, medic-wheat and especially chickpea-wheat had relatively
small effect on soil organic C content (Fig. 1). It is likely that relatively small inputs and the
rapid rate of turnover of added organic C in these short-term legume rotations did not allow
organic matter build-up over four years in this soil. (4).
In the longer-term, however, soil total N in the two-year rotations of lucerne-wheat and
medic-wheat exceeded that in the chickpea-wheat rotation and continuous conventional till
wheat treatment (Fig. 2). Furthermore, soil total N contents approached the initial levels after
about 7 - 8 years and became similar to that in the 4-year grass-legume pasture-3 year wheat
treatment. Apparently, forage legumes in rotation with wheat can maintain organic matter in
the long-term while chickpea-wheat rotation and continuous conventional till wheat fail to
arrest the decline in organic matter under arable cropping (17) especially when the amounts of
crop residue returned to soil are low (15).
In this study, no-till practice generally had a very small effect on organic C and total N in this
Vertisol (data not presented). On a Udic Pellustert, higher organic C and soil total N were
measured under no-till than under conventional till (6) although under both tillage practices
total N declined with the period of cultivation in cereal cropping systems (7). The no-till
practice under continuous cereal cropping without N input therefore may not be sustainable in
terms of maintaining soil organic matter in soil (25).
Microbial Biomass and Mineralisable N. Similar to organic C and total N, soil microbial
biomass increased significantly in the grass-legume pasture treatment (Table 1 Fig. 3). Except
for the microbial biomass in the medic-wheat treatment in November 1992 (Fig. 3), short-term
rotations of lucerne-wheat and medic-wheat had no large effect on soil microbial biomass.
Increases in microbial biomass were rapid and large in the top 0-5 cm depth (Table 1). These
were 33, 80 and 90% after 1.5, 2.5 and 3.5 years of grass-legume pastures, respectively,
compared with corresponding increases in organic C of 10, 20 and 24% only. Soil microbial
biomass, therefore, provided an early indication of changes in total soil organic matter due to
grass-legume pasture, (24).
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Table 1.

Microbial biomass N and C and microbial quotient in soil under fertility
restorative practices (0 - 5 cm depth)
Microbial
quotient

Microbial biomass
Treatment

C

N

Conventional till 4 yr
No-till 4 yr
Chickpea-wheat (x 2 cycles)
Medic-wheat (x 2 cycles)
Lucerne-wheat (x 2 cycles)
Grass-legume pasture 1.5 yr
Grass-legume pasture 2.5 yr
Grass-legume pasture 3.5 yr
LSD (P < 0.05)

kg ha"1

(%)

53
66
53
64
58
71
100
105

426
532
389
513
468
570
806
837

5.3
6.6
5.1
6.6
6.4
6.8
8.9
8.9

13

103

1.4

180

0
•
•
•

1988

1989
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Year
Fig. 3 Trends in microbial biomass in soil under 4yr grass-legume pasture-wheat (4P-W),
luceme-wheat (L-W), medic-wheat (M-W) and chickpea-wheat (CP-W) compared to CT
wheat (Control = 100)
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Microbial biomass was significantly greater in the 0 - 5 cm depth in the no-till treatment
compared to the conventional till treatment (Table 1). In another Vertisol, no-till effects on
microbial biomass were confined to only top 2.5 or 5 cm depth, (9), presumably due to the
accumulation of microbial C substrates on the top of the soil from the added crop residues.
Microbial quotients (microbial biomass C/total organic C) increased from 5.3 in the
conventional till treatment to 8.9 in the grass-legume pasture treatment (Table 1), thus
increasing the pool of labile C in soil. Microbial quotients in the top 5 cm depth in this
Vertisol are higher than normally encountered in soil (18), presumably due to favourable
seasonal conditions.
Aerobic mineralisable N increased significantly in the grass-legume treatment initially but after
4 years significant increases in mineralisable N were also found in the lucerne-wheat treatment
as well as in 75 kg N ha"1 fertiliser N treatment in both conventional till and no-till practices
(Table 2). Thus, substantial N cycling was evident in these treatments. The rapid cycling of
N in grass-legume pasture and increased potentially mineralisable N in no-till treatments have
been observed by others (4, 6, 26).
Table 2.

Trends in aerobic mineralisable N in soil under various fertility restorative
practices (0 - 10 cm depth)

Treatment

Aerobic mineralisable N (mg kg')
May 1988

Conventional till
Conventional till + 25 kg N ha"1
Conventional till + 75 kg N ha'
No-till
No-till + 25 kg N ha"1
No-till + 75 kg N ha'
Chickpea-wheat
Medic-wheat
Lucerne-wheat
Grass-legume (1986-89)
- wheat (1990)
Lsd (P < 0.05)

Nov 1989

Nov 1990

13.3
15.2
14.0
13.4
14.5
14.4
13.8
11.9
13.5

5.5
5.4
7.6
4.7
4.5
10.9
4.2
7.3
20.9

17.0
17.3
28.5
15.4
14.0
33.3
14.0
25.3
27.5

16.2

21.7

30.2

2.7

9.5

8.3

Field Mineralisation Rates. The mineralisation rates in the field during the summer-autumn
period (November 1990 to May 1992) were higher in almost all treatments compared to the
conventional till soil (Table 3). Even in chickpea-wheat rotation which had no significant
effects on organic C, total N or microbial biomass, mineralisation rates increased
significantly. Normal fallow mineralisation rates were more rapid in the legume-cereal
rotations than in cereal cropping, reflecting the rapid N turnover in legume-cereal rotations
(14). Mineralisation rates increased where fertiliser N was applied, thus indicating an
enhanced labile soil N pool. On the other hand, soil under continuous cereal cropping had
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almost similar mineralisation rates in the long-term, showing thereby similar long-term N
cycling under different cultural practices.
Table 3.

Field mineralisation rates in soil under various fertility restorative practices (0 150 cm depth).
Mineralisation rate (kg ha 1 day1)

Treatment

Nov 89 to May 90*

Nov 90 to May 92**

Conventional till
Conventional till + 25 kg N ha"1
Conventional till + 75 kg N ha"1
No-till
No-till + 25 kg N ha"1
No-till + 75kg N ha"1
Chickpea-wheat
Medic-wheat
Lucerne-wheat
Grass-legume (1986-89)
- wheat (1990)

0.20
0.21
0.33
0.17
0.23
0.45
0.31
0.45
0.56

0.17
0.20
0.28
0.20
0.18
0.23
0.24
0.24
0.37

0.46

0.26

LSD (P < 0.05)

0.04

0.04

* Normal clean fallow period
** Long-term fallow.
Plant N Yield and N Use Efficiency. Plant N yields increased two-fold in lucerne-wheat,
medic-wheat and grass-legume-wheat treatments (Table 4). Similar increases were recorded in
conventional till and no-till with 75 kg N ha"1 fertiliser application. Plant N yield in the
chickpea-wheat rotation exceeded over the conventional ti1' wheat treatment by more than
75%.
Except in the fertiliser N treatments, field mineralisation rate was significantly correlated with
plant N yield (r = 0.85, P < 0.05). Thus, field mineralisation rate reflected N cycling in the
soil-plant system satisfactorily.
Apparent nitrogen use efficiency varied from 48 to 87% (Table 4), with a mean value of 65%.
Values vary widely, from 20% to 80% depending upon soil types (17), crop species (12),
tillage practices (3), source of N (16) and seasons (29). High N use efficiencies and increased
N cycling in chickpea-wheat, medic-wheat and grass-legume-wheat rotations indicates their
apparent usefulness in low-input-sustainable agricultural systems.
Wheat Grain Yield. Wheat grain yields in no-till treatment without fertiliser N application
were essentially similar to the conventional till wheat (Fig. 4). However, after the first two
years, wheat grain yields in the no-till with 25 kg N ha'1 yr"1 fertiliser exceeded that in the
corresponding conventional till treatment. Wheat grain yields were essentially similar in three
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years between no-till and conventional till treatments when 75 kg N ha' fertiliser N was
applied annually but exceeded in the former in 1987 and 1992, following the drought years of
1986 and 1991. In the semi-arid regions, therefore, no-till practice is effective in some years
in soil water conservation and hence increasing yields.
Table 4.

Total plant N yield and apparent N use efficiency in soil under various fertility
restorative practices; wheat crop, 1990.

Treatment

Plant N yield

N use efficiency*

1

(kg ha )

(%)

Conventional till
1
Conventional till + 25 kg Nha"
1
Conventional till + 75 kg N h a
No-till
No-till + 25 kg N ha"'
No-till + 75 kg N ha'
Chickpea-wheat
Medic-wheat
Lucerne-wheat
Grass-legume (1986-89)
-wheat (1990)

41
55
96
47
65
93
73
96
90

49
56
77
52
87
70
48

106

85

LSD (P < 0.05)

8.8

-

*N use efficiency =
(
and

Plant N yield with fert N - control
) x 100
Fert.N + mineral N in fertilised treatment - mineral N in control
,

Plant N yield following legume treatment - control
v
Mineral N following legume treatment - mineral N in control

10fl

Wheat grain yields in chickpea-wheat and medic-wheat rotations exceeded that in conventional
till wheat (Fig. 5). However, in lucerne-wheat rotation wheat grain yields were depressed in
1989 and 1992, mainly due to insufficient soil water for both crop growth and grain yield.
The low supply of plant available water was accentuated by the extra use of water by the
preceding lucerne crop. It is likely that increased nitrate supply to wheat from the legume N,
promoted rapid crop growth, and further depleting soil water supplies and leaving inadequate
water for grain filling. It is therefore, essential to utilise cultural practices that provide a
suitable balance of antecedent soil water and nitrate to maximise benefits from soil fertility
restorative practices.
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Fig. 4 Effect of fertiliser N and no-tillage practice (NT) on wheat grain yield
(CT wheat with 0 kg N ha"1 = 100)

1992

Fig. 5 Effect of chickpea, annual medics, lucerne and grass-legume pasture
on grain yields of following wheat crop (CT wheat with 0 kg N ha-' = 100)
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Farm Profitability. The total farm profitability from fertiliser N application, chickpea-wheat,
lucerne-wheat and medic-wheat rotations varied considerably during the study period
(Table 5). This is to be expected in highly variable rainfall regions. Overall annual farm
profitability (above that of the continuous conventional till wheat) increased in the order:
medic-wheat ($6,000), lucerne-wheat ($10,000), chickpea-wheat ($16,000), and continuous
conventional till wheat + 50 kg N ha' yr"1 ($37,000). Low-input of fertiliser N considerably
increased the annual farm profitability. Except for the frost damage in 1989, chickpea-wheat
rotation also provided sustainable annual farm profits. Annual farm profits were increased but
only modestly in lucerne-wheat with smaller increases in medic-wheat rotations. When it
occurs, the favourable effect of chickpea or forage legumes in rotation with wheat on farm
profits is due to an increase in wheat yields achieved over a smaller area thus decreasing input
costs, decrease in less valuable crops and, with forage legumes, increased animal production
due to improved quality feeds (11).
Table 5.

Farm profitability from various fertility restorative practices*

Treatment

Conventional till
Conventional till
+ 50 kg N ha"'
Chickpea-wheat
Lucerne-wheat
Medic-wheat

Annual farm profitability ($'000)
1987

1988

1989

1990

1992

Mean

164

105

52

59

146

111

194
77**
N.A
164

194
201

83
73
96
98

95
105
134
109

175
179
133
140

148
127
121
117

N.A.
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* Farm size, 2000 ha of that 1200 native pasture and 800 ha subjected to one of the
restorative practices; inputs were varied in accordance with the necessary alterations to the
farm enterprise profile in response to the changes in practice.
** Frost damage to chickpea
Understandably, no economic value was placed on other aspects of soil fertility restoration,
such as reduced risk of soil erosion and runoff, and leaching, structural improvement and
microbial biomass maintenance by incorporating forage legumes into cereal rotations.
Conclusions. Fertile soil is the basis of sustainable agriculture. Soil fertility restorative
practices using 4 year-grass-legume pasture in this field experiment doubled the amounts of
microbial biomass, mineralisable N and NCyN content and significantly increased soil organic
C and total N. Consequently, rate of N turnover in soil increased and higher cereal grain
yields were obtained. Essentially similar time-trends were evident even in a short-term forage
legume-wheat rotations, especially after seven years. Unlike the forage legume-wheat
rotations, chickpea-wheat rotation treatment did not maintain organic C and total N
concentrations in this Vertisol although cereal grain yield benefits were evident because of soil
water advantage, accrued N and increased rate of N turnover in soil. No-till practice also had
minimum effect on soil organic C, total N, microbial biomass and mineralisable N. But
increased cereal grain yields were obtained, especially in dry years. Fertiliser N application
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also had minimum effect on soil organic matter and microbial biomass but it increased the rate
of N turnover in soil and cereal grain yields.
Overall increased farm profits were obtained from all the soil fertility restorative practices
used in this study although more stable and sustainable farm profits were obtained from
fertiliser N application compared to the legume-cereal rotations.
This study demonstrates that low-input sustainable agriculture is feasible using any one of the
restorative practices although stability of the natural resource base (soil, biota, water) and
economic benefits as well as environmental protection (gaseous emissions, leaching and
chemical pollution) are likely to be attained with a combination of restorative practices. The
nutrient use efficiency in low-input sustainable agricultural systems is attained by optimising
the rates of nutrient turnover commensurate with the water availability, especially in the semiarid regions. Simultaneously, nutrient balance needs to be maintained to optimise plant
biomass, in essence synchrony between the soil supply and plant demand for nutrients.
Understanding the economic implications of low-input sustainable agricultural systems requires
research at several levels of aggregation, including the individual component of a crop and/or
a livestock enterprise, a whole farm, commodity markets, and trends in national and
international agricultural economies (21). Therefore, systems analysis is required to evaluate
the efficacy of various restorative practices in low-input sustainable agricultural systems in
terms of trends in productivity, stability in production, trends in natural resource base, and
ecological and economic indicators.
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Introduction. Low-External-Input and Sustainable Agriculture (LEISA) systems presuppose
optimal use of locally available natural and human resources. The latter include soil, water,
vegetation, local plants and animals, and human labor, knowledge and skills. Moreover, LEISA is
economically feasible, ecologically sound, culturally adapted and socially just. In this context the
complementarity to local resources and to meeting the above mentioned criteria condition the use
of external inputs (Reijntjes et al., 1992).
Conservation tillage (CT) is a wide concept embracing any tillage system that contributes to
the conservation of soil water (Unger, 1978), and of soils by decreasing or preventing wind and
water erosion (Lai, 1976). Additionally it also conserves the soil fertility, thus contributing to the
maintenance and possibly to the increase in soil productivity. A variety of tillage'options can be
included in CT, all of which share two common elements: (1) A reduction in the intensity of soil
movement, compared with conventional tillage, and (2) The presence of a mulch on the soil
surface. Broadly speaking, all the CT alternatives can be grouped into those that can be defined as
minimum tillage and no-tillage. No-tillage is the extreme case in the CT selection, in which only a
narrow slot is opened in the soil where the seed is placed.
The basic idea behind CT is old (Lai, 1979) and it relates to cropping practices that have
been followed for a long time, particularly by cultures in tropical areas. CT, therefore, is a low
input tillage system that can be used as a significant tool in the development of LEISA systems.
It must be emphasized that CT is a means to achieve a sustainable agricultural system. The
attainment of this goal assumes a correct diagnosis in which the most limiting factors were
identified.
The CT systems have additional advantages: (A) Reductions in costs, both in those directly
incurred in a particular crop and in those associated with the investment in machinery, and (B)
Increase in timeliness in cropping operations. CT has, however, some disadvantages: (A) Better
management skills, particularly in terms of weed control and in the use of machinery (Sanchez and
Miller, 1986). (B) Often requires additional outlays in herbicides (Sanchez and Miller, 1986) which
can become quite significant. (C) Conflicts in the use of crop residues for mulches or for fodder.
This is particularly relevant in dry areas, where animal food is limiting. (D) Soil specificity. The
application of CT systems can be restricted by soil properties, which can be natural or related to
human manipulations (Lai, 1985; Rhoton et al., 1993; Triplett et al., 1973)
The purpose of this paper is to discuss the implications of soil specificity in the adoption of
CT systems. CT has implications in several components of the farming system, not just the soil.
Thus, the consideration of the suitability of soil types to CT must not lead us to a reductionist
analysis. Initially the effects that CT has on the soil's physical, chemical, and biological properties
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are considered, particularly from the viewpoint of soils with adverse physical or chemical
conditions. Subsequently, alternatives for classifying the soils' suitability for CT are analyzed.
Effects of conservation tillage on soil properties.
(A) Location and concentration of nutrients. Changes in soil chemical properties are more
immediate than the physical ones. Primary changes observed in GT by various researchers (Dick et
al., 1986a,b; Blevins et al., 1983; Centurion et al., 1985; Mackay et al., 1987) consist of
accumulations of P, Ca, Mg, and K in the near surface zone, although there are conflicting results
for Mg and K. The effects of tillage in nutrient stratification are generally negligible below 25cm
(Dick et al., 1986 a, b). Less info is available on the effects of tillage on micronutrients.
The pattern of change has been similarly documented for temperate and for tropical soils.
Many of the latter show fertility limitations related to their very high P fixation. Some authors
(Sanchez and Miller, 1986) have mentioned the need for occasional P incorporation to acid tropical
soils. However, the accumulation of P in the soil surface associated with CT, could create
conditions conducive to less P fixation because of the reduced contact with the rest of the soil
matrix. The process of P uptake by the crop could be further helped by the increased root
proliferation near the soil surface, stimulated by the more adequate temperature regime and
increased moisture caused by the presence of mulches.
In a Brazilian Oxisol, for instance, fertility was improved after four years of no-tillage.
Organic C, total N, pH, CEC, exchangeable bases, and P levels were higher under conservation
tillage than conventional tillage, whereas the reverse was true for Al saturation (Sidiras and Pavan,
1985).
(B) Organic matter (OM1 accumulation.
CT practices, and particularly no-tillage, introduce several significant changes in the soil
system, mainly through the disposition of residues. Although the effects on soil surface roughness
and porosity are also important, their amount and duration are less marked than the effects of
residue disposition (Van Doren & Triplett, 1979). Several studies have shown organic C
accumulations associated with CT systems. This is because of the addition of OM through the
mulch and the slower mineralization rates (see (C) Biological properties). These increases are
generally restricted to the upper 5-10 cm sampling depths. Gallaher and Ferrer (1987), for
instance, reported that after six yrs. of continuous corn, the 0-5 cm depth of a fine, mixed, thermic
Typic Hapludalf, had 36% more OM in no-tillage treatments than in conventional tillage
treatments.
The increase in OM can have a very significant impact on the soil's structural stability.
Higher levels in aggregate stability as a function of tillage intensity exist under no-till treatments
(Rhoton, 1993). Lower modulus of rupture readings have generally been recorded for no-tillage,
reflecting the higher OM contents of the treatments compared with conventional tillage (Unger,
1984). The beneficial effects of OM accumulation on soil structure can be slow. The application of
no-tillage is favored in soils with friable consistency over a wide range of soil water contents (Lai,
1985).
Additional OM from CT might be detrimental in Humox or Humult soils. These soils are
high in OM (4-8% organic C) and have low fertility. The latter effect is due to Mn toxicity and
high lime requirement (Sanchez and Miller, 1986).
(C) Biological properties.
CT can dramatically affect microbial N processes and N availability. In soils under humid
climates, mineralization of soil organic N, denitrification and leaching losses may be greater in no-
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tillage soils (Rice and Smith, 1982; Rice and Smith, 1984; Kitur et al., 1984; McMahon and
Thomas, 1976).
Tillage effects interact with soil types and topographical positions. Lower topographical
positions might have decreased aeration due to greater soil moisture. Poor aeration in soils can
cause reduced microbial decomposition that results in higher soil OM levels. Higher soil moisture
contents can also reduce soil temperatures, which can also decrease N mineralization rates.
Mineralized N is generally greater in well drained soils but decreases as drainage becomes limiting.
Greater amounts of N mineralized can be found in the plowed well-drained soils but less in the
poorly drained soils when compared to the corresponding no-tillage treatment (Rice et al., 1987).
CD) Soil water content.
In general terms as soil drainage improves, the need for tillage decreases. The experience
shows that, for upland crops, soils with high initial porosity, (e.g., with coarse-textured surface
horizons or self-mulching properties) will support the application of no-tillage. No-tillage will also be
favored by soils, with good internal drainage (Lai, 1985). With all the other management variables
similar, crops growing on sloping, well-drained soils, will show better results with CT than with
conventional tillage (Dick et al., 1986b).
Excess wetness in the growing season is common on poorly drained soils and/or in udic soil
moisture regimes (Valverde and Bandy, 1982, cited by Sanchez and Miller, 1986). This problem is
accentuated when plant residues remain on the soil surface and especially with excessively high
mulch rates that do not decompose as fast as expected. The plant mulch decreases soil
temperature, so evaporation is reduced. Besides, evaporation is further reduced since the soil is not
loosened with tillage (Griffith and Mannering, 1985). Yield decreases can be caused by smothering
by the mulch (particularly when there are heavy residue rates), in addition to the very high soil
moisture during rainy periods.
Low crop yields with CT practices on poorly drained soils can be related to decreased root
densities and increased incidence and severity of soil pathogens. The fungus Pythium graminicola
Subr. was associated with lower corn yields, while Pkytopktora has, in turn, been associated with
yield decreases in soybeans (Dick et al., 1986a).
CT systems may be used in poorly drained soils without yield reductions if correct
management practices are followed. These management factors include improved drainage,
planting on ridges, rotation of crops, and rotation of tillage (Triplett and Van Doren, 1985; Lal,
1985).
(E) Soil strength.
The continuous use of CT systems may lead to surface soil compaction, therefore, we can
expect greater bulk densities (particularly under no-tillage) when compared with conventional tillage
systems (Rhoton, 1993; Baeumer and Bakermans, 1973; Lai, 1985), especially with mechanized
operations.
This situation may be compounded in soils that are initially in a compacted state or that
show high tendency to be so. This high soil strength situation is applicable to subsoil compaction
and to surface compaction (crusting, hardsetting soils). Surface slaking on weakly structured directdrilled soils sometimes seriously restricts plant populations and causes a yield reduction (Cannell et
al., 1978). Soil compaction might be related to natural processes (presence of hard pans or high
tendency for dispersion) or processes derived from human management (plow pans or sodium
accumulation).
When these adverse conditions are present, ameliorating measures must be taken before
starting with no-tillage: chiseling, cultivation or subsoiling (Cannell et al., 1978), controlled wheel
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traffic, plowing when soil surface is dry, use of cover crops, planted fallows and mulches, and some
degree of tillage (Sanchez and Miller, 1986).
Four tillage systems (ZT, 'Zero Tillage': direct sowing with no mulch; CT, 'Conservation
Tillage': direct sowing with 2 tons ha"1 of residues from the preceding crop as mulch; DM, 'Light
Disking': light disking with mechanical weed control; and PL: disk plowing + light disking +
mechanical weed control) were compared in México in 1990 and 1991 (Scopel, unpublished data).
This study was carried out in two contrasting soils: a brown soil (Cambisol type) with medium
texture (15% clay and 25% silt) and a black soil (Vertisol type) with much finer texture (35% clay
and 25% silt). The first soil tended to become compacted and hardened in the dry season, and the
second showed strong tilth-forming activity with the succession of wet-dry cycles typical of the area.
Under the effect of generally very aggressive rainfall, contrasting effects on soil surface compaction
were observed: (A) Very rapid, irreversible deterioration in treatment ZT, (B) Rapid deterioration
in treatments PL and DM but compensated by mechanical weed control during the crop cycle,
and (C) Continuous but much slower deterioration in treatment CT because the soil surface was
protected by crop residues. The effects on soil crusting were more readily noticed in the medium
textured soil than in the one with higher clay content.
High soil strength is the main factor limiting early root growth of wheat in W. Australia.
CT practices might aggravate this situation through further compaction of the sty-face 10 cm. Due
to their high tendency to compact, some light-textured, sandy soils, traditionally regarded as 'easy'
to crop, may present more potential hazards in CT than some medium textured soils (Hamblin and
Tennant, 1979).
Evidence from Britain, especially in well structured clay soils, shows an improvement in the
root growing conditions under CT repeated for several years. This is in spite of the higher soil
strength at the surface layers of the soil compared to when they are plowed. However, water
movement is faster in CT soils compared to conventional tillage, which shows the greater pore
continuity after no-till (Cannell et al., 1978).
(F) Soil temperature.
The presence of mulches decrease soil temperatures in the top few centimeters. This effect
can be adverse in temperate regions since planting can be delayed with associated yield reductions.
In the tropics soil temperature during the seedling stage may be excessive, and so mulching can
have a beneficial effect (Lai, 1985).
(G)Soil acidity.
Permanent no-tillage, particularly with continuous use of ammoniacal N sources applied to
the surface, can cause pH decreases in the top soil layers. No-tillage for 22 years on Alfisols (Mollic
Ochraqualf and Typic Fragiudalf)in Ohio, determined lower pH compared to minimum tillage and
conventional tillage. The effect was more marked in the top 7.5 cm and under continuous corn vs.
corn-soybean or corn-oats-meadow rotation (Dick et al., 1986 a, b). After 10 yrs. of continuous
corn production the pH in the top 5 cm of a Maury silt loam (Typic Paleudalfs) soil maintained
under no-tillage was 0.6 units lower (5.8 vs. 6.4) than under conventional tillage. "When N was
applied at 168 kg/ha the difference was 1.0 units (4.8 vs. 5.8). Opposite results can be also
observed. In an Oxisol, for instance, pH was higher under conservation tillage than conventional
tillage, whereas the reverse was true for Al saturation. The complexation of the Al ions by organic
substances, and the formation of low solubility products explained the beneficial effects from
mulching. However, this soil management system cannot be considered as a substitute for liming in
cases when a rapid correction of soil acidity is needed (Sidiras and Pavan, 1985).
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Besides the negative effects of nutritional imbalances under uncontrolled soil acidity, crop yields can
be further affected by increased weed competition related to triazine herbicides being inactivated
more rapidly when soil pH is less than 5.5 (Kells et al., 1980; Blevins et al., 1983).
Surface lime applications are sufficient to correct topsoil acidity. Some degree of tillage
might be necessary in acid soils of the tropics to incorporate lime at least every few years (Sanchez
and Miller, 1986). Subsoil acidity, however, can be more appropriately managed through the
surface application of gypsum (Shainberg et al., 1993). This strategy is the most readily applicable,
at least in areas where gypsum is available at reasonable cost. Either mined gypsum or
phosphogypsum can be used. The latter has shown more reactivity in the soil and has the
additional advantage of providing P. The application of gypsum results in: (A) Increase in subsoil
Ca; (B) Decrease subsoil exchangeable Al with little or no evidence of its removal from the profile;
(C) Occasional slight increases in subsoil pH; (D) Reductions in Mg and K from the topsoil
downwards in the profile, particularly in sandy soils; (E) Occasional Si mobilization. The improved
soil chemical environment causes greater root activity that in turn improves the soil structure and
thus the soil physical conditions (Radcliffe et al., 1986).
Proposals for classifying soils according to their suitability for conservation tillage.
The adoption of CT practices by farmers can be limited by the uncertainty about their success and
the efforts needed to implement them successfully. Understandably, a farmer will not be willing to
sacrifice short-run returns for uncertain long-run gains (Setia, 1987). Therefore, it would be useful
to have guidelines to ascertain the suitability of soils for CT.
The decisions on when and how much to till the soil should be based on whether the status
quo needs changing, the degree of change wanted, how best to achieve the desired change, how to
best stabilize the new regime against subsequent return toward equilibrium (Van Doren and
Triplett, 1979). Soil factors affecting the choice of tillage systems (Lai, 1979):
(A) Physical properties: texture, structure, erodibility, bulk density and porosity, compactability,
infiltration rate, moisture retention characteristics, soil-water regime, depth of the surface horizon,
and rooting depth.
(B) Chemical properties: organic matter content, cation exchange capacity, effective acidity, nutrient
status and distribution in the profile, nutrient fixation capacity of the surface and subsurface
horizons.
Cannell et al. (1978) developed guidelines to figure out the suitability of British soils for
direct drilling. It is important to point out that the direct drilling system considered by these
authors cannot qualify as CT since plant residues were burnt. Soil suitability was considered in
terms of the likelihood of yield loss from growing crops without cultivation in comparison with
conventional methods based on moldboard plows or heavy tined implements. [System based
exclusively on restricting physical properties]. Soil and site limiting factors were considered. The
limiting soil factors were essentially physical and included: (A) Lack of tilth: Soils exhibiting a
tendency for the surface layers to pack tightly either through slaking or inability óf the soil to form
a natural surface tilth by weathering were considered less suitable for direct drilling unless it
included surface cultivation. (B) Topsoil compaction: The equilibrium level of compaction for a soil
was considered a function of its natural characteristics, the amount of traffic and the moisture
regime. The compaction level of soils was considered to be affected by: (1) Drainage: compaction
would be less likely as drainage increased; (2) Texture: low OM sandy soils, non-calcareous soils
with large amounts of silt and sandy clay loams were considered to compact readily; (3) OM
content: as OM levels increased, less compaction would be expected; (4) Free lime: large quantities
of naturally occurring calcium carbonate intimately mixed with the soil were associated with easier
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working properties; (5) Surface mulching was considered without regards to plant residues.
Calcareous clays and humose or peaty soils in drier areas of the UK were considered less prone to
compaction; (6) Wetness caused by slow subsoil drainage: higher susceptibility of direct drilling to
waterlogging was expected because of less air-filled pore space, no possibility of water draining
laterally, and lack of surface roughness. Site limiting factors included: (A) Slope: particularly in soils
with low infiltration rates. (B) Excess surface water; (C) Field variability . Presumably, however, this
factor would also affect conventional tillage operations. (D) Climatic limiting factors: mainly those
associated with wetness. It was acknowledged that the systematization of soils based on their
suitability for direct drilling would require: (A) A good data base on how soil conditions may be
modified by direct drilling, and (B) The consideration of the scenario in which direct drilling was
implemented on a long term basis.
Lai (1985) proposed guidelines based on the consideration of several groups of factors:
(A) Soil and water conservation. Factors included in this group were: annual cumulative erosivity,
soil erodibility, soil loss tolerance, and slope. The values for soil loss tolerance consider only the
direct effects to the farmer. Although it is difficult to establish general limiting values for off-site
effects from soil erosion, it should be kept in mind that the latter are often more important than the
direct effects. Though soil tolerance is said to be often below the 2 Mg ha'1 annum', other ranges
are considered, which can be misleading. For instance, two situations with high erosivity and soil
erodibility, but one having high soil loss tolerance and high slope and the other with low soil
tolerance in a flat area, can have the same cumulative rating of eight. However the situation with
high soil loss tolerance and steep slopes implies massive losses of soils with the corresponding
environmental effects, whereas the one with least slope does not have a comparative environmental
risk. CT would have a different fit in both situations, a fact not reflected in the score for this group
of factors. Physico-chemical and nutritional limitations of the subsurface horizons are considered in
evaluating the soil loss tolerance. Those limitations can, however, be overcome. The possibilities
for these corrections depend on several other factors not necessarily technical in nature (e.g.,
availability of inputs).
(B) Hydrothermal regime. This group of factors includes: Available water holding capacity,
maximum soil temperature at 5-cm depth on a bare soil, probability of a rainless period > 10 days,
and soil permeability. Soil permeability refers mostly to water movement in the profile. Conditions
leading to crusting (e.g., sodicity, low soil electrolyte concentration) were not considered in detail
nor the potential for their management.
(C) Soil compaction. Emphasis is placed on change in bulk density, relative compaction, and
ground cover. Bulk density has been used extensively as a measure of soil compaction. However,
porosity and its continuity should receive more emphasis. Conventional tillage reduces bulk density
of the plow layer but destroys the continuity of pores and upsets the balance between pore sizes. As
previously mentioned, CT is accompanied by increases in bulk density of the top soil layers, yet soil
water movement into the soil is improved compared to conventional tillage.
(D) Nutritional properties. Three factors are considered in this group: soil pH, clay content, and
cation exchange capacity. Presumably pH in the topsoil is considered, but in many Ultisols and
Oxisols subsoil acidity is more important as a limiting factor for crop growth. As mentioned earlier,
subsoil acidity can be corrected by surface applied gypsum. For those soils with variable charge,
particularly important in the tropics, charge balance is more important than the cation exchange
capacity alone. In relation to the management of heavy soils with massive structure, clayey soils
with 'self-mulching' properties are considered more adaptable to no-tillage than those with massive
structure and a narrow range of friable consistency.

Lal (1985) suggests that the parametric assessment of soil suitability for no-tillage system is
made through the integration of all factors into one index. According to these criteria no-tillage has
better chances of success when the index totals less than 30; if the cumulative rating factor exceeds
45, it is advisable to use some form of mechanical method of seedbed preparation involving both
primary and secondary tillage operations. It is recognized that the rating has an indicative function
of the situations in which tillage is unavoidable. This need can change with time as proper
agronomic practices are available for a broader set of soils and environmental conditions.
More recent alternatives in evaluating the suitability of soils for CT have been developed as
expert systems (Clarke et al., 1990; Steinhardt et al., 1992). The expert system developed for the
Central Corn Belt states in the U.S. (Indiana, Illinois, and Ohio) (Steinhardt et al., 1992) estimates
yields, in monoculture or rotations, for six tillage systems and in seven "Soil Tillage Management
Groups." Soils are assigned to each group based on mainly physical properties such as drainage,
surface texture, subsoil texture, surface color, slopes and the presence of a fragipan. Soils in a single
group respond in the same way to one tillage system relative to another, so Tillage Coefficients are
used to represent the relative yields expected under each tillage system in each soil group.
Conclusions. The availability of guidelines or systems to assess the suitability of soils for CT
would be undoubtedly advantageous. It would help planners, decision makers, researchers,
extension agents, industry, and foremost the farmers to decide about the adoption of a CT system.
It must be kept in mind, however, that switching from a conventional tillage system to a CT one is
accompanied by many changes in the whole production system. The effects on soil properties are
very important but they are not the only ones. Weed management generally becomes a central
issue, and other crop protection aspects may find greater relevance. Socio-economical components
could be critical, in terms of availability of inputs, credit, and advice. Developing guidelines for soil
suitability for CT practices should not be misleading. The soils in an area might be adequate for
CT but another component of the production system could be limiting its adoption. Thus, it must
be made perfectly clear that a soil suitability guideline considers only the impact from that resource
on the adoption of CT practices. The other components of the production system must also be
analyzed.
In the México study the three tillage systems (ZT, CT and DM) were studied in a network
of farmers' fields in addition to the trial mentioned earlier (Scopel, unpublished data). After soil
preparation and sowing, the fields were worked freely by their owners in a similar way for the three
tillage treatments. Yields at each site were compared with the degree to which plant water
requirements were met during the cycle (real evapotranspiration/maximum evapotranspiration
under the prevailing climatic conditions) calculated using a water balance model. The results
(Figure 1) showed that the points corresponding to the trial situations, which differed mainly in the
water use, as all other cultural conditions were non-limiting, are all in the upper part of the scatter
of points. These points characterize a reference relation between production and water supply for
the maize variety used (trial trend). All the points for farmers' fields are below the trial trend,
whatever the soil preparation method used. This shows the effect of other limiting factors. Those
points farthest from the line correspond to situations with adverse pre-flowering growth conditions.
These conditions were mainly strong interference from weeds or serious mineral deficiencies, and
they showed their effect even when CT was used and water requirements were met satisfactorily.
Evidently in this field observations network, besides aspects concerning water use, the response to
soil preparation methods was also considerably influenced by other cultural conditions (weeds,
mineral deficiencies, too low planting density). Prevailing cultural conditions are in turn governed
by other practices chosen by farmers (e.g., sowing, weed management and fertilization) which are
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chosen partly according to more general circumstances such as access to a market and credit for
the purchase of the inputs necessary, and the possibility of using a CT technique. The
assessment of suitability for CT, it must be stressed, cannot be done only from soil
characteristics. Reference must therefore be made to a broader set of circumstances
that may modify the response to the technique under given soil conditions.
In trying to have a holistic view mentioned in the previous paragraph, the expert system
approach developed more recently is more appropriate than the soil suitability index considered by
Lai (1985). Since the expert systems operate based on potential yields under the different tillage
systems, all the other production practices associated with the tillage systems are implicitly included
in the comparisons.
The development of guidelines for the selection of tillage systems requires appropriate data
bases, both in quality and quantity. Unfortunately this information is normally more scarce in
tropical developing areas, where CT systems are mostly needed. The development of a soil
suitability index, similar to that defined by Lai (1985), is further limited by the availability of
information for the factors included in that index. The application of that kind of index would
require some standardization in the methods used to characterize soils. Alternatively, approximate
equivalences between different factors characterizing the same soil property should be established.
Another limitation of the integral suitability index approach lies in its awarding equal
importance to the soil factors. It must me stressed that CT is a tool that might help to overcome
certain limitations in a production system. These critical components must be known and will then
be the most important factors governing the productivity of the system. If, for instance, soil subsoil
acidity is the most critical aspect, the effects of CT on its evolution should we weighed differently
than the effects on another less important factor.
An additional limitation of the criteria developed so far is their lack of consideration of the
time dimension. The development of sustainable agricultural systems requires a holistic approach
and a long time consideration. The suitability index proposed by Lal(1985) considers the present
soil condition. A soil might fall in some category according to the values of the factors as
determined today, but it might change to another category as time passes by and the scores for the
factors change. Changes may occur with time under CT in soil permeability and pH; soils initially
considered unsuitable for CT because of inadequate values for those factors can later improve.
Similarly the expert systems base their recommendation on crop yields, but no consideration is
assigned to the evolution of yields when a tillage system is maintained for some time.
Environmentally, CT may sometimes have opposite effects through time. For example, in
loosely structured sandy soils, subject to sheet erosion, CT will be recommended if priority is
awarded to soil protection, as the technique reduces runoff. However, such soils drain well and the
increased internal drainage under CT may increase the leaching of nitrogen compounds and
reduce productivity and potentially create other environmental problems, at crop cycle scale.
The ranking of limiting factors, and soil criteria to be used, will depend on whether stress is
to be laid on short-term or long-term effects. It is true, however, that one problem associated with
the concept of sustainability is its measurement. It is often difficult to measure long-term effects and
their interactions, for agricultural practices.
Based on this analysis the following recommendations for assessing suitability for a CT
system can be made:
(A) The most limiting factors for a sustainable agricultural system must be first identified.
(B) The potential interactions between CT and the identified limiting factors should be evaluated.
(C) According to set priorities, consider separate criteria for the characterization of the short- or
long-term effects of CT on the system.
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(D) An interdisciplinary analysis of all the farmer-related circumstances that may affect the adoption
and success of a CT system should be conducted.
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Low Input Agriculture and Greenhouse Gas Emissions
Rattan Lai. Department of Agronomy, the Ohio State University, 2021 Coffey
Road, Columbus, Ohio 43210, USA
ABSTRACT
Concentrations of radiatively-active or greenhouse gases have been steadily increasing since
1890's and more rapidly since 1950s. Important radiatively-active gases include water vapors,
carbon dioxide, methane, nitrous oxide among others. Atmospheric concentration of CO2 is at
345 ppm and is increasing at the rate of 0.5% yr*, that of CH4 is 90 ppb and is increasing at
the rate of 0.8% y r ' , and that of N2O is 1.65 ppm and is increasing at the rate of about 1.0%
yr~l. World soils constitute a major pool of organic carbon (1550 Pg of C) and can be a
principal source or sink for atmospheric carbon. In comparison, soils of the tropics contain an
estimated 487 Pg C or 31% of the world soil pool. Soils play a major role in the global carbon
cycle, and can be a source or sink for carbon depending on land use and management.
Tropical ecosystems cover about 4.8 x 10^ ha with principal land uses comprising 8.6% arable,
1.0% under permanent crops and plantations, 25.1 % under permanent pastures, 38.2% under
forest and woodlands, and remainder 27.1% under miscellaneous land uses. Shifting
cultivation and related bush fallow systems based on low-input and resource-based agricultural
techniques are widely practiced in arable land use in the tropics. Similarly, native pasture
species with no or little inputs, high stocking rate and uncontrolled grazing are widely practiced
in tropical pastures. These resource-based systems of soil, crops and pasture management lead
to accelerated erosion, land degradation, and emission of carbon and nitrogen as radiativleyactive gases into the atmosphere.
Total carbon emission from soil-related processes in the tropics is estimated at about 0.5 Pg C
yr" v An additional 0.006 Pg N2O-N yW is also emitted from soils of the tropics. Principal
agricultural activities that lead to gaseous emission from soils include deforestation (31%)
shifting cultivation (8%), subsistence and low-input agriculture (8%), burning grasslands and
pasture (42%), and rice paddies (11%).
There exists a tremendous potential to reverse these trends and sequester carbon and nitrogen
into soils of the tropics. Technological options to enhance soil organic carbon content include
adoption of science-based agricultural practices e.g., appropriate land use, judicious and
discriminate use of chemical fertilizers and organic amendments, use of improved crops and
cropping systems, frequent use of planted fallows and cover crops, etc. Adoption of these
systems can sequester carbon at the rate of 0.5 Pg C vr*. There also exists a large potential to
sequester carbon by restoring degraded lands. Global area of degraded lands is estimated at 2 x
10^ ha. Modest increase" of 0.01% yr'1 in organic carbon content of these lands can lead to
carbon sequestration of 2.6 Pg C y r 1. Judicious management of world soils in general and
soils of the tropics in particular, can render soils to be a major sink for carbon. Adoption of
science-based agricultural practices can play a major role in global carbon and nitrogen budgets.
INTRODUCTION
Radiatively-active or greenhouse gases trap long wave radiation within the earth's atmosphere
and influence global temperature. Most important radiatively-active gases comprise water vapor
(H2O), carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), ozone (O3), and
chlorofluorocarbons (CFC's). Atmospheric concentrations of these gases have been steadily
increasing since 1890's but more drastically since 1950's. The concentration of CO2 has
increased from 190 ppm in 1890 to 345 ppm in 1985 and is increasing at the rate of 0.5% yr"1
or 3 Pg yi-1 (1 Pg = petagram = 1 x 10*5 g). The present concentration of CH4 is 90 ppb and

is increasing at the rate of 0.8% yr 1, and that of N2O is 1.6 ppm and is increasing at the rate of
1% y r 1. Per molecule CH4 is 25 times more effective at trapping long wave radiation than
CO2 and N2O is approximately 200 times more effective (Bouwman, 1990).
The global carbon balance can be represented by equation 1:
Ec + Ed = Ai + Ou + Td
(Eq. 1)
where Ec is the emission from burning fossil fuel estimated at about 5.4 ± 0.5 Pg C y r 1, Ed is
the emission due to deforestation and land use and is estimated at 1.6± 1.0 Pg C yr*, Ai is the
atmospheric increase in C and is estimated at 3.2 + 0.1 Pg C yr », O u ; s the uptake by world's
oceans and is estimated at about 2 ±0.8 Pg C yr . and Td is deposition in terrestrial ecosystem
which for balancing equation 1 amounts to 1.8 ± 1.4 Pg C yr •
An important unknown in equation 1 is the role of terrestrial ecosystems in general and that of
deforestation/land use and of world soils to the global carbon budget in particular. The
objective of this report is to assess the importance of low-input and subsistence agriculture in
the tropics in global carbon balance and emissions of radiatively-active gases into the
atmosphere.
LOW-INPUT AGRICULTURAL SYSTEMS IN THE TROPICS
Shifting cultivation and related bush fallow systems are practiced by some 300 million people
throughout the tropics (NRC, 1993). This practice of subsistence agriculture is a low-input and
resource-based system whereby the vegetation is slashed and burnt to release nutrients for
growing several cycles of food crops. When the soil fertility is exhausted and crop yields are
low, land is returned back to natural fallowing for restoration of soil fertility and improvement
of soil structure (Nye and Greenland, 1960; Okigbo and Greenland, 1978), and farmers initiate
another cycle of cultivation on a new piece of land. Farmer may return to the previously
cultivated land within 5 to 25 years depending on the availability of new land, demographic
pressure, antecedent soil conditions and soil fertility, vegetation type, climate and several other
social and cultural factors (Ruthenberg, 1980). The traditional cycle in areas of low population
density is about 15 to 20 years. Shifting cultivators annually cut about 25 x 10° ha of forest in
the humid and sub-humid tropics (NRC, 1993). Subsistence agriculture, based on human labor
and animal traction with none to low external inputs, is practiced widely throughout the tropics
and sub-tropics.
Predominant land use in the tropics involve about 420 million ha of arable land, 51 million ha of
permanent crops, 1.2 billion ha of permanent pastures, 1.9 billion ha of forest and woodland,
and 1.3 billion ha of other land uses (FAO, 1991). The arable land use also includes cultivation
of about 145 million ha of rice in the tropics, comprising both flooded and upland cultivation
systems. Because of low input cropping and uncontrolled grazing with high stocking rates, it is
the soils under arable land use and permanent crops that are prone to different processes of soil
degradation including decline in soil organic matter content and fertility depletion, compaction
and accelerated soil erosion, hard setting and laterization, and salt buildup in the rootzone.
Resource-based agriculture, based on fertility-mining practices, accentuates soil degradation.
LAND USE AND DYNAMICS OF SOIL ORGANIC CARBON IN THE
TROPICS
World soils contain about 1550 Pg (1 Pg = petagram = 1 x 1 0 ^ g) of organic carbon, which is
about twice that contained in the atmosphere (750 Pg), and about three times that contained in
the world's biota (550 Pg) (Bohn, 1976, 1978; Buringh, 1984; Post et al., 1982, 1990;
Houghton and Skole, 1990; Eswaran et al., 1993; Schlesinger, 1993). In comparison, soils of
the tropics contain about 487 Pg of organic carbon (Table 1), or about 30% of world soil's
organic pool. Kimble et al (1990) and Eswaran et al. (1993a, b) estimated that soils of the
tropics contain about 506 Pg of organic carbon.

87

TABLE 1

SOILS OF THE TROPICS AND THEIR CARBON RESERVES

Area*
Soil Order

Organic C in 0-10 cm depth**
(10° ha)

(10l

Alfisols
Andisols
Aridisols
Entisols
Inceptisols
Mollisols
Oxisols
Ultisols
Vertisols
Others

800
9
900
400
400
78
1100
550
131
600

96
3
35
29
48
17
133
66
8
52

Total

4968

487

* Van Wambeke (1991)
** Lai (1993a)
In arable land use, and to some extent under pasture, soil organic carbon can be rapidly
mineralized and depleted by high respiration rate due to continuously high temperatures.
Organic carbon is also preferentially translocated over the landscape by accelerated soil erosion
as dissolved organic carbon (DOC) or particulate organic carbon (POC) in overland flow and
principal drainage ways (Lai, 1993b). The change in soil organic carbon with time has been
studied by Nye and Greenland (1960) and Stevenson (1982), and can be represented by
equation 2:
f

= -KC + a

(Eq.2)

where K is decomposition constant, C is soil organic carbon content at time t, and K is accretion
constant. Constants K and a are functions of land use, management systems soil type and
climate. Land use and management factors that influence magnitude of tc and a and are outlined
in Fig. 1. Important factors affecting decomposition constant tc are climate, land use, soil type
and management systems. Factors that increase decomposition constant tc are high mean annual
temperature as reflected-by high degree days, high aridity index; arable or pastoral land use with
high cropping intensity and high stocking rate; drought prone soils of coarse-texture containing
predominantly low-activity clays; and plow-based intensive cropping especially with low-input
and fertility mining practices. In contrast, factors that decrease decomposition constant tc are
low mean annual temperature as reflected by low degree days, humid climate and low aridity
index; silvicultures land use, low intensity cropping systems with frequent use of cover crops
and planted fallows, and improved pastures with controlled grazing and low stocking rate;
clayey soils containing predominandy high activity clays, high moisture retention and moderate
permeability; and conservation tillage systems with crop residue mulch with judicious use of
science-based off-farm inputs. Factors that affect the magnitude of decomposition constant K
are outlined in Table 2.
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Fig. 1. Environmental, land use, soil type and management factors affecting decomposition constant (k).

TABLE 2

FACTORS AFFECTING DECOMPOSITION CONSTANT K

Factors
A. Climate

B. Land use

Increase K
High degree days, high mean
annual temperature, high
aridity index and pronounced
water deficit
Arable land use, high cropping
intensity with none or reduced
length of fallowing, traditional
pastures with uncontrolled
grazing and high stocking rate

C. Soil Type

Coarse-textured soils with
predominantly low-activity
clays, low water retention
capacity, excessive drainage,
high soU erodibility

D. Management

Plow-based systems of
seedbed preparation, high
cropping intensity, low offfarm inputs

Decrease K
Low degree days, low mean
annual temperature, positive
water balance
Silvicultural systems and
plantation crops, lengthy
planted fallows with frequent
use of cover crops, improved
pastures with low stocking rate
and controlled grazing, none or
prescribed burning
Heavy textured soils with
predominantly high-activity
clays, high water retention
capacity with moderate to slow
permeability, low soil
erodibility
Conservation tillage and mulch
farming techniques, sciencebased judicious inputs, use of
cover crops and planted
fallows, erosion preventivemeasures, water management
technique

CARBON EMISSION AND LOW INPUT AGRICULTURE
Low input agricultural systems may be of two types: (a) those that involve low off-farm inputs
but are based on practices that strengthen nutrient recycling mechanisms, and (b) those that
involve fertility mining subsistence agricultural systems. The relative importance of these
systems is depicted in Fig. 2 and is briefly described below:
(A) Low-input
Systems Based on Nutrient
Recycling
and
High-skill
Management
These systems can be productive and environmentally-friendly provided that (i) nutrients
harvested in crops and animals are replaced by returning crop residues, use of organic wastes,
and by supplemental use of chemical fertilizers and other amendments, (ii) nutrient recycling
mechanisms are strengthened, and nutrients are brought in from outside the ecosystem (iii) soil
nitrogen status is augmented by biological nitrogen fixation, (iv) soil structure is improved
through enhancement of soil biodiversity by liberal and frequent additions of biomass to the
soil, and (v) soil erosion is controlled. Because farm size in the tropics is usually small, such a
system can lead to intensive cropping, high biomass production per unit area and time, and
possible increase in soil organic matter content. Compound farming in eastern Nigeria, and
intensive vegetable and fodder production around urban centers in Asia and Africa are examples
of such production high-skill management systems.
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(B) Low-input, Resource-based and Extensive Systems
Such systems are subsistence, have low productivity, and usually degrade soil and environment
(Lai, 1989). Commonly used agricultural practices for low input and subsistence systems are
outlined in Fig. 3. Agricultural activities have a significant effect on gaseous emissions from
soil-related processes (Burke and Leshof, 1989; USEPA, 1990). These practices affect
gaseous emissions fro soil through decomposition or biomass burning, mineralization of soil
organic matter, anaerobiosis, and volatilization (Fig. 4).
/. Tropical Deforestation
Deforestation in the tropics and subtropics is a major factor affecting gaseous emissions from
soil-related processes. Deforestation, removal of existing vegetation cover followed by burning
of biomass and leaf litter, exposes surface soil to high temperatures, high intensity rains, high
winds and other climatic elements. Under these conditions, soil organic matter rapidly declines
due to mineralization, accelerated erosion or leaching as dissolved or particulate organic carbon.
Rate of tropical deforestation is estimated at about 20 x 10^ ha y r ' (Houghton et al., 1987;
Houghton, 1990; WRI, 1990-91). Deforestation leads to a rapid decline in soil organic carbon
during this first 2 to 5 years. Lai (1993a) estimated that loss of organic carbon during 10-year
period following deforestation may range from 11.3 Mg ha"' for no-till and agroforestry based
systems to 56.0 Mg ha"* for plow-based systems. It was further assumed that 25% of the
cleared land was managed with no-till and agroforestry based systems and 75% by plow-based
systems. Consequently, soils from newly deforested land in the tropics release about 0.15 Pg
C y r 1. Assuming that a total of 2 x 10^ ha of tropical forest has been removed over the human
history, the amount of total carbon released from tropical deforestation to date is estimated at 7
Pg2. Shifting Cultivation and Subsistence Agriculture
Total land area under shifting cultivation and related bush fallow systems is estimated at 150 x
106 ha y r 1, of which 25 x 10^ ha is newly cleared land (Lai, 1993a). Because of none or little
external nutrient inputs in those systems, most nutrients removed by crops and animals are
derived from mineralization of soil organic carbon or humus. Assuming that N harvested in
crops is 100 kg ha"' y r ' of which 50% is derived from mineralization of humus of C:N ratio
of 10, it amounts to total mineralization of 500 kg ha"' y r ' of carbon. If 0.5 Mg ha"' y r ' of
carbon is mineralized over 500 x 10^ ha of arable land in the tropics, it amounts to a total
emission of 0.25 Pg C yr"'.
Nye and Greenland (1960) estimated that loss of soil carbon may be 20% in 200 years in a 12
year fallowing cycle and 45% in 100 years in a 4 year cycle. These rates of carbon loss are
equivalent to 16.6 Mg ha"' for a 12 year cycle and 37 Mg ha"' for a 4 year cycle over the 100
year period. With totallahd area of 150 x 10^ ha currently under shifting cultivation, the
carbon loss from shifting cultivation and subsistence agriculture may range from 0.025 Pg y r '
to 0.06 Pg y r ' with an average loss of about 0.04 Pg C y r ' .
3. Fire in Tropical Savannas and Grasslands
Schlesinger (1984) estimated that tropical savannas and grassland occupy about 1.5 x 10^ ha of
land area. FAO (1991) estimated land area under permanent pastures in the tropics to be about
1.25 x 10" ha. Most permanent pastures are subjected to voluntary or planned burning every
year. Burning may affect top 2 cm of soil surface by excessive temperatures and lead to
emission of 0.5 Mg ha"' y r ' of carbon from soil over 25% of tropical savannas. At this
emission rate, burning of tropical savannas causes total emission of about 0.2 Pg C y r ' .
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4. Arable Land Use
Area under arable land use in the tropics is about 420 x 10^ ha (FAO, 1991). Most of this land
is used for subsistence agriculture by resource based and low-input systems of crop production.
Because of low fertilizer input, soil organic matter is mineralized to release plant nutrients.
Assuming that 0.15 Mg C ha~l yr* is mineralized to release nutrients, the rate of C emission
from arable land is about 0.04 Pg C yr"*. The loss of C may be drastically less or even net
addition of C into soil may occur with science-based methods of agriculture.
5. Anaerobiosis and Rice Cultivation
Rice is cultivated over 146 x 10^ ha in the world and 130 x 10^ ha in the tropics (FAO, 1991).
It is usually grown in rotation with upland crops e.g., soybeans, cowpea or wheat. Carbon
emission from soils during cultivation of upland crops is similar to that under arable land use.
It is the carbon emission as CH4 during rice cultivation that is a major concern in relation to
emissions of radiatively-active gases. Global estimates of CH4 flux from rice paddies are
estimated at an average rate of 15 mg m"2 h r 1 of CH4 or 11.25 mg m~2 h r 1 of C for a 150day variety. This emission rate amounts to 52.8 x 10 12 g C y r 1 or 70.4 x lO^2 g CH4 y r 1.
Burke and Loshoff (1989) estimated global CH4 emission of 60-170 x 10 12 g y r 1 .
6. Emissions of NOx from Soil
Emissions of N2O and other NO x compounds may be due to release from applications of
nitrogeneous fertilizers and organic manures or changes in N contents of soil organic matter.
Global emissions of N2O from all sources is estimated at 15±7 x lO^ 2 g N2O - N y r 1 .
Commonly observed emission rates may be as high as 800 mg N cm - 2 h r 1 (Robertson and
Tiedje, 1986). The range of emission of N2O can be 0.3 to 135 ng N2O-N m"2 5~* (Sahrawat
and Keeney, 1986). Rate of denitrification of fertilizer may be as high as 20% of the fertilizer
used. Duxbury et al. (1982) estimated N2O emissions of 1 Kg N2O - N ha"* y r 1 . Total
nitrogeneous fertilizers used in the tropics in 16.9 x 10*> Mg on 470 x 10^ ha of arable land
(FAO, 1991). If N2O emissions is about 1 Kg N2O - N ha~l y r 1 from arable land,
permanent pastures and forest plus woodlands, total emission may be 3.6 x 10^ 2 g N2O - N
y r 1 or about 25% of the global emission. Rates of N2O emissions are likely to increase with
increasing use of nitrogeneous fertilizers and organic amendments.
TOTAL EMISSION OF RADIATIVELY-ACTIVE GASES FROM SOILS OF
THE TROPICS
The data in Table 3 and Fig. 5 show total gaseous emission from tropical ecosystems amounts
to about 0.5 Pg C yr* and 0.004 Pg N2O - N y r ' . Two important activities leading to C
emission are deforestation of tropical rainforest and burning grasslands and savanna
ecosystems. Carbon emission from soils following deforestation due to mineralization of soil
organic carbon contributes to about 31% of the total emission. An additional 42% of the annual
C emission comes from soils in tropical savannas following burning. Shifting cultivation and
arable land use each contribute about 8% of annual C emission, and CH4 emission from rice
paddies contributes about 11% of annual C emission.

Shifting cultivation
8%
Arabia land
8%
Burning
grasslands
42%

Rica paddies
11%

Deforestation
31%
Fig. 5.

Carbon emission In relation to agricultural activities In the tropics
(total emission is 0.50 Pg C yr ' 1 ).
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TABLE 3

ESTIMATES OF EMISSIONS OF RADIATTVELY-ACTTVE GASES FROM
SOILS OF THE TROPICS (MODIFIED FROM LAL, 1993)

Agricultural
Activity
A. CARBON EMISSIONS
Deforestation
Shifting Cultivation
Burning Grasslands
Arable Land
Rice Paddies

Gas
Involved

Units

Emissions

Pg C y r
PgCyr"
Pg C y r
PgCyr" I
Pg C y r I

0.15
0.04
0.20
0.04
0.05

TouJ C Emission

PgCyr-1

0.50

B. NITROGEN EMISSIONS
Fertilizer Application
N2O

Pg N2O - N y r 1

0.004

Total N Emission

PgN20-Nyr"1

0.004

CO2
CO2
CO2
C02
CH4

Percent of
the Total
31
8
42
8
11

SOIL MANAGEMENT FOR C SEQUESTRATION
There are several technological options that may reverse the trend and lead to net carbon
sequestration in soils of the tropics. It is important to intensify production on existing prime
agricultural land and decrease the rate of tropical deforestation (Sanchez et al., 1990).
Furthermore, the objective is to adopt those land use systems and soil and crop management
practices that decrease losses and enhance carbon sequestration in soil (Fig. 6). Agricultural
practices that decrease losses include:
(a) Erosion-preventive measures based on (i) conservation tillage and mulch farming
techniques, (ii) vegetative barriers established on the contour e.g., grass strips, contour
hedges of woody perennials, and (iii) engineering structures of runoff management.
(b) Techniques to decrease losses due to mineralization of soil organic matter (Sanchez et al.,
1989) including (i) measures to regulate soil temperature and moisture regimes, (ii)
frequent use of crop residue mulch and other biomass, and (iii) techniques to enhance
and manage soil fertility.
(c) Methods to decrease rate of turnover of soil organic matter content including (i)
appropriate land use, (ii) low-intensity cropping systems, and (iii) science-based inputs.
There are also several agricultural practices that enhance soil organic matter content. In general,
however, substantially increasing soil organic matter content in tropical ecosystems is difficult
Some possible strategies to increase soil organic matter content on a long-term basis include:
(a) Increasing micro-aggregation through: (i) formation of organo-mineral complexes, (ii)
enhancement of soil biodiversity e.g., activity and species diversity of soil fauna
including that of earthworms, (iii) liberal and frequent use of crop residues and organic
wastes, and (iv) growing deep-rooted crops and/or trees so that soil organic matter
content of the sub-soil can be increased.
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Carbon
Sequestration Options

Enhance
sequestration

Decrease losses

Soil
organic matter
management

Decrease turnover
rate of soil
organic matter
' Conservation tillage
' Vegetative barriers
• Terracing & engineering
structures

' Crop residue retention
• Using compost & organic
wastes
1
Crop rotations & cropping
systems

' Appropriate land use
• Low-intensity cropping
systems
' Science-based inputs

Decrease
mineralization of
organic matter
' Conservation tillage
• Soil fertility management
' Regulate soil temperature
• Water management

Restoration of
degraded lands

Increase
aggregation
• Enhance soil biodiversity
' Use crop residues &
organic wastes
• Deep-rooted crops

• Afforestation
• Cover crops & planted
fallows
' Alleviation of soil-related
constraints

Science-based
agriculture
• Appropriate land use
•Judicious use of off-farm inputs
• Improved crops & cropping
systems

Fig. 6. Technological options to enhance carbon sequestration In soils of the tropics.

(b) Managing soil organic matter content through: (i) crop residue retention and liberal use of
organic wastes, (ii) growing cover crops and managed fallows, and (iii) adoption of
appropriate crops and cropping systems that produce large quantities of biomass.
(c) Adopting science-based rather than resource-based agriculture through: (i) appropriate
land use and productive farming/cropping systems, (ii) judicious and discriminate use of
chemical fertilizers and soil amendments, (iii) and good farming practices that provide a
continuous vegetative cover on the soil surface.
(d) Restoring degraded lands through: (i) afforestation, (ii) growing cover crops and
managed fallows, and (iii) alleviation of soil related constraints to biomass production
e.g., application of fertilizers and needed plant nutrients on soils of low fertility, liming
on acid soils, reclamation of salt-affected soils, drainage of extensively wet soils, etc.
Global extent of degraded soils is estimated at about 2 x 10^ ha. If organic carbon contents of
these soils with mean bulk density of 1.3 Mg m"3 can be increased by 0.01% yr* to 1 m
depth, it amounts to a carbon sequestration rate of 0.5 Pg C yr'1. This much rate of increase is
practically feasible with adoption of known and proven scientific technologies on hitherto
degraded soils. Properly managed, restoration of degraded soils can be a major sink for
carbon.
CONCLUSIONS
Land use and farming/cropping systems in the tropics may have contributed substantially to
emissions of radiatively-active gases into the atmosphere. Annual rate of emissions, a first
approximation presented in this report, is estimated at about 0.5 Pg C y r 1 and 0.004 Pg N2O N y r *. These emissions are related to soil degradative and fertility depletive/mining practices
of widespread deforestation, shifting cultivation and related bush fallow systems, burning of
grasslands and pastures, subsistence agriculture, and rice paddies.
There exists a tremendous potential to reverse these trends and sequester carbon and nitrogen
into soils. Carbon sequestration involves adoption of appropriate land use, science-based
agricultural techniques, and restoration of degraded lands. These techniques can lead to carbon
sequestration rate of 0.5 Pg C yW. Restoration of degraded lands is another important option
for carbon sequestration in soils of the world and of the tropical ecosystems.
Preliminary estimates presented in this report can be upgraded by improving the database with
regards to (i) accurate assessment of soil resources of the tropics and their distribution in
different ecosystems, (ii) status and dynamics of C and N change in relation to land use and
management systems, and (iii) measurement of fluxes of CO2, CH4 and N2O for different
management systems.
There is also an urgent need to initiate long-term land use and soil management experiments on
benchmark soils in principal ecoregions of the tropics to study long-term dynamics of C and N
in relation to management systems. It is also important to develop systems of land restoration,
and identify policy options to facilitate and encourage adoption of these restorative measures.
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Indicators and Adoption: Economic Issues in Research on the
Sustainability of Agriculture
L. W. Harrington. Manager, NRMR Group, International Maize and
Wheat Improvement Center, Apdo. 6-641, Mexico D.F. 06600, Mexico.
Abstract.
Scientists concerned with organizing research and extension for the purpose of fostering
sustainable agriculture through nutrient cycling or reduced external input use must
confront two sets of questions: 1) How can the influence of these practices on the
sustainability of agriculture be measured? 2) What are some of the factors that influence
farmer adoption of these practices, and how can adoption be encouraged? In this paper,
sustainability is operationalized in terms of total productivity, defined as the value of all
outputs divided by the value of all inputs, including near-term and longer-term on-site
economic costs, off-site economic costs, and environmental costs. Practices that feature
nutrient cycling or reduced external inputs will foster sustainability when they improve
total productivity. Practices that foster nutrient cycling are likely to enhance total
productivity when higher near-term on-site economic costs (if any) are compensated by
lower longer-term on-site costs, and off-site and environmental costs. Assessing the
contribution of reduced external input use to the sustainability of agriculture is more
complex. The contribution of reduced fertilizer use rates to changes in total productivity
depends on the relative size and importance of changes in the different cost categories.
Sustainable practices that are not attractive to farmers are of limited usefulness. Adoption
has been shown to be affected by: 1) divergence between on-site and off-site costs and
benefits (often affected by institutions and policy), 2) near-term vs. longer-term costs and
benefits, and 3) compatibility of new technology with current farming systems, given
farming system variability and complexity, and costs associated with learning about and
adapting new technology. An understanding of these concepts can help focus natural
resources management research on technologies likely to increase sustainability, and on
practices that farmers are likely to find attractive.
Introduction.
Issues of sustainability are commanding more attention from agricultural scientists. Yet
few themes can match "sustainability" for the broad range of questions that it touches and
the sense of perplexity that it often engenders. The notion of sustainability encompasses
population growth and pollution; deforestation and land degradation; agroecology and
energy cycling; erosion and intergenerational equity; not to mention biodiversity, global
warming and the ultimate fate of mankind. It is a formidable topic.
It is often claimed that the maintenance of soil productivity is essential to the
sustainability of agriculture, and that nutrient cycling within agroecosystems is
fundamental to this objective (Altieri 1987). Methods suggested to foster nutrient cycling
and soil conservation typically include agroforestry techniques (e.g., Garrity, Cooper and
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Bandy 1993), green manuring practices (e.g., Bunch 1990), and conservation tillage
techniques featuring the use of mulches (e.g., Lovejoy and Napier 1986).
In addition, many proponents of sustainable agriculture maintain that increased use of
external inputs, including fertilizers, is unwise. A number of reasons are commonly
submitted, among them:
• external inputs often are used inefficiently, and yields or factor productivity frequently
can be improved by more prudently applying lower levels of inputs (Byerlee 1990);
• increased use of external inputs may hide declining productivity of the natural
resource base and may, in fact, hasten its decline through adverse chemical reactions
(e.g., acidification),
• external inputs often pollute the environment — in the case of fertilizer, the issue
usually is one of nitrates in groundwater (Keeney 1992);
• farmer adoption of external inputs can undermine valuable indigenous knowledge
systems (Crews and Gliessman 1991); and
• external input use increasingly may tie farmers to (unreliable) external markets and
reduce the self-reliance of farming communities (Altieri 1992).
Some of the above suggestions seem reasonable; others less so. However, scientists
concerned with organizing research and extension endeavors for the specific purpose of
fostering sustainable agriculture through nutrient cycling or reduced external input use are
likely to find themselves confronting two sets of awkward and troublesome questions:
• Indicators and priorities. How can the influence of increased nutrient cycling or
reduced input use on the sustainability of agriculture be measured? What indicators
are most suitable? How should priorities be set between research on resourceconserving technologies vs. productivity-increasing technologies?
• Adoption. What are some of the factors that influence farmer adoption of practices
that improve farming system sustainability, possibly including those that feature
nutrient cycling or reduced external input use? How can the adoption of these
practices be encouraged?
The rest of this paper is devoted to a discussion of these two sets of questions. In the first
section, the notion of total productivity as a measure of sustainability is introduced and
applied with regard to nutrient cycling and reduced external input use. Total productivity
is also shown to be useful in guiding research resource allocation. In the second section,
factors are discussed that affect farmer 'adoption of practices commonly thought to foster
sustainability. For one of these factors, an extended example is presented that draws on
experience with maize-legume combinations in Mexico and Central America.
Measuring sustainability and setting priorities.
How can the effect of increased nutrient cycling and reduced external input use on the
sustainability of agriculture be measured? Any sensible discussion of this question must
begin by clarifying the concept of "sustainability". The. number of definitions of
sustainability (or sustainable agricultural systems) that have emerged during the last
several years is too large to count. Nonetheless, most of these definitions fall into one or
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more of several broad approaches or conceptualizations. It should be noted that the
approaches described below are not mutually exclusive. Indeed, many definitions
emphasize one of them, while recognizing the others.
1. Agroecology. Sustainability is interpreted as system resilience, or the ability of a
system to recover from stress or perturbation, largely due to system diversity featuring
multiple pathways for the cycling of energy and nutrients (Conway 1986).
2. Stewardship. Sustainability is interpreted human stewardship of Earth's resources, with
a responsibility to non-human species as well as to future generations, to use and
conserve these resources wisely. One implication is that human populations and human
economic activities should be curbed (Batie 1989).
3. Sustainable growth. Sustainability is interpreted as a need to minimize damage to the
natural resource base while meeting growing demands for agricultural products. The
definition used by the Consultative Group for International Agricultural Research
(CGIAR) falls primarily into this category (CDVIMYT 1989).
One specific definition of a sustainable agriculture (falling primarily into the "sustainable
growth" category) is appearing with increasing frequency and is the definition used in this
paper: "A sustainable agricultural system is one that can indefinitely meet demands for
food and fiber at socially acceptable economic and environmental costs" (Crosson 1992).
It should be understood that "economic and environmental costs" include the full range of
off-farm as well as on-farm costs associated with production. Examples of economic and
environmental costs of agriculture are given in Table 1.
Table 1. Economic and environmental costs of meeting growing demands for
agricultural products: some examples.
On-site economic costs
Off-site economic costs
Environmental costs
Near-term:
• Lost productivity
• Reduced water quality
• Current costs of
through siltation of
and effects on public
external and farmerirrigation infrastructure
health: pesticide
supplied inputs, e.g.,
in lowlands, associated
residues, nitrates, etc.
fertilizer, labor, land,
with soil erosion in
• Loss of biodiversity
crop residues
uplands
through area expansion,
• Lost productivity in
deforestation
Longer-term:
power generation
• Increased emission of
• Losses in productivity
through poor water
greenhouse gases and
through soil erosion
quality, associated with
possible contributions
and soil fertility loss, or
soil erosion in uplands
to global climate
gradual salinization
change

The advantage of the Crosson definition is that it stresses the fact that demands cannot be
met, nor production increases achieved, without cost. It further highlights the notion of
trade-offs among different kinds of costs, and the option of incurring costs in one region
in order to reduce costs in another. As a consequence, the definition allows for the
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prospect that a system may be sustainable even if some of its components are not, and
that a system may be required to dynamically adapt to changing external circumstances in
order to be sustainable.
The Crosson definition of a sustainable agriculture system is operationalized through the
notion of total productivity, introduced by Lynam and Herdt (1988) and Crosson and
Anderson (1993). Total productivity is the sum of the value of all outputs divided by the
sum of the value of all inputs, including all economic and environmental costs. Changes
over time in total productivity are measured by means of index numbers, thus removing
the effects of changes in relative input and output prices. Environmental costs can be
difficult to quantify and value (Pearce 1993), even though considerable methodological
progress recently has been made in this area (Winpenny 1991). Agricultural systems are
deemed unsustainable when total productivity trends decline persistently, particularly
when this decline is associated with resource degradation, or with undesirable
environmental spillovers. A hypothetical example of an unsustainable system, featuring
declining total productivity and increasing economic and environmental costs, is given in
Figure 1. (For further discussion on total productivity and its relationship with other
indicators of sustainability, see Harrington, Jones and Winograd, 1994).
Figure 1. Estimating total productivity trends: a hypothetical illustration.
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• Economic costs
Total productivity

It is important to note, however, that conclusions concerning "unsustainability" that are
based on total productivity trends only hold true for a given level of system aggregation.
When a subsystem that is "unsustainable" at one level interacts in significant ways with
higher level systems, conclusions with regard to "unsustainability" may require
modification. The following mechanisms should be kept in mind:
•

•

•

a higher system level may provide opportunities for input substitution, e.g., declining
levels of organic matter and soil fertility at the field level may be ameliorated by
increased use of farm yard manure;
a higher system level may provide opportunities for enterprise substitution, e.g., soil
erosion associated with field crop production may be ameliorated by a shift to
perennial horticultural crops made possible by investments in rural infrastructure
(road, bridges);
a higher system level may take advantage of opportunities for trade-offs among
subsystems, e.g., investment in intensive agriculture in favored agricultural areas
(possibly accompanied by environmental pollution) may, by generating income and
employment and alleviating poverty, reduce the need for poor people to migrate and
begin to farm fragile uplands.

Finally, an understanding of the causes of "unsustainability" is exceedingly important,
particularly at higher levels of system aggregation, where sustainability becomes
enmeshed with broad developmental issues. Unsustainability has been traced to
population pressure on resources, poverty and marginalization, insecure property rights,
short-term profit maximization, behavior of large landholders, and certain kinds of public
policy. The interactions among these factors are complex, and space considerations
prohibit a full discussion. For a more detailed assessment, see Harrington (1993).
With this conceptual framework in place, the original question now can be addressed:
"How can the influence of increased nutrient cycling and reduced external input use on
the sustainability of agriculture be measured?". Clearly, practices that feature nutrient
cycling or reduced external inputs will foster sustainability (at a given system level) to
the extent that they also improve total productivity. Mathematically,
TP = Y/(C + F + X+E)

(1)

where TP = total productivity; Y = value per ha of all outputs from a system including the
value of all byproducts; C = near-term on-site economic costs including the opportunity
costs of farmer owned resources; F = longer-term on-site economic costs including "user
costs"; X = off-site economic costs; and E = environmental costs. Sustainable practices
foster a non-decreasing trend in TP. Note that Y and all cost categories are valued at
social prices, i.e., with policy-induced price distortions removed. Note also that changes
over time in total productivity are measured by means of index numbers, thus removing
the effects of changes in relative input and output prices.
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Nutrient cycling.
Practices that foster nutrient cycling (agroforestry, green manures, conservation tillage,
mulches) typically reduce environmental costs, off-site economic costs and on-site "user
costs" by reducing erosion, land degradation and soil fertility loss. Moreover, by
improving the technical efficiency of nutrient use, they reduce the amount of fertilizer
needed to achieve a particular level of yields (Legg et al. 1989, Munson and Runge 1990).
In some instances, interventions based on agroforestry have entirely taken the place of
(unavailable) inorganic fertilizers (Bannister and Nair 1990). At the same time, however,
these practices often increase other near-term on-site costs, e.g., those associated with
labor and land. Green manure and agroforestry typically are less attractive to farmers
when labor is expensive and when the opportunity costs of land are high (Fujisaka 1993,
Buckles et al. 1992). Similarly, conservation tillage and the use of mulches usually are
less attractive when the value of crop residues is high, e.g., when their feed use is
important (Tripp et al. 1993).
These practices can be said to foster sustainability when total productivity is increasing,
i.e., when higher near-term on-site economic costs (if any) are compensated by lower
"user costs", or lower off-site and environmental costs. Although detailed empirical
estimates of costs and returns to nutrient cycling are rare, it is usually assumed (using the
language of equation 1) that reductions in X, E and F more than compensate for increases
in C and declines (if any) in Y. Generally, farmers give more weight to Y and C than to
X, E and F; hence they are likely to underinvest in practices that favor nutrient cycling.
Note that this analysis is confined to the level of a subsystem and ignores possible
interactions among system levels.
Reduced external input use.
The introduction of practices that foster nutrient cycling does not rule out the judicious
use of external inputs (Juo and Kang 1989). However, reduced external input use is often
advocated for its own sake. The extent to which sustainability is fostered by reduced
external input use once again depends on its effect on total productivity.
Near-term on-site economic costs: The argument can be made that reduced fertilizer use
rates contribute, under some conditions, to a reduction in near-term on-site economic
costs and thereby to improvements in total productivity and sustainability. A favorable
effect on total productivity is most obvious when a reduction in fertilizer use rates is
combined with improved technical efficiency (often associated with practices that foster
nutrient cycling such as the ones described above). Under these conditions, reduced
fertilizer use leads to little or no yield sacrifice, and total productivity is increased as onsite economic costs fall. However, reduced fertilizer use rates may also result in yield
(and gross revenue) declines that outweigh the savings on fertilizer purchase, leading to
declining total productivity. For example, when soil fertility is highly complementary
with the use of other inputs (e.g., improved varieties), reduced fertilizer use rates can
have dramatic negative effects on system productivity (Ngambeki, Deuson and
Lowenberg-DeBoer 1990).
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Longer-term on-site economic costs: Reduced inorganic fertilizer use imposes no serious
longer-term on-site economic costs when nutrient cycling practices take the place of
external inputs. When nutrient cycling methods are ineffective, however, reduced
fertilizer use rates may foster a gradual loss of system productivity. For example,
pumping of nutrients from subsoil layers by agroforestry systems cannot substitute for the
use of inorganic fertilizers when the fertility of subsoil layers is low (Juo and Kang 1989).
Increased inorganic fertilizer inputs may even be needed at times to make nutrient cycling
methods more feasible. For example, conservation tillage and mulching practices have
been judged as more workable when crops are adequately fertilized, increasing crop
residue biomass to levels sufficient for both livestock feed and mulch (Powell and
Williams 1993). This can cause organic matter to build up more rapidly through the
increased availability of farm yard manure as well as more dense mulch covers.
Reduced fertilizer use rates may actually exacerbate the deterioration in land quality
associated with the long-term use of specific systems. For example, recent evidence from
Asia suggests that the quantity of soil organic matter typically is maintained in intensive
irrigated rice systems - but that its quality changes, gradually reducing the capacity of the
soil to supply nitrogen to plants. Without modifications in nitrogen management (often
involving temporarily increased nitrogen use rates), longer-term system productivity
declines over time (Cassman and Pingali 1993).
Finally, much of the apprehension surrounding a reliance on inorganic fertilizer in
agricultural systems is founded on the likelihood that energy sources for producing
fertilizer may be exhausted (or, more realistically, priced out of agricultural uses) within
the next few decades. Such price increases would raise the longer-term economic costs of
meeting agricultural production requirements and would thereby reduce sustainability. In
this regard, it should be noted that agricultural uses account for only 1% of fossil fuel
utilization even in developed countries, and that significant shortages are likely to
stimulate major adjustments in fuel use in non-agricultural sectors, e.g., transportation
(Barker and Chapman 1988). It seems unlikely that fertilizers will become unavailable
because of energy shortages. The prospect that depletion of nonrenewable sources of
phosphate and potash may eventually limit agricultural system productivity is ignored in
this paper.
Off-site economic and environmental costs. Off-site effects of reduced (organic as well
as inorganic) fertilizer use rates may be more important than on-site effects. Pollution of
groundwater by nitrates and possible effects on public health constitute a major public
policy issue in developed countries (Libby 1990). It seems sensible to assume that
reduced fertilizer use in many instances can contribute to improved surface and
subsurface water quality, to improved quality of downstream river and coastal
ecosystems, and to improved public health. More efficient use of fertilizer at reduced
rates may also decrease agriculture's contribution to global emissions of greenhouse
gases. The environmental costs of using fertilizer to meet growing demands for
agricultural products cannot be ignored.
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There are also other, relatively subtle, off-site economic and environmental effects of
fertilizer use. Many of these hinge on links among fertilizer use, farming system
productivity, employment generation, and poverty alleviation. Acheampong (1992), for
example, claims that restoring soil fertility in West Africa is needed to reverse a
downward trend in crop production and rural underemployment. His findings suggest that
fertilizer use encourages the adoption of additional yield-enhancing technologies, creates
jobs for the rural unemployed and underemployed and provides incentives for land
conservation and community development initiatives. Similarly, Jha and Hojjati (1993)
observe that fertilizer on local maize on smallholder farmers in Eastern Zambia has been
a stepping stone in the transition to more diversified and productive farming systems.
Finally, it should be noted that reduced fertilizer use rates may require an expansion of
cropped area in order to meet increased demands for agricultural products. When reduced
fertilizer use rates lead to declining crop and forage yields, a larger cropped area is
necessary to produce equivalent levels of output. (Alternatively, food prices may be
allowed to increase, hurting low-income urban and rural consumers). Cropped area
expansion driven by stagnant productivity in existing agricultural areas is likely to be
concentrated in forest margins or other fragile areas, accelerating biodiversity loss and
land degradation.
Assessing the contribution of reduced external input use to the sustainability of
agriculture is obviously a complex business. Sustainability is enhanced when total
productivity trends are improved, but the contribution of reduced fertilizer use rates to
increased total productivity depends on the relative size and importance of effects on Y,
C, F. X and E.
• Advantages of reduced fertilizer use rates. Many of the expected advantages of
reduced fertilizer use rates are fairly evident. Reduced fertilizer use lowers
environmental costs (E) and decreases on-site near-term economic costs per unit of
land area (C) (although not necessarily per unit of production). Future reductions in
fertilizer use rates may be needed to compensate for increases in fertilizer prices.
• Disadvantages of reduced fertilizer use rates. The disadvantages of reducing
fertilizer use rates are more subtle. They begin with the possibility of a decline in
near-term and longer-term system productivity (Y, F), leading to likely expansions in
cropped area (X), with associated environmental costs in the form of accelerated land
degradation and biodiversity loss (E), increased prices of food for poor consumers
(X), and slower alleviation of poverty (X).
It is not obvious, when the sums are made and the trade-offs assessed, that reduced
fertilizer use typically will increase total productivity or, as a consequence, that it usually
will foster sustainability.
Moreover, in order to make these sums and assess these trade-offs considerable
information is needed on environmental costs, off-site economic costs and longer-term
on-site economic costs for alternative land management systems. Just as farmers have
tended to underinvest in practices that appear to be sustainable, so researchers have
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tended to underinvest in the information required to confirm whether those practices are,
in fact, sustainable.
Setting research priorities.
The notion of total productivity as a measure of sustainability has direct implications for
setting research priorities. Research managers increasingly are faced with the choice of
maintaining investments in commodity/disciplinary research or reallocating resources
towards natural resources management research. Total productivity, a concept that
includes environmental costs as well as economic costs, can help. Productivity and
sustainability goals are both advanced when research resources are allocated to activities
that are most likely to increase total productivity. Simple in concept, but difficult in deed.
In the absence of information on environmental and economic costs associated with
different technologies, research managers can readily make two kinds of mistakes in
allocating their resources. They can:
• ignore environmental, off-site and longer-term on-site economic costs (when these are
actually quite substantial) and focus on technologies with the highest near-term onsite pay-offs, thereby contributing to unsustainability, or
• overestimate environmental, off-site and longer-term on-site economic costs (when
these are actually fairly small) and forego productivity-enhancing breakthroughs that
allow reductions in cropped area and less expensive food for poor consumers.
Increasingly, there is simply no substitute for information on environmental and
economic impacts of technical alternatives.
Fostering adoption.
It's one thing to determine whether or not a given practice is sustainable. It is something
quite different to determine why farmers do or do not adopt that practice. "Sustainable"
techniques that are not attractive to farmers are of limited usefulness.
There is a substantial literature focusing on factors affecting farmer adoption of practices
thought to foster resource conservation and sustainability (Anderson and Thampapillai
1990, David 1992, Fujisaka 1993, Lovejoy and Napier 1986, Minae and Franzel 1992,
Napier 1991, Nowak 1992, Seitz and Swanson 1980, and many others). Much of this
literature emphasizes three sets of factors:
• divergence between on-site and off-site costs and benefits (often affected by
institutions and policy),
• near-term vs. longer-term costs and benefits and the time value of money, and
• compatibility of new technology with current farming systems, specifically in terms of
farming system variability and complexity, and the costs associated with learning
about and adapting new technology.
Note that all of these factors are featured in estimating total productivity (the third factor
falls under near-term on-site economic costs). Thus, there is a link between indicators of
sustainability and factors affecting farmer adoption behavior.
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Divergence between on-site and off-site costs and benefits
Many of the costs associated with particular agricultural practices are not directly
incurred by the farmer. These include environmental costs (e.g., introduction of toxic
agricultural chemicals into the environment) and off-site economic costs (e.g., lost
productivity in lowland irrigated systems due to soil erosion in the uplands). As a whole,
farmers — often struggling to secure a livelihood under difficult conditions and in a risky
economic and agroclimatic environment — understandably are less concerned with offsite costs than those that impinge directly on their own personal financial resources.
Practices that are privately profitable often may be socially unprofitable when off-site
costs are included in the calculation. This is the familiar concept of externalities.
When environmental costs and off-site economic costs are important, it may make sense
to provide incentives for farmers to adopt resource-conserving practices. In the State of
Chiapas in Mexico, for example, soil erosion from hillside maize fields has been a major
cause of reduced water quality downstream, affecting power generation efficiency as well
as fishing enterprises. In parts of this State, hillside farmers in recent years have adopted
conservation tillage techniques (no soil movement, no burning of stover, use of stover as
a mulch, chemical weed control) after the government provided these farmers subsidized
sprayers and herbicides — accompanied by a ban (enforced by heavy penalties) on brush
and stover burning. Often, however, incentive schemes are excessively costly and
complex for government institutions to implement (Kaimowitz 1992). When
environmental costs of farming become a major public issue, as is happening in many
developed countries, the rights of the general public to a safe environment begin to take
precedence over the rights of farmers to impose external costs and farmers may become
legally liable for damages imposed on the public (Batie and Diebel 1990).
Issues of land tenure form a special kind of divergence between on- and off-site costs and
benefits — in the sense that a farmer's resource base can be thought of as a "site". When
land tenure is insecure and when pay-offs to an investment are earned over an extensive
period of time, the farmer faces the risk (at times the certainty!) of making an investment
that primarily will be for the benefit of others. Farmers understandably avoid this kind of
investment. For example, lack of secure access to land has hindered farmer adoption of
green manure/cover crop technology in parts of Atlantic Honduras (Buckles et al. 1992).
Often, policy change is needed to reduce a divergence between on-site and off-site costs
and benefits. At the very least, those policies can be modified that actively foster land
degrading practices, e.g., base acreage policies in the US that hinder farmer adoption of
diversified cropping patterns (Faeth et al. 1991) or electricity and water pricing policies in
India that foster depletion of limited groundwater resources (Harrington et al. 1992).
Policy change that strengthens land tenure can also foster farmer adoption of resourceconserving practices.
Near-term vs. longer-term costs and benefits, and the time value of money
Farmers may be reluctant to adopt resource-conserving practices even when off-site costs
and benefits are ignored. This is because the costs associated with resource-conserving
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practices typically are incurred in the near-term, whereas the corresponding benefits are
usually earned somewhat later. In order to make near-term and longer-term costs and
benefits comparable, economists use the concept of time value of money, implemented
through discounting.
It is commonly known that current income is more highly valued than future income, for
two reasons:
• current income can be invested, leading to a future income higher than would
otherwise be the case; and
• current consumption is preferred to future consumption, especially for individuals at
the margin of subsistence.
When future cost and benefit streams are discounted back to present values, alternative
technologies (with distinct cost and benefit streams) can be compared. The interest rate
used for discounting these streams to current values, however, can have a strong effect on
the relative attractiveness of different technical alternatives. Resource-poor farmers
concerned about current subsistence and the near-term security of their livelihoods (and
often with relatively poor access to low-interest credit) typically confront high discount
rates. This reduces their ability to make investments with long-term pay-offs.
A hypothetical example is provided in Figure 2 of the effect of discounting on net
benefits over a 20 year period for a land-conserving technology vs. a conventional
technology. Although the land-conserving technology generates considerably higher net
benefits over most of the time period in question, the conventional technology generates
higher near-term net benefits (partly because the land-conserving practices require
substantial investment during the first two years). Because of this, the sum of discounted
net benefits is higher for the conventional technology, even at a moderate discount rate.
The processes illustrated in Figure 2 may seem cold and abstract. These same processes
are vividly brought to life in an instance described by Cook (1988:20) for the Dominican
Republic. He notes that, "As farms decline in size, farmers are forced to use destructive
farming practices. . . female farmers are now plowing old pastures on 100% slopes [sic]
in order to plant corn and beans. When interviewed, the women candidly state that they
are aware that the land will likely erode to bedrock in three to five years, but they do not
have any other place to grow food. After a few years, they will probably migrate to a
city.".
Widespread farmer adoption of land-conserving techniques is most likely when these
techniques feature acceptable levels of near-term benefits. That is, technologies should
be productivity-increasing as well as resource-conserving. Alternatively, policies can be
implemented that reduce discount rates, either by enhancing livelihood security or by
making loan funds more readily available to resource-poor farmers.
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Figure 2. Hypothetical illustration of effects of discounting on streams of costs and
benefits for two alternative technologies, using a 12% annual rate of discount
2000

.C

1500

3*

® 1000
0
-Q

500
• Sum of discounted
net benefits: $10,217
1

10
Years

Conventional, not discounted
Conventional, discounted

Land-conserving, not discounted
Land-conserving, discounted

Farming system variability and complexity, and learning costs
Productivity-enhancing, resource-conserving technologies at times may be unattractive to
farmers even when environmental and off-site costs are ignored, and when near-term
benefits are sufficiently high. This may occur when the technology in question is
complex, or when it needs substantial adaptation to a wide range of farming systems. In
both cases, learning costs for farmers may be so high as to discourage adoption.
Perhaps the best way to illustrate this point is by means of an extended example. The
next few paragraphs describe the effect of farming system variability and complexity and
farmer learning costs on the adoption of green manure/cover crops in Mexico and Central
America. These sections are mainly based on Buckles et al. (1992) and Tripp et al.
(1993).
Maize-legume intercrops and rotations. Land degradation affects several million smallscale hillside farmers in tropical Mexico and Central America. Legume intercrops and
rotation systems can help ameliorate many related problems: soil erosion, soil fertility
decline, and increased weed incidence. The development and adaptation of these
practices currently receive the attention of numerous research and extension institutions.
Many of these institutions have studied the use of Mucuna spp. for intercropping and
rotations with maize.
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When intercropped, Mucuna typically is planted between rows of maize 30 days or
more after maize seeding and left on the ground as a mulch through which subsequent
crops are planted.
When used in rotation systems, the legume is stick-planted in a cleared field at the
beginning of the summer (wet) season. The Mucuna develops as a sole crop until
November. The abundant growth is then slashed, and a few weeks later winter maize
is stick-planted into the mat of decomposing leaves and vines.
In both intercrop and rotation systems, nutrients are captured and recycled for use by
the subsequent food crop, a ground cover is formed to protect the soil, weeds are
suppressed, and soil moisture is conserved. Several years are usually required,
however, before substantial improvements in resource productivity are realized.

Farming system variability and complexity. Farmers in Mexico and Central America have
taken pains to adapt the management of Mucuna and other legumes to the immense
variability found among farming systems in the region. Much of this adaptation has been
influenced by the number of maize crops that can be grown per year, seasonal land and
labor availability, and rainfall patterns. Some examples of adaptation are:
• In areas where temperature and rainfall allow two maize crops per year, farmers can
choose between legume-winter maize rotations and legume intercropping strategies.
Where only rainy season (summer) maize can be grown, fewer options are available.
• In villages with extended late-season rainfall, winter maize planting can be delayed
until after Mucuna sets seed. Where rainfall drops off more quickly, however,
farmers plant winter maize earlier and therefore must reseed Mucuna every year
(producing Mucuna seed on a separate plot). These additional costs slow adoption.
• In Southern Veracruz, farmers will not intercrop Mucuna into all of their maize as
about one-quarter of the maize area typically is relay-planted with common beans.
• When winter maize is expected to follow summer maize, the legume usually must be
intercropped early in the maize season to ensure that biomass production will be
adequate to fertilize the subsequent maize crop. This usually increases labor costs for
Mucuna pruning, necessary to avoid excessive competition with the maize crop.
• The area planted to the legume typically increases as land and labor allocations to
other crops decline, the availability of labor resources within the household expands,
or off-farm employment becomes less available.
• In villages with limited sources of cash income, Mwcuna-winter maize rotations are
more attractive than legume intercrops in summer maize. This is because growing
Mucuna during the rainy season frees farm household labor to work off-farm when
demand for labor in other communities is at its peak.
Learning costs and farmer training. In general, productivity-enhancing, resourceconserving technologies are complex and require a great deal of site-specific adaptation.
In some cases this will require formal training for farmers in new techniques. This does
not imply, however, that these new techniques will have been developed by scientists (in
the past many have been developed by farmers) or that only better educated farmers will
be able to adopt them.
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Legume intercrops and rotations usually are intuitively appealing to farmers who have
experience with traditional, diversified farming systems. They may seem more complex
for farmers accustomed to an agriculture based on monoculture. For most farmers,
however, the introduction of legume intercrops or rotations increases the number of
management decisions that are required. For example:
• Which legume should be used?: Mucuna is not always necessarily the best choice.
• Should legume seed be produced or can farmers rely on natural reseeding? Where
can seed be obtained if additional seed is needed?
• When should the legume be planted? Should it be intercropped between rows of
maize and killed before planting the subsequent crop, or planted within rows of maize
and managed as a living mulch in the subsequent crop?
• Should the legume be pruned to avoid competition with maize? This partly depends
on the answer to the question on legume planting date.
• What spacing should be used for legume planting? Note that spacing may vary for
particular parts of a field. Areas infested with weeds may be planted with a legume
rotation to choke out the weeds over the course of a season while another part of the
same field is intercropped with the legume.
• Should the legume be planted on all fields or (if labor is limited) only on selected
fields? If only on selected fields, what are good criteria for field selection?
• Does the planting of a legume such as Mucuna increase the risk of losing a crop to
brush fires? (Note that the presence of dry Mucuna mulch may facilitate the
spreading of fires.) Do the advantages outweigh the extra risk?
In short, effective management of legumes requires many management decisions and
different types of knowledge and extension services.
Moreover, information
requirements are likely to vary over fields within farms, and over time within farms (as
legume management systems evolve) as well as over cropping systems.
Conclusions.
It is often claimed that the maintenance of soil productivity is essential to the
sustainability of agriculture, and that nutrient cycling within agroecosystems is
fundamental to this objective. In addition, many proponents of sustainable agriculture
maintain that increased use of external inputs, including fertilizers, is unwise. Scientists
concerned with organizing research and extension endeavors for the specific purpose of
fostering sustainable agriculture through nutrient cycling or reduced external input use are
likely find themselves confronting two sets of awkward and troublesome questions:
1. How can the influence of increased nutrient cycling or reduced input use on the
sustainability of agriculture be measured? How can it be ascertained when these
practices increase or actually decrease sustainability?
2. What are some of the factors that influence farmer adoption of practices that feature
nutrient cycling or reduced external input use, and how can the adoption of these
practices be encouraged?
Although the notion of sustainability can be interpreted in terms of agroecology,
stewardship or sustainable growth, there is a considerable overlap among these
interpretations. One particular definition of sustainable agriculture was emphasized in
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this paper: "A sustainable agricultural system is one that can indefinitely meet demands
for food and fiber at socially acceptable economic and environmental costs" (Crosson
1992). This definition is operationalized through the notion of total productivity, the sum
of the value of all outputs divided by the sum of the value of all inputs, including nearterm on-site economic costs, longer-term on-site economic, off-site economic costs, and
environmental costs. Practices that feature nutrient cycling or reduced external inputs will
foster sustainability to the extent that they also improve total productivity.
It's one thing to determine whether or not a given practice is sustainable. It is something
quite different to determine why farmers do or do not adopt that practice. "Sustainable"
techniques that are not attractive to farmers are of limited usefulness. Adoption has been
shown to be affected by at least three sets of factors:
1. divergence between on-site and off-site costs and benefits (often affected by
institutions and policy),
2. near-term vs. longer-term costs and benefits and the time value of money, and
3. compatibility of new technology with current farming systems, specifically in terms of
farming system variability and complexity, and the costs associated with learning
about and adapting new technology.
An understanding of these and other economics concepts can help focus research on
sustainability themes. Effective natural resources management research must concentrate
its efforts on technologies likely to increase (not decrease) sustainability, and on practices
that farmers are likely to find attractive. Increasingly, there is simply no substitute for
information on environmental and economic impacts of technical alternatives, and on the
factors that affect farmer adoption of productivity-enhancing, resource-conserving
technology.
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Integrated Nitrogen Management in Relation to Leaching and
Groundwater Quality
R.F. Follett, and P.J. Wierenga. USDA-Agriculltural Research Service,
P.O. Box E., Fort Collins, CO 80522, USA and Dept. of Soil and Water Sciences,
Univ. ofAZ, Tucson, AZ 85721, USA.
Foreword
Nitrogen (N) application to agricultural soils to enhance crop yields has been practiced for
centuries. Many N-containing materials are suitable (Follett, et al. 1987) and include: animal
manures, green manures, plant residues, inorganic fertilizers, sewage sludge, and septage and
food processing wastes. Application of offsite sources of N (imported N) that are added to the
soil-N pool (i.e. inorganic fertilizers, symbiotically fixed N, and feedlot manures) might be
expected to result in a greater potential for N leaching, within a given ecosystem, than would
recycling of N that already exists within that same ecosystem (i.e. though grazing livestock that
are not supplemented with N). Thus, proper management of imported N is very important for
protection of groundwater quality.
Even though exact conditions can't be fully assessed, qualitative evaluations of potential
groundwater-quality degradation from adding imported N to soils can be made. The 1986 to
1991 consumption of inorganic fertilizer-N, meat production/consumption (not including poultry), cereal production, and area of land irrigated in developed countries of the world are all less
than ± 1% per year (FAO 1991). The corresponding items (for 1886 to 1991) in developing
countries range from 1.4 to over 6%. During the past 10 yr., inorganic fertilizer-N consumption
in developed countries is essentially unchanged, while its use in developing countries has increased over 60%. This shows that developed and developing countries must improve their
integrated N-management to maintain and improve groundwater quality while sustaining a
productive agriculture. Developing countries have the opportunity to implement integrated Nmanagement, as their use of N increases, in such a manner that they maintain groundwater quality while increasing agricultural production.
Authors in this symposium bring together information from around the world. The types of
approaches and N-management systems they identify offer a unique opportunity to all of us to
learn and hopefully help improve N-management to maintain groundwater quality while
enhancing production of food for the world's growing population.
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A Farming Systems Approach to Minimizing Nitrogen
Losses to the Environment.
M J Goss", E G Beauchamp and M H Miller, Centre for Land and Water
Stewardship, University of Guelph, Guelph, Ontario NIG 2W1
Abstract
Often farming practices have been developed to tackle one aspect
of a problem, without due regard to other possible consequences.
Nutrient management systems have commonly concentrated on
maximizing yields rather than aiming at balancing the needs of the
crop with the requirements for an uncontaminated environment.
Particular problems have resulted from the utilization of animal
manures on arable crops, and the consequences of moving towards
soil conservation practices.
This paper considers the issues
associated with developing nitrogen management systems that take
account of the whole farm system, and the need to protect the
environment from losses by leaching and in gaseous form.
It
describes one means by which a systems approach can be used to link
research to the needs of the agricultural community.
Introduction
Nitrogen fertilization of many crops has been shown to be cost
effective because the increase in saleable yield readily exceeds
the input costs. Addiscott et al. (1991) showed that the ratio of
gross profit to input for wheat was between 5 and 6 to 1. At
current prices, the comparable ratio for corn in Ontario is about
3 to 1.
Considerable research effort still attaches to
investigating the effects of nitrogen on the growth and yield of
crops. For the years 1965 and 1966, about 18% of reports published
in Agronomy Journal related to nitrogen fertility, and 90% of those
were concerned with effects on growth and yield.
A similar
proportion of papers published in 1992 and 1993 related to nitrogen
fertility, and about 63% of these considered effects primarily on
plant growth or yield.
The sales of nitrogen fertilizer in Ontario have steadily declined
from the peak values in the mid 1980's, mainly because of a
reduction in the area under corn, particularly silage corn, and an
increase in soybean production (Fig. 1 ) . Another factor has also
been the further adoption of crop rotations (Coleman and Roberts,
1987) , where heavier yields can be maintained for a given nitrogen
application (Crookston et al., 1991).
At the same time other
management practices have been encouraged which can alter the
consequences of reduced sales. For example, there has been an
increase in the area of the Province where conservation tillage
practices are employed. This latter development was stimulated by
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a Federal-Provincial initiative for soil conservation, the Soil and
Water Environmental Enhancement Program, which aimed to reduce the
phosphorus loading to the Great Lakes.
conservation tillage,
particularly no-till, can result in greater losses of fertilizer
nitrogen by leaching following spring rains (Gilliam and Hoyt 1987;
Goss et al.
1993a; Shipitalo and Edwards 1993). Application of
animal manures is also more problematic in conservation tillage
systems because incorporation is more difficult, and volatilization
of ammonia can result in the loss of much of the mineral nitrogen
applied where slurry is left on the soil surface (Bless et al.
1991).
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These observations support the view that agricultural research on
nitrogen, and policies for implementation of improved practices,
most commonly address single issues, and do not consider the
consequences for the whole farming system. This paper considers
the requirements for a nitrogen management system that takes
account of the whole farm system, and the need to protect the
environment. We also consider the gaps in knowledge that limit our
ability to predict the impact of changes to a system.
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A Framework for Nitrogen Management Systems
A comprehensive nitrogen management system needs to consider the
nitrogen cycle as it pertains to the local land unit. Information
on the magnitude of the fluxes of nitrogen within the cycle need
to be established.
A budgetary approach appears to offer a
convenient format.
For agricultural systems, inputs are often
particularly significant and are derived from numerous sources
(Fig. 2 ) .

Natural Inputs

Purchases
Mineral

Symbiotic

Fertilizer

N-Fixation
Organic

NonSymbiotic

Animals
Atmospheric Deposition
Seed & feed

Figure 2. Nitrogen

inputs

to

farms

In Ontario, as in many other regions, the burning of fossil fuels
has increased the loading of nitrogen compounds in the atmosphere,
and about 20 kg N ha"1 is input annually to farms through wet and
dry deposition (Barry et al. 1993). In addition to fertilizer,
another major input is the fixation of atmospheric nitrogen gas by
grain legumes such as soybeans [Glycine max (L.) Merr.], and forage
legumes such as alfalfa (Medicago
sativa
L.) . The balance of
nitrogen on the farm depends on the outputs, including losses to
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the environment.

The outputs are summarized in Figure 3.

Offtake

Losses

Grain / Plant Products

Gaseous Loss
Volatilization

Animals
Animal Products

Leaching Loss
Manure

Figure 3.

Major

nitrogen

outputs

from

farms.

Major outputs are in the animal and plant protein sold off the
farm. Losses to the environment, either in gaseous form by ammonia
volatilization and denitrification or through leaching, are likely
to exhibit more variability than other fluxes because the
conditions conducive to loss are often transitory.
Losses of
nitrogen in sediment and runoff are also likely to vary greatly for
the same reason. However, based on a study of 11 watersheds, all
less than 6000 ha. Wall et al. (1982) estimated that the suspended
sediment leaving agricultural land in Ontario was about 210 kg ha'.
Actual values for the 11 watersheds ranged from 3 6 to 775 kg ha 1 .
Assuming an organic carbon content for topsoil of 0.02 kg kg"1, and
a C:N ratio of 8, the average N loss would be 0.5 kg N ha'1, and
might be as great as 2 kg N ha'1 in some locations.
There are other important fluxes of nitrogen that take place mainly
within the soil. The two that are of major concern are associated
with the processes
of immobilization
and mineralization.
Immobilization can include the uptake of nitrogen into crop plants
and incorporation of the nutrient into the soil organic matter
fraction
through
the
action
of
the
microbial
biomass.
Mineralization also involves the microbial biomass, so that both
these fluxes are subject to considerable variation since the
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biomass is sensitive to physical and chemical conditions in the
rooting zone. For non-leguminous arable crops, the range of values
for the major fluxes is given in Table 1.
Table 1. The range of values for major fluxes in the nitrogen
cycle with non-leguminous arable crops grown in Ontario. Values
(1982).
derived from Barry et al. (1993) and Wall et al.
Process

Flux
(kg N ha1)

INPUTS
Fertilization

75 - 250

Atmospheric
deposition

10 -

35

OUTPUTS
Harvested yield

75 - 200

Leaching

0-75

Denitrification

0-60

Sediment in runoff

<2

INTERNAL
Mineralization

60 - 120

Immobilization

20 - 100

For an agricultural system that is in equilibrium, the fluxes
associated with mineralization and immobilization will be in
balance.
This does not mean that in any year the two will be
equal, but on average there will be no net increase or decrease in
soil nitrogen over the course of a rotation. For such systems a
simplified nitrogen balance can be constructed (Fried et al. 1976;
Tanji et al. 1977; Macduff and White 1984; Lund 1982; Hill 1986).
Any excess of N-inputs over output of N in agricultural produce
then represents a potential loss to the environment through
leaching or in gaseous form.
Barry et al.
(1993) used this
approach to estimate the maximum likely concentration of nitrate-N
leaching from different cropping systems in Ontario.
Good
agreement was obtained between the predicted (7 mg N L"1) and
1
measured (10 mg N L' ) concentration of nitrate-N in water draining
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from a cash crop farm growing corn (Zea mays L . ) , soybean and wheat
(Triticum
aestivum
L.) in rotation. The importance of considering
the whole farming system of a cash-crop farm was evident from
studies of nitrogen leaching where concentrations of nitrogen in
drainage water depended as much on cropping sequence as on the
current crop (Goss et al. 1993a).
A large annual excess of nitrogen (93.5 kg N ha"1 yr"1) was predicted
for a dairy farm where no mineral nitrogen was used as fertilizer,
but 455 x 103 litres of hog manure was bought-in, and cover crops
were grown to help improve soil structure. The rotation used was
much longer than on the cash-crop farm, consisting of spelt,
followed by oilseed radish cover crop, oats undersown with red
clover, barley, winter rye, followed by oilseed radish cover crop,
two years of alfalfa and grass hay, and one year of alfalfa and
grass pasture. Large excesses have been reported for dairy farms
in Europe (Aarts et al. 1992; Kaffka and Koepf, 1989).
Current Issues in Nitrogen Management Systems
The study of farming systems (e.g. Aarts et al. 1992) has already
indicated that the impacts of a number of components need to be
considered in more detail.

Table 2. Nitrogen budget
L.) and wheat
rotation.
Input
Seed

for a tomato

(kg N ha1)
1.4

(Lycopersicon

Output
Grain/Fruit

lycopersicum
(kg N ha"1)
77.4

Fertilizers
62.5
Fixation
Non-symbiotic
Atmospheric
deposition
TOTAL
Imbalance*
Predicted
groundwater
contamination
(mg L1)

5.0
18.4
77.4

87.3
9.9

6.2

'Total Inputs-outputs, leaching loss not included.
Agronomic information taken from Johnston, (1992).
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Cover

crops

There has been much interest in growing nitrogen-fixing legumes,
such as red clover (Trifolium
pratense
L.) and hairy vetch
(Vicia
L.), as cover crops. Table 2 shows a simplified nitrogen
villosa
budget for a tomato-wheat rotation, which indicated a small annual
excess of nitrogen.
When red clover was grown as a cover crop following the harvest of
wheat, the optimum fertilizer nitrogen application was unchanged,
although there was a yield benefit from the adoption of the clover.
The simplified budget suggested that the additional nitrogen input
to the system from the clover could have resulted in a fourfold
increase in the nitrate concentration in drainage water (Table 3 ) .
As one role for cover crops is to immobilize nitrogen at risk of
leaching in the fall and early spring, a key aspect that needs
testing is the extent to which the soil nitrogen is exploited
rather than atmospheric nitrogen fixed. Also the maximum depth
from which cover crops will extract significant amounts of nitrogen
needs to be examined further.

Table 3. Nitrogen budget for a tomato and wheat rotation
clover used as a cover crop after
wheat.
Input
Seed

(kg N ha1)
1.4

Output
Grain/Fruit

with

red

(kg N ha')
81.4

Fertilizers
62.5
Fixation
Symbiotic
Non-symbiotic
Atmospheric
deposition

34.8
5.0
18.4

TOTAL

122.1

Imbalance*

40.7

Predicted
groundwater
contamination
(mg L1)

81.4

25

'Total Inputs-outputs, leaching loss not included.
Agronomic information taken from Johnston, (1992).
Uptake of nitrogen by non-leguminous cover crops can reduce the
mineral-nitrogen content of the soil significantly in the fall
compared with leaving the soil bare. In addition to a cover crop
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reducing the nitrate available for leaching, it can reduce the
leaching by restricting drainage as a result of increasing the
water loss by evaporation relative to uncropped land.
The
magnitude of the effect depends on climatic conditions (Chapot et
al.,
1990).
An adequate uptake of nitrogen has commonly been found to require
early planting of a cover crop (Meisinger et al. 1991). In Europe,
planting before 1 September appears to be essential if a
significant uptake of nitrogen is to take place (Landman, 1990).
In a study on the use of cover crops following the fall application
of cattle manure, Goss et al.
(1993b) found a good correlation
between the amount of nitrogen immobilized in the plant (y kg N
ha1) and the dry matter (x t ha"1) produced in the fall (Fig 4) ,
given by:
y-0.043x-10.2
(r2 = 0.987,

p< 0.00..) .
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oats,
wild
southeastern

Another aspect of the adoption of cover crops to reduce nitrate
leaching is the remineralization of nitrogen from the residues.
There is some information on the amount of nitrogen released from
cover crops, and the effect of the growth stage at the time of
cover crop kill on the total released has been investigated for
crimson clover (Trifolium
incarnatum
L.) (Ranells and Wagger,
1992) .
The timing of the release of nitrogen is less well
documented. Studies with red clover and alfalfa indicated that
soil mineral nitrogen increased rapidly in spring, and that there
was a steady increase in content in the summer and fall after the
phase of maximum crop uptake (Alder, 1988). Using N15 as a tracer,
the same author showed that most of the available nitrogen from the
legume crops was taken up by barley in the first five weeks after
seeding, but corn incorporated most of the nitrogen it derived from
the legumes between five and twelve weeks after planting. Maitland
and Christie (1989) compared the contribution to the nitrogen in
barley (Hordeum vulgare
L.) and corn from the plough-down of four
legumes, hairy vetch, sweet clover (Melilotus
alba L.), alfalfa and
red clover (two varieties - Arlington and Florex). Corn recovered
more of the nitrogen from hairy vetch, alfalfa, and red clover cv.
Florex than did barley, suggesting that the nitrogen from these
crops became available later than that from sweet clover and red
clover cv. Arlington. Miller et al. (1992) found that nitrogen
which was
from oilseed radish (Raphanus sativus
L. var. oleifera),
killed by frost late the previous fall, was released early in the
spring. Only 35% of nitrogen in the oilseed radish appeared to be
recovered in the following corn crop compared with a recovery of
70% from red clover, suggesting that there was a significant loss
of nitrogen by leaching or denitrification following oilseed
radish. In contrast, less nitrogen was recovered by corn following
ryegrass (Lolium
multiflorum
L.) than by corn after a winter
fallow, suggesting that little nitrogen was remineralized from
residues of this cover crop during the spring or summer.
Mustard (Sinapsis
alba L.) and fodder rape (Brassica
napus L.)
released some nitrogen to following spring crops (Catt et
al.,
1992).
However, results from the same experiment showed that
nitrate leaching under a fall-sown cereal was greater where the
preceding crop was spring sown than fall-sown.
Furthermore,
leaching was greater where cover crops had been grown, than where
the land had been fallowed prior to sowing the spring crops
(Fig 5). More studies on the fate of nitrogen taken up by cover
crops are needed before better cropping systems can be developed
that reduce nitrate leaching, and prevent soil erosion.

Atmospheric

deposition

Much of the variation found in the input of nitrogen from
atmospheric deposition was apparently due to ammoniacal forms, and
could be particularly large close to animal units (Sanderson,
1977) . A 20 kg N ha"1 underestimate in the input to an arable farm
where through-drainage is 200 mm yr', could on average result in
the
concentration in the drainage water being 10 mg N L"1
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greater than expected. Losses of ammonia by volatilization from
manure systems, including application systems has been found to be
very variable, and dependent on physical plant as well as on
atmospheric conditions and soil physical conditions. On farms with
animal enterprises, considerable uncertainty would be expected in
the potential for nitrate leaching to ground water because of this
variability.
The improved knowledge on animal nutrition has
resulted in a considerable potential to reduce the amount of
nitrogen excreted, and hence the ammonia at risk to volatilization.
This reduction in the nitrogen content of manure can derive from
the use of dietary supplements and improved formulation of feed
coupled with phase feeding, which links diet to growth stage (see
Goss et al. 1993c).
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Utilization

of animal

manures

Treatment of manures in storage, such as by acidification, solid
separation, or dilution, can be effective in minimizing N losses.
They can also improve the balance of nitrogen to phosphorus and
potassium in the material, making it closer to the needs of the
crop (Stevens et al. 1992a). There is also evidence that these
treatments of manure can enhance the efficiency of nitrogen
utilization by crops (Stevens et al. 1992b).
Agronomy
Methods of applying nitrogen to crops, as mineral or organic
fertilizers, are also important in determining the potential for
nitrogen loss by leaching. Nitrate ions at the soil surface are
more readily transported towards macropores where they can rapidly
leach downwards out of the rooting zone. In the spring when soils
are still moist, a single surface application can leave more
nitrogen vulnerable to leaching than if the application is split.
Also, nitrate resulting from nitrification within structural units
can be less vulnerable than nitrate applied as fertilizer (Goss et
al. 1993a).
From assessment of the fluxes of nitrogen on a farm it is evident
that the removal of nitrogen in saleable produce is an important
component. Agronomic, climatic and soil factors which can lead to
impaired growth
will also tend to reduce the utilization of
nitrogen. Equally it is important to ensure that there is little
fertilizer nitrogen residual in the soil as crops start to mature.
The combined use of soil test and fertilizer response data has
successfully provided the means of achieving the latter goal for
corn, although further work is necessary if organic manures are
used (Kachanoski and Beauchamp, 1991; Meisinger et al. 1992).
An engineering approach to reducing nitrate leaching in soils with
subsurface drainage, has been to raise the watertable in summer.
This has aimed to increase crop growth by eliminating soil water
deficits, and reduce the risk of residual fertilizer at the end of
the season. One consequence of this approach that requires proper
investigation is the risk of enhanced denitrification which,
through the impact of oxides of nitrogen on global warming, could
have a greater environmental impact than the effect of nitrate on
water quality. The loss of nitrous oxide during nitrification also
needs better quantification for this reason (Bouwman 1990; Eichner
1990) .
Economics
These biophysical aspects of nitrogen management have also to be
considered in relation to the economics of production. The area
of most concern is developing appropriate economic models for offfarm costs associated with the environmental impacts of nitrogen
management.
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The Development of Improved Nitrogen Management through a Systems
Approach
The greater knowledge base now available, and the rapid development
of mechanistic models dealing with the components of nitrogen
management systems, requires that some effort be put towards
improving our ability to integrate these components. As farmers
are being put under increasing pressure from the public to reduce
environmental impacts, there is considerable need to provide
extension information now. In Ontario there is increasing demand
for on-farm studies to supply this need. At the University of
Guelph the move towards a systems approach has been aided by the
establishment of expert panels.
These provide a forum where
researchers from different disciplines, extension personnel,
commodity groups, producers and environmentalists can meet to
review relevant issues. The intent is for the panels to provide
critiques of current practices, assess the benefits and limitations
of new ones, and to stimulate the adoption of promising research
through extension and education. By these means it is hoped to
revitalise the cycle of research, extension, application and
identification of limitations on the system.
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Management Options to Limit Nitrate Leaching
from Grassland
S.P.Cuttle1* and D.SchoIefield2 ^Institute of Grassland and Environmental
Research, Plas Gogerddan, Aberystwyth, Dyfed SY23 3EB. institute of
Grassland and Environmental Research, North Wyke, Okehampton, Devon EX20
2SB, UK.
Abstract. Under suitable climatic conditions and with appropriate management, little nitrate
is leached from cut grassland at fertiliser rates of up to about 400 kg N ha'\ However, losses
are increased by the introduction of grazing animals and nitrate concentrations measured in
drainage from intensively managed grazed swards frequently exceed permitted limits for
drinking water. Losses from intensively managed grassland can be reduced by reducing N
inputs. The economic penalties arising from the resulting reduction in output may be partly
offset by the savings in fertiliser costs that can be achieved by changing to clover-based
pastures. Alternatively, losses can be reduced by improving the efficiency of N use in high
output systems. Possible measures include adjusting fertiliser rates on the basis of soil
mineral N content, improved utilisation of animal slurries and manures, changes in grazing
patterns and modifications to livestock diets. To be effective in reducing losses,
improvements in efficiency should result in reductions in N inputs. Systems involving
grass/arable rotations may improve the efficiency of N use provided that nitrate leaching can
be controlled during the arable phase.
Introduction. The temperate climate of western Britain is well-suited to the growth of grass
and supports a wide range of beef, dairy and sheep production systems. Pastures range from
extensively grazed areas of unfertilised semi-natural vegetation to intensively managed
grassland receiving up to 400 kg N ha"1 annually. Little nitrate is leached from the more
extensive, moderately fertilised swards but nitrate concentrations in drainage water from
intensively managed pastures may be considerably in excess of the European Community
limit of 11.3 mg N 1' for drinking water. The development of strategies for reducing nitrate
losses has concentrated on these pastures where the problem is seen to be most acute.
Factors contributing to nitrate leaching. Significant leaching of nitrate from grassland is
generally associated with conditions which lead to an accumulation of nitrate in the soil.
Under suitable climatic conditions, grass swards are relatively efficient at taking up mineral
N and where herbage is cut and removed from the field application of fertiliser at rates of
up to about 400 kg N ha"' leave little residual mineral N in the soil at the end of the growing
season (19). As a result, leaching losses are generally small. Where significant losses do
occur from cut swards, these are most frequently associated with excessive applications of N
at inappropriate times, for example, when plant uptake is restricted in autumn or during
periods of drought (10,12). Direct losses of N fertiliser may also occur in drainage water or
surface run-off when heavy rain follows shortly after application of fertiliser to well-structured
or wet, impermeable soils (9,22).
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Introduction of the grazing animal has a major impact on flows of N in grassland and leads
to significant increases in the quantities of nitrate that are leached. Of the N consumed by
ruminants, 75 to 95% is excreted (30) and, in the case of grazing stock, is returned to the
pasture as dung and urine. As excreta are deposited as localised patches, rather than being
spread uniformly over the pasture, they provide particularly high inputs of N to the affected
areas. Inputs to individual dung and urine patches are equivalent to between 30 and 100 g
N m"2(3) and are considerably in excess of the sward's immediate requirements. In the soil,
urea is rapidly hydrolysed to ammonium and nitrate-N and urine patches provide foci from
which large losses of N may occur. Nitrogen in dung is present in organic forms that are less
rapidly mineralised and is less susceptible to loss (3). Nitrate leaching from grazed pastures
is therefore characterised by a high degree of spatial heterogeneity with large losses from a
randomly distributed pattern of urine patches superimposed on a smaller background loss
from the pasture as a whole. The overall loss will be determined to a large degree by what
proportion of the total area has been affected by excreta and will thus be closely related to
stocking rate. The background loss is likely to contribute proportionally more to leaching
from intensively managed grassland where, as with cut swards, high fertiliser inputs and
mineralisation rates may contribute directly to increased concentrations of nitrate in the soil.
The relative importance of the different processes that determine nitrate contents in the soil
and the subsequent mechanisms of leaching are influenced by soil type and climate as well
as by management. As a result, the actual quantities of nitrate that are leached and
concentrations in drainage water may be appreciably different at different sites and in
different years, even where N inputs are similar. Where data from separate studies have
been considered together, nitrate losses display considerable variation that can only be partly
explained in terms of soil and climatic factors (15). The sensitivity of N losses to differing
conditions demonstrates the potential that exists for controlling leaching through an
understanding and manipulation of N flows but also emphasises the differences between sites
and the likelihood that particular control measures may be more effective in some
circumstances than in others.
Strategies to reduce nitrate leaching. Measures to control nitrate leaching seek to prevent
the occurrence of excess nitrate concentrations in the soil, generally by matching the supply
of N more closely to the demands of the sward and by minimising the impact of the grazing
animal. However, leaching cannot be considered in isolation from other forms of N loss.
Gaseous emissions of ammonia and nitrous oxide are also of environmental concern and
strategies that reduce nitrate leaching by redirecting the loss to one of these other pathways
cannot be considered to be acceptable, except perhaps as a short-term expedient in
circumstances where the impact of nitrate leaching is particularly acute.
A distinction can be made between strategies that reduce leaching losses simply by reducing
inputs, without involving specific measures to modify N flows, and those that seek to maintain
a high level of production while controlling losses through the adoption of management
practices that improve the efficiency of N use (Table 1). To be effective in reducing leaching
without at the same time increasing other losses, any of these control measures must satisfy
one or more of the following criteria. They must either;
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(a)
(b)
(c)

achieve an overall reduction in N inputs,
increase the proportion of the N input recovered in the animal product or
increase the total storage of N within the system.

Control of losses through reducing N inputs. As large N losses are particularly a feature of
more intensive grassland systems, it follows that losses may be reduced by limiting inputs of
N, both as fertiliser and in the form of bought-in concentrates. The effectiveness of
reductions in fertiliser inputs in reducing nitrate losses is demonstrated by data from an
experiment on a clay-loam soil at North Wyke in Devon in which nitrate losses were
measured from swards grazed by beef cattle (22,27). Nitrogen fertiliser was applied to both
drained and undrained plots at rates of either 200 or 400 kg N ha"1 annually. Over a 7-year
period, the mean quantity of nitrate leached from the plots receiving 200 kg N ha"1 was only
27% of that leached from the 400 kg N ha"1 treatments. During this period, the average
liveweight gain with the lower fertiliser rate was equivalent to 90% of that achieved with 400
kg N ha 1 (Table 2).
Measures to reduce nitrate leaching
-

Improved precision of rate and timing of fertiliser use
Balanced fertiliser use
Use of good quality fertilisers
Improved accuracy of spreading
Use of ammonium-based fertiliser in spring
Application of slurry in spring or summer
Emphasis on cutting in late season
Use of grass/clover swards
Reliance on long-term grassland
Reseeding leys in spring

Table 1. Measures that have been proposed for reducing nitrate leaching from grassland
(11).
In many circumstances, consideration of the impact of strategies to control leaching must also
take account of the extent of the area over which losses are distributed. Although nitrate
losses may be smaller from systems with reduced inputs, these require a greater area of land
to achieve the same total output as that produced by more intensively managed grassland.
In this respect, the shape of the response curve linking N losses to inputs is of particular
importance. There is evidence from a number of studies to indicate that this is not a linear
relationship and that nitrate losses increase disproportionately with increasing input (4,13).
As a consequence, the overall quantity of N leached should be less from more extensively
managed grassland than if the same output was produced intensively on part of the area and
the remaining land allocated to low intensity uses that did not contribute to nitrate leaching.
This comparison ignores the economic arguments in favour of more intensive production
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systems. The economic viability of many agricultural units is dependent on maximising
production from the land area that is available. In these cases, significantly reducing inputs
below what is considered to be an economic optimum is not a viable option, except perhaps
where compensation is available from Government. However, opportunities for adopting less
intensive grassland systems may be greater where this includes a change to the use of cloverbased pastures. In this case, savings in fertiliser costs to some extent offset loss of income
arising from the reduction in output. Grass/clover systems may therefore have a role in
reducing nitrate leaching simply because of these economic advantages which make the
adoption of moderately intensive systems a more viable option for farmers.
Undrained

Animal production
(kgha'yr" 1 )
N leached
(kg N h a ' y r ' )

Drained

200N

400N

200N

400N

784

879

878

965

18

74

59

194

Table 2. Effects of fertiliser input on animal production and quantities of N leached from
undrained and drained pastures grazed by beef cattle (mean values 1983-89).
There is insufficient evidence to establish whether the quantities of nitrate leached from
grass/clover swards differ from those where N is supplied as fertiliser. Leaching losses from
grass/clover pastures have been shown to be smaller than those from intensively managed
grassland receiving large inputs of N fertiliser (20) but where comparisons have been made
between clover- and fertiliser-based swards of similar stock carrying capacity, there appears
to be little difference in the quantities of nitrate leached (7). Losses from productive, cloverrich pastures can be considerable (1,2). Nitrogen losses from perennial ryegrass (Lolium
perenne L.) plots receiving 150-200 kg fertiliser N ha "'and from unfertilised ryegrass/white
clover (Trifolium repens L.) plots have been compared in an experiment on a freely drained
soil at Aberystwyth in Wales (9 and unpublished data). The number of sheep on the plots
was adjusted throughout the grazing season to match the rate of herbage production. Data
obtained over 6 consecutive years demonstrate a similar relationship between stocking rate
and N loss for both treatments (Figure 1), indicating that stocking rate and hence, the
proportion of pasture affected by excreta, was the main factor determining losses, irrespective
of whether the origin of the N was as fertiliser or by fixation.
In spite of these observations, there are features of clover-based pastures that have not been
investigated in detail but would be expected to limit N losses in comparison to fertilised grass
swards. Although the risk of direct leaching of fertiliser N will be less, early growth of
grass/clover swards is considered to be restricted by a lack of available N in spring (11) and
any fertiliser that is used on these swards is most likely to be applied at this time when the
risk of direct leaching is greatest. Where contents of mineral N in the soil are sufficient,

141

clover plants will utilise this source in preference to obtaining N by fixation (5). This selfregulating mechanism may limit additional inputs of N to areas of pasture such as urine
oatches where there is already an excess. In contrast, fertiliser applications supply N
uniformly to all areas, including those positions where the potential for loss is greatest. It
has also been suggested that urine and mineral N are recycled more effectively in
grass/clover pastures than in heavily fertilised swards (18). As a result, grass/clover swards
may be able to sustain a relatively high animal output on the basis of low inputs of N by
fixation and with only small losses.
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Figure 1. Relationship between annual leaching losses and mean stocking rates (postweaning) for a ryegrass sward receiving 150-200 kg fertiliser N ha"1 and an unfertilised
grass/clover sward: 1987-1993 (9 and unpublished data).
Strategies to improve the efficiency of N use. Although there is increased awareness and
concern about the environmental impact of intensive grassland systems, the economic
pressures that have encouraged their adoption have not diminished. As a result, control

measures that involve substantial reductions in output would not be considered to be viable
options in many circumstances. Alternative strategies therefore seek to improve the
utilisation of N in order to develop production systems that maintain a high level of animal
output but with reduced losses. In order to be effective in reducing losses, any measures that
improve the efficiency of N use must be seen as means of reducing the N input required for
a particular level of output, rather than providing opportunities for further increasing
production.
The optimum use of fertilisers can be achieved by matching N inputs to the needs of the
sward, thus avoiding the build-up of high concentrations of nitrate in the soil. This must take
account of the supply of N from non-fertiliser sources: excreta of grazing animals, manures
from housed stock (which include N from purchased feeds) and mineralisation of soil organic
matter make available large amounts of N and significantly influence the optimum fertiliser
requirements of intensively managed swards (29).
On many farms the application of animal manures has been regarded as a waste disposal
problem with little account taken of their nutrient content. These materials are frequently
applied to land in autumn and winter when there is little opportunity for plant uptake with
the result that much of the N that they contain is leached during the winter. Restricting the
timing and rate of applications to match the supply of N more closely to the requirements
of the sward minimises leaching from this source (17). However, the more efficient
utilisation of animal manures retains more N within the actively cycling pool and will
ultimately contribute to the losses from the system. The benefit of more efficient use of
manure and slurry will only be realised if the increased contribution of N from this source
is matched by an equivalent reduction in the net input of N, most probably in the form of
a reduction in fertiliser use. In practice, this requires that better information be made
available to farmers about the effective nutrient content of manures and the responses that
are likely to be obtained from their use.

Fertiliser N applied (kg N ha-1)
1

Animal liveweight gain (t ha" )
_1

Soil mineral N in autumn (kg N ha )
1

N leached (kg N ha" )

Conventional
strategy

Tactical
strategy

214

201

1.04

1.06

39

27

52

65

Table 3. Comparison of the effect of conventional and tactical fertiliser strategies on animal
production and N leaching from drained swards (mean values 1990-91 and 1991-92) (25).
A recent study has attempted to improve the precision of fertiliser application rates by using
a rapid test to determine the mineral N content of the soil at intervals during the grazing
season and adjusting fertiliser rates on the basis of these measurements to avoid excessive
accumulations of mineral N (25). This strategy has been tested on grazed plots that received
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dressings of N fertiliser at 14-day intervals between March and August, either at a fixed rate
or as tactical dressings with the rates adjusted as described above. Although there was little
difference in the total quantities of fertiliser applied or in the liveweight gains of beef cattle
on either treatment, the tactical application strategy was successful in reducing the content
of mineral N in the soil profile at the start of winter (Table 3). However, this benefit was
not reflected in the actual quantities of N leached which were at least as great with the
tactical applications as with the conventional strategy.
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Figure 2. Proportions of urine N recovered in grass and remaining in the soil in November
following applications of urine (equivalent to 300 kg N ha *) on different dates during the
growing season (8).
Limited sward growth in late summer restricts the uptake of N. As a result, urine deposited
towards the end of the growing season leaves a greater residue of inorganic N in the soil and
contributes proportionally more to N leaching over winter. Studies with simulated urine
patches (8,23) have shown that only urine deposited in September or later contributed
significantly to the nitrate that was present in the soil at the start of the winter leaching
period in November (Figure 2). The removal of stock from fields earlier in the season and
utilisation of subsequent herbage growth by taking a late silage cut should therefore limit the
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accumulation of soil mineral N at the end of summer.
The potential benefits of this strategy have been investigated in studies which compared
nitrate leaching from plots that were grazed throughout the season with leaching from plots
from which cattle were removed in July and further herbage growth removed by cutting. In
initial studies on a clay site, the early removal of stock was effective in reducing the
accumulation of mineral N in the soil from 31.4 to 4.4 kg N ha"1 in October and from 36.2
to 13.5 kg N ha"1 in the following October (26). However, results from later trials on more
freely drained soils were more variable (14), possibly reflecting the greater susceptibility of
these soils to drought conditions which restricted growth and N uptake in late summer.
Adoption of this strategy would require increased storage capacity to contain the additional
manure produced as a result of housing animals for a greater proportion of the year. The
management system would also need to include sufficient safeguards to minimise losses
during the handling and spreading of manures, otherwise the measures merely serve to
postpone the loss of N.
The poor utilisation of ingested N by ruminants and subsequent excretion of the surplus are
to a large extent results of an imbalance between the contents of rumen degradable N and
carbohydrate in the diet. Although highly fertilised grass is of high nutritive value, its N
content is approximately double what the animal needs and can utilise efficiently.
Supplementing grass diets with low N forages or concentrates such as maize silage or beet
pulp would lead to an improvement in N utilisation by the animal and a reduction in the N
excreted (24). The overall impact on N balances for grassland systems would be dependent
on the source of the supplement. If purchased from outside the farm, this would represent
an additional input of N unless there was a corresponding decrease in other inputs.
Alternatively, substituting areas of highly fertilised grass with maize silage would reduce the
overall requirement for N fertiliser. This would also have wider implications associated with
the changes in cropping patterns that would be involved. Cultivation of grassland soils for
arable crops may in itself increase the potential for nitrate loss but this risk should be
assessed within the particular context of grass/arable rotations.
Increasing the arable area in grassland systems may result in a greater proportion of younger
pastures which may have a direct influence on nitrate leaching. In recently-established
grassland, particularly after a period of arable cropping, a major component of the N balance
is the net accumulation of N in soil organic matter. The annual rate of increase in total N
content for grassland soils has been reported to be between 50 and 150 kg N ha"1 (6,28). As
pastures age, the organic matter content normally approaches an equilibrium and the rate
of N accumulation declines. If N inputs remain constant over this period, the reduction in
the proportion of N immobilised in soil organic matter must be matched by a corresponding
increase in N outputs. Although some of this may be accounted for in increased animal
production, the remainder is presumed to contribute to a pattern of increasing N losses with
increasing sward age.
In the North Wyke grazing experiment, quantities of nitrate leached from undisturbed
permanent pasture receiving 400 kg N ha"' were consistently greater than those from similarly
fertilised plots where the pasture had been ploughed and reseeded at the start of the
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experiment (Table 4) (22). Studies at Aberystwyth indicate that changes associated with
sward age may occur over a relatively short time scale. In this instance, nitrate losses from
a reseeded ley were minimal in years 2 and 3 after establishment but increased appreciably
in subsequent years in spite of fertiliser inputs remaining approximately constant (Table 5).
The greater leaching losses from year 4 onwards were attributed to an increased supply of
N from mineralisation of soil organic matter, leading to increased herbage production and
higher stocking rates. If in later years, the input of fertiliser had been reduced to balance
the increasing contribution of N from soil organic matter, it is unlikely that stocking rates and
leaching losses would have increased to the same extent.
N leached (kg Nha ' y r ' )

Pasture type
1

(+400 kg fertiliser-N ha" )

Undrained

Drained

Permanent pasture

80

199

Ryegrass reseed

27

85

Table 4. Effect of reseeding on the quantities of nitrate leached from permanent pasture
(mean values 1983-87) (22).
Although describing a more gradual rate of change than that observed in the Aberystwyth
study, the grassland model developed by Scholefield et al. (21) can be used to demonstrate
this interaction between sward age, productivity and N leaching. For the example of a beef
grazing system receiving a fixed input of 250 kg fertiliser N ha"1 year"1, the model predicts
that over a 20-year period there will be a gradual increase in animal output with an
accompanying increase in the quantity of N leached (Figure 3). However, if the model is rerun with the fertiliser input for each time increment adjusted to maintain animal output at
its initial level, then the N loss remains constant. In this case, the advantages of reseeded
swards are only evident when losses are compared with those from longer-established
pastures receiving a similar N input but of greater productivity.
Years after reseeding
2
3
4
5
6
7

Stocking rate
(lambs/ha)

N leached
(kg N h a 1 )

22
27
27
34
61
46

7
2
24
28
43
28

Table 5. Changes in stocking rates (post-weaning) and quantities of nitrate leached from a
recently established ryegrass ley receiving 150-200 kg fertiliser N ha"1 (9 and unpublished
data).
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There was no evidence that the smaller N losses from the reseeds at North Wyke were
associated with a reduction in productivity. Though the differences were not significant,
average liveweight gains were 18% greater on the reseeded plots than on the permanent
pasture (27). Differences between the two sites may be associated with differences in
fertiliser rates. Where, as at North Wyke, N inputs are already sufficient to achieve near
maximum production, any changes in the supply of N from decomposition of soil organic
matter would have little effect on animal production but would have a greater, direct effect
on the quantities of N available for loss.

80

1? 70

Fertiliser application rate:
'//A

Fixed

| Adjusted

Ï 60

VA

o

to

-r
d>

250

V, 237

250

^230

^
V/ 217

50

(0

40

0T

vA , K / 1 , vM j/m ty/m
<2

Figure 3.
increasing
a constant
prediction

2-3

4-6
7-10
11-20
Age of pasture (years)

ym
>20

Predictions (21) of changes in the quantities of N leached from pasture of
age when fertiliser inputs are (a) fixed at 250 kg N ha "'or (b) adjusted to maintain
animal output. The solid bars are labelled with the fertiliser inputs used for
(b).

Interactions between N leaching and pasture age may be of particular significance in the case
of grass/arable rotations. It is a characteristic of these systems that the organic matter and
N that accumulate in the soil during the grassland phase of a rotation are mineralised during
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the subsequent arable phase and N made available to the arable crop. Although this has not
been studied directly, the periodic cultivation and depletion of organic matter would be
expected to slow the rate at which the content of organic matter in the soil approaches an
equilibrium and may thus maintain the soil's capacity to immobilise N and limit leaching
during the grass phase of the rotation. The offtake of N in the arable crop represents a
further improvement in the efficiency of N use; however, increased mineralisation rates
associated with cultivation also increase the potential for N loss and the overall effectiveness
of a rotation in reducing leaching will be dependent upon the extent to which losses can be
controlled during the arable phase.
Conclusions. Reducing N inputs is an effective means of reducing nitrate leaching from
intensively managed grassland. However, on many farms this would not be an economically
viable option because of the resulting fall in agricultural output. This loss of income may
be offset to some extent by the savings in fertiliser costs that would result if this policy of
extensification also involved a change to greater use of grass/clover swards.
Alternative strategies to improve the efficiency of N use in what continue to be intensively
managed systems also provide opportunities for substantially reducing N losses. In the
majority of cases the benefits arising from the measures that have been proposed are likely
to be additive and they should not be examined in isolation. For this reason and because
of the need to optimise flows of N between the different components of grassland systems,
the impact of strategies to reduce nitrate leaching should be investigated at the whole-farm
level. A number of 1-ha experimental 'farmlets' have recently been established at North
Wyke to compare nitrate leaching from unfertilised grass/clover swards and from grass
monocultures receiving N fertiliser either as applications representing current practice or as
tactical applications adjusted on the basis of soil mineral N content (16). Each farmlet
incorporates grazing, silage and slurry components within a self-contained unit and will allow
the effectiveness of different strategies for reducing nitrate leaching to be evaluated within
the context of the whole-farm system.
Literature Cited.
(1)
(2)

(3)
(4)

(5)
(6)

Baber, H.L. and A.T.Wilson. 1972. Nitrate pollution of ground water in the Waikato
Region. J. N.Z. Inst. Chem. 36: 179-183.
Ball, P.R. 1982. Nitrogen balances in intensively managed pasture systems. In
Nitrogen Balances in New Zealand Ecosystems. Proc. Workshop, Palmerston North,
1980, DSIR, New Zealand: 47-66.
Ball, P.R. and J.C. Ryden. 1984. Nitrogen relationships in intensively managed
temperate grasslands. Plant Soil 76: 23-33.
Barraclough, D.,S.C.Jarvis, G.P. Davies and J. Williams. 1992. The relation between
fertilizer nitrogen applications and nitrate leaching from grazed grassland. Soil Use
Mangmnt. 8: 51-56.
Becana, M. and J.I. Sprent. 1987. Nitrogen fixation and nitrate reduction in root
nodules of legumes. Physiologia Plant. 70: 757-765.
Clement, C.R. and T.E. Williams. 1967. Leys and soil organic matter. 2. The
accumulation of nitrogen in soils under different leys. J. Agric. Sci. (Cambridge) 69:

148

(7)
(8)
(9)
(10)

(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)

133-138.
Cuttle, S.P. 1992. Prospects for reducing nitrate leaching by the use of clover in
grassland systems. In Nitrate and Farming Systems, Aspects Appl. Biol. 30: 239-242.
Cuttle, S.P. and P.C. Bourne. 1993. Uptake and leaching of nitrogen from artificial
urine applied to grassland on different dates during the growing season. Plant Soil
150: 77-86.
Cuttle, S.P.,M. Hallard, G. Daniel and R.V. Scurlock. 1992. Nitrate leaching from
sheep grazed grass-clover and fertilized grass pastures. J. Agric. Sci. (Cambridge) 119:
335-343.
Dowdell, R.J. and C.P. Webster. 1980. A lysimeter study using nitrogen-15 on the
uptake of fertilizer nitrogen by perennial ryegrass swards and losses by leaching. J.
Soil Sci. 31:65-76.
Frame, J. 1992. Improved Grassland Management. Farming Press, Ipswich, U.K.
Garwood, E.A. and K.C. Tyson. 1977. High losses of nitrogen in drainage from soil
under grass following a prolonged period of low rainfall [Short Note]. J. Agric. Sci.
(Cambridge) 89: 767-768.
Kolenbrander, G.J. 1981. Leaching of nitrogen in agriculture, p. 199-216. In J.C.
Brogan (ed.) Nitrogen Losses and Surface Run-off. ECSC, EEC, EAEC, Brussels &
Luxembourg.
Lord, E.I. 1992. Nitrate leaching from intensively grazed swards. Proc. No. 327, The
Fertiliser Society, London.
Macduff, J.H..J.H.A.M. Steenvooi ;n, D. Scholefield and S.P. Cuttle. 1990. Nitrate
leaching from grazed grassland. Proc. 13th General Mtg. European Grassld. Fed. 2:
18-24.
Pain, B. and I. Jones. 1993. Pollution from farm wastes. IGER Rep. 1992, Institute of
Grassland & Environmental Research, Aberystwyth. 59-66.
Pain, B.F.,K.A.Smith and C.J.Dyer. 1986. Factors affecting the response of cut grass
to the nitrogen content of dairy cow slurry. Agric. Wastes 17: 189-202.
Parsons, A.J., P.D. Penning and D.R. Lockyer. 1991. Uptake, cycling and fate of
nitrogen in grass-clover swards continuously graced by sheep. J. Agric. Sci.
(Cambridge) 116:47-61.
Prins, W.H. 1980. Changes in quantity of mineral nitrogen in three grassland soils as
affected by intensity of nitrogen fertilization. Fert. Res. 1:51-63.
Ryden, J.C..P.R. Ball and E.A. Garwood. 1984. Nitrate leaching from grassland.
Nature (London) 311:50-53.
Scholefield, D., D.R. Lockyer, D.C. Whitehead and K.C.Tyson. 1991. A model to
predict transformations and losses of nitrogen in UK pastures grazed by beef cattle.
Plant Soil 132: 165-177.
Scholefield, D., K.C. Tyson, E.A. Garwood, A.C. Armstrong, J. Hawkins and A.C.
Stone. 1993. Nitrate leaching from grassland lysimeters: effects of fertilizer input, field
drainage, age of sward and patterns of weather. J. Soil Sci. 44 (in press).
Sherwood, M. and A. Fanning. 1989. Leaching of nitrate from simulated urine
patches, p. 32-44. In J.C. Germon (ed.) Management Systems to Reduce Impact of
Nitrates. Elsevier Science Publishers, Barking, Essex, U.K.
Tamminga.S. and M.W.A. Vestegen. 1992. Implications of nutrition of animals on

149

(25)

(26)

(27)

(28)
(29)

(30)

environmental pollution, p. 113-130. In P.C. Garnsworthy, W.E. Haresign and
D.J.A.Cole (ed.) Recent Adv. Anim. Nutr. 1992. Butterworth-Heinemann, Oxford,
U.K.
Titchen, N.M.and D. Scholefield. 1992. The potential of a rapid test for soil mineral
nitrogen to determine tactical applications of fertiliser nitrogen to grassland. In
Nitrate and Farming Systems. Aspects Appl. Biol. 30: 223-231.
Titchen, N.M.,R.J. Wilkins, L. Phillips and D. Scholefield. 1989. Strategies of fertiliser
nitrogen application to grassland for beef: effects on production and soil mineral
nitrogen. Proc. 16th Int. Grassld. Congr.,Nice, France: 183-184.
Tyson, K.C.E.A. Garwood, A.C. Armstrong and D. Scholefield. 1992. Effects of field
drainage on the growth of herbage and the liveweight gain of grazing beef cattle.
Grass Forage Sci. 47: 290-301.
Tyson, K.C.D.H. Roberts, C.R Clements and E.A. Garwood. 1990. Comparison of
crop yields and soil conditions during 30 years under annual tillage or grazed pasture.
J. Agric. Sci. (Cambridge) 115:29-40.
Van der Meer, H.G. and M.G. van Uum-van Lohuyzen. 1986. The relationship
between inputs and outputs of nitrogen in intensive grassland systems, p. 1-18. In H.G.
van der Meer, J.C. Ryden and G.C. Ennik (ed.) Nitrogen Fluxes in Intensive
Grassland Systems. Martinus Nijhoff, Dordrecht, the Netherlands.
Whitehead, D.C. 1970. The Role of Nitrogen in Grassland Productivity. Bull.
Commonw. Bur. Pastures and Field Crops, No. 48. Commonw. Agric. Bur., Farnham
Royal, U.K.

150

Identification and Mitigation of Nitrate Leaching
Hot Spots Using NLEAP/GIS Technology
M J . Shaffer* and B.K. Wylie. U.S. Department of Agriculture, Agricultural
Research Service, Great Plains Systems Research Unit, Fort Col/ins, CO
80522 USA.
Abstract. Leaching of N03-N from agricultural lands often occurs in
well-defined hot spot areas when viewed across geographical regions
of several km2. These hot spots often first appear as areas of high
NO3-N concentrations in shallow underlying aquifers. An excellent
method of screening for these high N03-N zones is to use a model such
NLEAP in conjunction with a GIS to calculate the long-term potential
mass of NO3-N leached from the crop root zone. Once identified, the
hot spots can be further analyzed with the model to evaluate and
rank appropriate alternative management techniques. For example, a
simulation analysis using the NLEAP model showed that long-term N03-N
leaching from corn (Zea mays L.) grown under furrow irrigation on a
coarse textured soil could be reduced by 53% with nitrogen
management alone, while an 84% reduction in leached N03-N was
achieved for combined nitrogen and water management (sprinkler
irrigation). This type of modeling analysis can be completed after
a few weeks of effort, while comparable field studies would take
several years to finish.
Introduction. Groundwater is the primary source of supply in the
United States for rural inhabitants, small and large communities,
irrigated and rangeland agriculture, and industries that do not have
access to adequate supplies of surface water. Hallberg (9) states
that over half of the U.S. population uses groundwater for drinking
water. Problems with high N03-N levels in groundwater have been tied
to agricultural practices and are well documented in the midwestern
corn belt, the southeastern coastal plains, karst regions, and
irrigated areas in the western U.S. Recent studies have shown that
leaching of agricultural non-point N03-N sources to shallow
groundwater does not occur uniformly across farmed areas, but rather
tends to occur in well defined hot spot areas that are a function of
soil texture and management (16, 26) .
Producers, regulators,
Extension, and the U.S. Soil Conservation Service (SCS) are
interested in knowing the specific locations of these hot spots and
the relative contributions of various potential sources of nitrogen
that may have contributed to these problem areas. Producers want to
know if they are located in hot spot areas and, if so, are their
management practices contributing to the problem and what Best
Management Practices (BMP's) are available to minimize N03-N leaching
on their farms.
Action agencies and regulators realize that
identification of N03-N hot spot areas would allow direction of
limited resources to areas with the greatest need and potential
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payoff.
These groups want to know which alternative management
practices offer the most cost-effective means of reducing the risk
of NOj-N leaching for each hot spot area and associated areas.
In general, regional assessments of agricultural impacts on
groundwater quality have been receiving increased attention in the
literature. This has been especially true since the development of
Geographical Information System (GIS) and remote sensing technology.
These studies range from combination remote sensing/GIS studies (l)
and combination empirical vulnerability models and GIS (3) to
approaches involving remote sensing, GIS, and mechanistic modeling
(26) . The use of a GIS in combination with pesticide leaching
models has been demonstrated using LEACHM (2, 14). Pickus and
Hewitt (15) used a decision-support tool (PUMPS) which integrated
modeling techniques and GIS to map pesticide leaching vulnerability.
Models such as AGNPS (27) have been used within a GIS to evaluate
runoff characteristics and transport processes (23).
Most models capable of simulating the movement of nutrients and
pesticides from soil profiles to groundwater are point (soil) or
field specific, and were not originally designed for use across
landscapes, regions, drainage basins, or counties. Examples include
NLEAP (19), NTRM (20), RZWQM (22), EPIC (23), and GLEAMS (10).
Field testing of these models has been generally limited to small
scale research plots and farm fields.
The Nitrate Leaching and Economic Analysis Package (NLEAP) model
(19) was developed as part of a national effort to consolidate
knowledge about managing nitrogen in agriculture, provide a
screening tool to assess potential N03-N leaching, and suggest
alternative management techniques (6) .
NLEAP estimates N03-N
leaching indices at the field scale.
However, recent research
efforts (16, 25) have suggested that NLEAP leaching indices can be
extended to a watershed or regional scale by combining NLEAP
simulations with Geographical Information System (GIS) technology.
In particular, Pierce (16) and Wylie et al. (25, 26) have shown that
an NLEAP/GIS combination can be used to predict N03-N leaching hot
spots across broad geographical areas.
Wylie et al. (26) have
completed a pilot study that validated the use Of the NLEAP N03-N
leached (NL) index for identifying N03-N distributions and hot spots
across a shallow regional aquifer under irrigated agriculture in
eastern Colorado.
Identification of sources of N03-N leaching to shallow aquifers is
difficult, but separation of fertilizer and manure sources has been
successful in some cases by using natural 13N enrichment as a tracer
(8, 21). This technique takes advantage of the observation that
enrichment in 15N is significantly less for commercial fertilizers
than for animal manures, with native soil N15 enrichment falling
somewhere in the middle. In cases where clear identification of N03N source is possible, the tracer information may be useful in
testing source separation techniques based on models such as NLEAP.
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The objectives of this paper are to show how the NLEAP model can be
used to help identify potential N03-N leaching hot spots across
regional areas and to demonstrate how the model can be used to help
identify and test management practices that show promise in
controlling N03-N leaching.
South Platte Case Study. A cooperative regional study has been
completed for a 642 km2 irrigated area along the South Platte River
and its tributaries in northeastern Colorado, (26), Figure 1. This
study involved a direct test of a combined NLEAP/GIS approach on a
regional scale. The study was completed over the past 2 1/2 years
and involved extensive GIS mapping of aquifer, soil, irrigated
agriculture, and agricultural management data layers over the pilot
area. The NLEAP model was then used ',o compute the N03-N leached
(NL) index across the region. Direct validation comparison of NLEAP
results with groundwater N03-N concentrations in the shallow alluvial
aquifer indicated that the NLEAP N03-N leached (NL) index shows
promise for identification of regional N03-N leaching distributions
and hot spots, Figure 2.
The South Platte alluvial aquifer and associated irrigated
agriculture present an excellent opportunity to test the NLEAP model
for several reasons. The region is typical of many irrigated areas
in the western U.S. that are underlain with shallow aquifers subject
to leaching from agricultural non-point sources. The South Platte
alluvial aquifer is known to have problems with high N03-N
concentrations dating back to the 1970's with increasing problems
reported in a recent sampling of irrigation and municipal wells (11,
12, 13) . N03-N concentrations in wells have been measured that
exceed the U.S. Environmental Protection Agency standard of 10 mg/1.
Mapping of groundwater N03-N indicated that 70% of the South Platte
River alluvial aquifer in a 642 km2 area near Greeley, Colorado
exceeded 10 mg/1 (26). Municipalities along the river have either
piped in surface water or installed expensive reverse osmosis
filtering systems (7, 17, 18).
Previous and on-going studies and surveys by several Federal and
State agencies and local water districts have provided extensive
information on aquifer water quality and properties, soil
properties, climate history, cropping patterns, and agricultural
management. The NLEAP pilot project included close collaboration
with the U.S. Soil Conservation Service (SCS), the North Front Range
Water Quality Planning Association (NFRWQPA) , Colorado State
University (CSU), and the Northern Colorado Water Conservancy
District (NCWCD).
Residual soil N03-N data from irrigated research plots in Fort
Collins and farm fields within the study area were used to field
validate the NLEAP model under furrow, surge, and center pivot
irrigation (24). A regression of observed versus predicted residual
soil N03-N gave an R2 value of 0.93 for 31 site-years. A t-test on
the slope and intercept of the regression showed that they were not
different from 1.0 and 0.0, respectively (P < 0.05).
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Figure 1. South Platte Study Area Location in the
Western United States.
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Figure 2. Regional Spatial Patterns in a) Observed Groundwater N03-N (mg/1) and b) NLEAP
NOj-N Leached Index (NL) (kg/ha).
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Sensitivity analyses done using NLEAP for manure applications versus
commercial fertilizers suggested that the model may be able to
separate the relative contributions to N03-N leached from these
sources. Also, direct comparisons with field plot and farm field
data suggested that NLEAP may be able to evaluate the relative
contributions to N03-N leaching from irrigation practices, commercial
fertilizer practices, and cropping practices. A cooperative pilot
project is underway to assess the feasibility of using 15N isotope
techniques to help separate manure and commercial fertilizer source
contributions to groundwater N03-N in the Greeley, CO area.
Identification of N03-N Leaching Hot Spots. The NLEAP research has
shown that the occurrence of coarse textured soils combined with
certain agricultural management practices tend to promote leaching
of relatively high mass loadings of N03-N from the crop root zone.
There often is a high positive correlation of this mass loading with
N03-N concentrations in shallow unconfined aquifers.
Overfertilization of crops with chemical fertilizers, manures, and other
N sources; application of excess irrigation water; and improper
timing of N and water applications can all contribute to excess N03-N
loading. These management considerations become even more critical
with coarse textured soils where retention of water and N03-N is low.
Direct quantification of the impact of N03-N loading on ground water
N03-N concentrations in shallow aquifers is made difficult by poorly
defined aquifer processes such as N03-N removal by riparian
vegetation, dilution, mixing, and N03-N losses by denitrification.
However, in many cases a strong positive correlation exists between
the long-term (steady state) annual mass of N03-N leached below the
root zone and ground water N03-N concentrations when the correlations
are made across areas on the order of several km2. This means that
hot spot or potential hot spot areas for shallow aquifers often can
be mapped across large geographical areas without knowing all the
details of the aquifer or the initial conditions (e.g., soil N03-N
and water contents) of the soils. Better results will be obtained
when good estimates of actual management practices are available.
Mass of N03-N leached is the end result of a number of interrelated
biological, physical and chemical processes in the root zone.
Calculations of N03-N leached must be repeated across the
geographical area and continued until steady-state (time invariant)
conditions are approximated. The use of a computer model such as
NLEAP is essential, because of the complex system and the large
number of calculations involved.
Mitigation of Hot Spot Areas. By identifying the areas prone to
agricultural N03-N leaching, farmers together with consultants,
extension agents, and SCS personnel can determine where water and
nitrogen management are especially critical. However, development
of site-specific management alternatives suitable for control of
leaching in problem areas is not always an easy task. Models such
as NLEAP can be used to quickly test a range for management
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alternatives and identify methods that are the most promising.
For example, in rainfed agricultural areas, water management is
often difficult and attention is generally focused on nitrogen
management. The NLEAP model can be used to estimate N03-N available
for leaching (NAL) and N03-N leached (NL) during each month of the
year.
This information can be used to help design nitrogen
management schemes such as scavenger crops, split fertilizer
applications, crop rotations, and nitrification inhibitors, all of
which help minimize NAL during critical periods of the year when
deep percolation is the most likely. NLEAP can then be used to
quickly test the relative effectiveness of these techniques at each
site.
In irrigated areas, water management is closely tied to N03-N
leaching. This means that deep percolation generally must first be
brought under control before N management can be effective.
However, this is often not an easy task.
In the western U.S.,
historical irrigation water supply projects have provided large
volumes of water to the farmers at low fixed costs. Many farmers
feel that their water allocation may be threatened by other demands
for water and that they need to "use it or lose it".
One soil water management strategy that is very vulnerable to N03-N
leaching is furrow irrigation on coarse textured soils.
Large
volumes of water are required for water to reach the end of long
furrow runs (5). Combine this with a heavy preplant application of
fertilizer and the low plant uptake of N early in the irrigation
season and the result can be major N03-N leaching events. This is
often typical of irrigated agriculture and is illustrated in Figure
3 by the conventional system simulated using the NLEAP model. In
this case, 115 kg/ha fertilizer N as urea-ammonium-nitrate (UAN) was
applied preplant to corn on May 3rd followed by a 115 kg/ha N
sidedress on June 15th for a total N application of 230 kg/ha. The
N management treatment, also simulated using the NLEAP model,
represents an attempt to manage the nitrogen applications without
changing water management. Fertilizer N as UAN was applied at rates
of 20 kg/ha N preplant, 36 kg/ha N sidedress on June 8th, and 30
kg/ha N as calcium nitrate applied with selected irrigation events
(fertigation) for a total of 150 kg/ha N applied during July and
August. Total N application for the year was 206 kg/ha. Based on
the revised N management, annual N03-N leached was reduced from 200
to 95 kg/ha, a reduction of 53%.
Irrigators have water management options available that can help
reduce N03-N leaching events. For the long term, reduction of deep
percolation should be accompanied with N management. Otherwise,
excess N03-N will tend to accumulate in the soil profile and be
subject to leaching during occasional large precipitation or
irrigation events. Combined water and N management scenarios were
simulated using NLEAP as a management assistance tool, Figure 4.
Comparable field plot analyses would take several years to
accomplish.
Field studies in eastern Colorado by the NCWCD (4)
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Figure 3. NLEAP N03-N Leached Index (NL) for Simulated Conventional and
Best Management Practices (BMP) for Nitrogen Management on
an Irrigated Sandy Loam Soil.
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Figure 4. NLEAP N03-N Leached Index (NL) for Simulated Furrow, Surge,
and Sprinkler Irrigation on Sandy Loam and Loam Soils.
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suggest that surge irrigation can reduce infiltration by about 40%
and also reduce tail water.
Surge-furrow irrigation uses a
computerized control to send pulses of water down the 'furrows,
allowing the upper reaches of the furrow to "seal" between pulses,
and thus reducing the infiltration rate.
Using these reduced water applications and Colorado State University
fertilizer recommendations (these take into account yield goals,
residual soil N03-N, and soil organic matter (SOM) levels), simulated
annual leaching of N03-N at steady-state under surge irrigation was
reduced by 17% for the sandy loam soil and 67% for the loam soil,
Figure 4. Sprinkler irrigation, though more expensive than furrow
or surge methods, provides for a more uniform application of water
and is less prone to leaching. In our example, infiltration amounts
were assumed to be reduced by 73% relative to conventional furrow
irrigation.
This reduction is similar to field observations
reported by the NCWCD in eastern Colorado (4). As shown in Figure
4, simulated N03-N leaching on the sandy loam soil was reduced from
216 to 34 kg/ha, a reduction of 84 percent. Simulated annual losses
on the loam soil were reduced 95% from 168 to 8 kg/ha N.
A comparison of major N sources and sinks for the furrow and surge
treatments is shown in Table 1. The fertilizer recommendations for
furrow and surge irrigation on the sandy loam were the same because
of similar residual N and SOM levels. For both the furrow and surge
treatments on the sandy loam, crop N uptake was less than the crop
requirement for the assumed yield goal of 11,800 kg/ha (190 bu/ac).
This illustrates a problem common to coarse textured soils and
furrow irrigation -- excess leaching of N03-N demands extra N
fertilizer to insure crop yields.
Sprinkler irrigation resulted in a reduced fertilizer requirement
This coupled with the reduced deep
for both soils, Table 1.
percolation volumes resulted in significant reduction in the mass of
N03-N leached (NL). Note however the trend to increased residual
soil N03-N levels with improved soil water management.
This was
caused primarily by accumulation of N03-N near the bottom of the root
zone, where extraction by roots was not efficient and less water was
available for leaching. Control of this problem may be possible
with even tighter management of N inputs to the soil and/or the use
of deep rooted scavenger crops to remove accumulations of N03-N.
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Table 1. Major N Sources and Sinks at Steady-State for combined water
and N management.
Fertilizer
N

Sources •
Residual
N Mineralization
N
Soil Ci.M. Crop Residues
kg/ha

Crop N
Uptake

Sinks
N
Denitri fied

NL

Sandy loam
furrow
surge
sprinkler

275
275
195

24
24
138

99
93
114

27
27
28

183
205
242

8
11
29

216
180
34

Loam
furrow
surge
sprinkler

276
156
121

35
191
186

105
110
115

44
45
47

241
242
242

6
5
30

168
55
8

Conclusions. Leaching of soil N0 3 -N from agricultural lands tends to
occur in hot spots that are related to soil texture and management.
Long term leaching of N0 3 -N from agriculture expressed as mass of
NO3-N leached per year is often well correlated with concentrations
of NO3-N in underlying, shallow unconfined aquifers.
The use of
models such as NLEAP can be helpful in accessing the locations of
regional N0 3 -N leaching hot spots and the relative effectiveness of
management techniques in minimizing N0 3 -N leaching for a particular
cropping sequence, soil series, irrigation practice, and climate.
NLEAP can aid in the comparison of long term (steady-state) nitrogen
budgets for various proposed management schemes.
This allows
relative contributions from N sources and losses to N sinks to be
summarized and evaluated without field plot studies lasting many
years.
Availability of the NLEAP Model. The NLEAP model and associated
regional databases are available from the Soil Science Society of
America (SSSA), 677 S. Segoe Road, Madison, WI 53711 (608)-273-8080.
The model is being sold in conjunction with a SSSA nitrogen
management book entitled Managing Nitrogen for Groundwater Quality
and Farm Profitability, R.F. Follett et al. , (eds.).
Information
about NLEAP and user support is available from USDA-ARS, P.O. Box E,
Fort Collins, CO 80522:
M.J. Shaffer, M.K. Brodahl, and P.N.S.
Bartling (303)-490-8338.
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The N-Index Expert System, a Tool for Integrated N-Management
*

M. Geypens , Hilde Vandendriessche, J. Bries and G. Hendrickx. Soil Service of
Belgium, W. de Croylaan 48, B-3001 Leuven, Belgium.
Introduction. Intensive fanning practices in Belgium go together with increasing application of animal
manure on arable land and accordingly with an increased nitrogen pressure on the environment. An
accurate computer integrated N-advice system, N-Index, is used to optimize the amount of nitrogen
fertilizer in an agrosystem with emphasis on qualitative and quantitative yield including an obvious
need to preserve the environment. The development of the expert system N-Index is based on
preliminary field experiments and fertilization experiments. The first showed significant correlations
between the mineral nitrogen reserve in the soil (N-min) before the start of the vegetation period and
the optimum nitrogen fertilization for agricultural crops (18,5,3). The latter indicated a high correlation
between N-fertilization amount and response factors like yield, quality or financial return of the crop
(4,16). Fertilization experiments showed also that the correlation between N-min and the optimal
fertilization amount could be improved by taking into account a number of factors, determining the
availability of nitrogen during the growing season (3,14). The aspect of possible residual nitrogen losses
is studied by following the surplus curves on fertilization (1,6).
Materials and Methods. The expert system N-Index calculates nitrogen recommendations for arable
crops in temperate regions. The expert system includes three important parts namely the information
part, the knowledge base and the user interface.
The information part includes field specific data. For each field soil samples are taken up to a depth of
60 or 90 cm in layers of 30 cm each, and ammonia and nitrate nitrogen were determined separately
together with the pH and the humus content of the arable layer. Besides these data, information
concerning the recent history of the field having an influence c . the nitrogen balance of the soil during
the coming vegetation period (liming, previous crop, application of organic manure,...) is gathered. All
this information is necessary input for the knowledge base.
The knowledge base is mainly built up by empirical rules and models deducted from field trials. The
knowledge base is structured as a combination of several decision trees with mostly 'if... then... else...'
rules. Within the knowledge base the N-Index and the N-fertilization advice are calculated. N-Index is
the sum of maximum 18 factors, some of them being zero depending upon the crop or the situation. We
can formulate this by:
N-Index = xi + X2 + ... + XJS
These factors may be divided in three groups.
1. Factors determined by the amount of mineral nitrogen in the soil availablefor the crop and the amount
of nitrogen, already taken up by the crop at the time the sample is taken
The amount of available mineral nitrogen in the soil is measured and expressed in kgN/ha. The depth
of the sample is determined by the rooting depth and rooting intensity. For deep rooting crops as
cereals, samples are taken up to a depth of 90 cm. For maize, potatoes and most legumes a sample
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up to 60 cm is sufficient. Mineral nitrogen coming from autumn mineralization or present in the
mineral nitrogen stock in the lowest soil profile layer will influence the quality of sugar beets and
Belgian endive in the late growing season in an unfavourable way. For the latter crops, it is necessary
to take the samples up to a depth of 90 cm. Nitrogen already taken up by the crop at sampling time,
is derived from the crop management activities and the availability of mineral nitrogen in the soil.
2. Factors which estimate the mineral nitrogen, supplied by the soil
The mineralization process is estimated by summation of several subprocesses which will contribute
to the total mineralization. The total amount of mineralized nitrogen is influenced by the humus
content of the arable layer. A low pH may have a retarding effect on the mineralization process.
Liming will stimulate mineralization. Liming rates, time of application and kind of lime are necessary
input factors. After leguminous crops, mineralization is more important. The mineralization of harvest
residues will be estimated. The application of animal manure and green manure will influence
mineralization. Time of application, kind and amount of manure are important parameters. In
Belgium, the use of liquid manure is of paramount importance for arable crops. Texture and structure
of the soil are evaluated to estimate possible influence on the mineralization process.
3. Leaching, resulting in a diminished availability of mineral nitrogen
In temperate regions, leaching of nitrate may occur between sampling time and the start of the active
growth of the crop. It depends on soil texture and the amount and distribution of mineral nitrogen in
the soil profile.
Thus, N-Index is a calculated measure of available mineral nitrogen for specific crop on a well
determined field. Based on this N-Index a nitrogen fertilizer recommendation is calculated which is
generally formulated as:
N-recommendation (kgN/ha) = A -bxN-Index
The value of A and b, typical for each arable crop, are derived from field experiments. Besides an advice
for split application of nitrogen fertilizer is given for some crops.
The user interface is dual. On one hand we have a printed output for the farmer with the results of the
soil analysis of the different soil layers, the calculated N-Index, the N-fertilization advice and some
technical information concerning N-application time, recommended split-up of the total N-amount,
possibly a warning (a message) concerning acid soil pH. On the other hand we can say that every year
an impressive dataset is built up. After all, since the introduction of N-Index for Belgium and the northern
part of France, yearly more than 20,000 samples are analysed and advised. The results of these analyses
merged with information on the field history make up an important dataset that allows to review the
mineral nitrogen reserve in soils as a function of agricultural practices. These reviews are used to
formulate suggestions to avoid nitrogen losses and to stimulate good agricultural practices (12,9,8).
Results and Discussion. N-Index aims at a maximum economical return of the crop. This implies a
high efficiency of used fertilizer and minimal losses of nitrogen towards the environment. To minimize
these losses towards ground and surface water, low nitrogen reserves in the soil at harvest time are
essential.
The N-reserve at harvest time is determined by several factors. The effect of the nitrogen fertilization
factor can be illustrated by figure 1, where an imaginary surplus curve is shown. It relates the amount
of nitrogen left behind in the soil profile to the applied fertilization. At low nitrogen application doses
we can observe an almost constant residue level. This horizontal line will turn upwards at the point ofj__

166

satisfaction, where the nitrogen residue increases withrisingnitrogen fertilization (1). Beyond this point
there is almost no uptake of the applied nitrogen fertilization. At the bottomside of the figure some
effects of non-optimal nitrogen application are mentioned. This surplus curve can be redrawn for each
crop and parcel. Some important arable crops are discussed in detail in the next section.
N-reserve at harvest time
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Figure 1. An imaginary example of a surplus curve

Sugar beets. The nitrogen index method calculates the economically optimal nitrogen dose. Crops with
an intensive root system have a fysiologically optimal nitrogen dose not far from the point of satisfaction
on the surplus curve. Certain crops, e.g. sugar beets, will take up more nitrogen if available (luxury
consumption). The point of satisfaction is shifting up to the right on the surplus curve. The additional
uptake of nitrogen is partly reflected in a higher nitrogen content in the leaves. When these leaves stay
on the field at harvest time, mineralization of this young plant material will enlarge the nitrogen stock
in the soil. This mineralization is starting immediately after addition of the leaves, so there will be
already nitrogen losses by leaching at the end of the year (2). Figure 2 gives an example. On field trial
A the nitrogen fertilization advice formulated by the N-Index system was 126 kg N/ha, on field trial B
it was 153 kg N/ha. If more nitrogen fertilization is applied (advice enlarged by one third of this advice),
it did not result in a higher nitrogen content in the soil at harvest time, but instead a higher nitrogen
uptake by the crop could be noticed. The main part of this excess returns to thefieldthrough the staying
behind of the leaves on the field. The difference between the nitrogen content in the leaves of field A
and B can be explained by the difference in a different point of departure, especially regarding the
nitrogen reserve in the soil at the beginning of the season. If deep rooting cereals are grown after sugar
beets, a lot of the nitrogen from the crops will be recovered, but an exact nitrogen fertilization of the
sugar beets remains necessary to minimalize the nitrogen losses through leaching in the winter period
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In spring we measured a high mineral nitrogen reserve in the 60-90 cm layer on field A (previous crop:
potatoes), resulting in a high nitrogen uptake by the sugar beet crop far into the growing season. The nitrogen
content in the leaves was high as expected. On the other hand a low mineral nitrogen reserve in the 60-90 cm
layer was measured onfieldB (previous crop: endive), resulting in a betterripeningof the sugar beets.

Figure 2. Mineral nitrogen amount in the soil (0-90cm) at harvest time and nitrogen amount remaining on the field by leaving
behind the crowns, for two fields on a loamy soil with sugar beets (Soil Service of Belgium, 1992)

The following correlations (R) resulted from 18 sugar beets trials :
between optimal nitrogen fertilizer rate and measured mineral nitrogen in the soil:
between optimal nitrogen fertilizer rate and calculated N-index:

-0. 761
-0.901

Wheat For cereals the fysiologically optimal nitrogen dose will almost coincide with the satisfaction
point of the surplus curve (10,11). A higher nitrogen fertilization leads to higher nitrogen residues in
the soil at harvest time. In actual practice rarely high residues are encountered at harvest time. The
farmer avoids excesses in nitrogen application because it results in a strong vegetative development, in
a high disease pressure, in possible lodging and most of the time in strong yield decreases. The N-advice
system N-Index usually recommends three nitrogen split applications. The necessary nitrogen dose for
the entire growing season is calculated on the basis of the N-index of the parcel. Thefirstdressing (stage
tillering) is particularly based on the nitrogen that is already taken up by the crop and the amount of
mineral nitrogen which can be found in the soil profile (0-60 cm) in spring. The second dressing (stage
elongation) is particularly based on the soil reserve in the layer from a depth of 60 cm up to a depth of
90 cm. The third dressing (stage flag leaf visible) will equal the total recommended dose minus the sum
of thefirstand second dressing. Thi s means that the N-Index wi 11 incorporate the effect of the mineralized
part in this third application. The N-Index system is using this procedure to assure an optimal use of the
mineral nitrogen content in the soil profile, to assure also an almost ideal pattern of nitrogen uptake by
, the crop resulting in small residues at harvest time.
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The following correlations (R) resulted from 96 wheat trials :
between optimal nitrogen fertilizer rate and measured mineral nitrogen in the soil .'
between optimal nitrogen fertilizer rate and calculated N-index :

-0.876
-0.936

Potatoes. The potato crop will leave quite often a high amount of nitrogen in the soil profile. Potatoes
have a high need of nitrogen but a low efficiency. The apparent utilization of the applied nitrogen
fertilizer will rarely exceed 50 percent. The nitrogen stock in the soil profile at the beginning of the
season will be used by the potatoes up to a depth of about 60 cm. This means that in fields receiving
high fertilizer amounts, high quantities of mineral nitrogen will remain especially in dry periods. The
Soil Service of Belgium laid out some nitrogen fertilization trial fields with potatoes in the period
1989-1992. On every parcel four nitrogen doses were followed: a control without nitrogen fertilization,
a nitrogen dose equal to the nitrogen advice according to N-Index, and two adjusted applications, the
first 40 percent less than the nitrogen advice, the second 40 percent more. These treatments were a part
of complete field trials where other factors like split application of nitrogen fertilizer, irrigation, organic
versus anorganic fertilization were studied also. Figure 3 shows the nitrogen reserve (nitrate and
ammonium nitrogen) in the soil profile (0-90 cm) at harvest time for eachfieldtrial and for the different
treatments. The nitrogen advices for the different field trials varied from 156 to 250 kg N/ha with an
average of 216 kg N/ha. When higher nitrogen fertilizer doses were applied, an elongated distribution
of the nitrogen reserves resulted. The part below the formulated nitrogen advice revealed an almost
comparable level of nitrogen in the soil. Higher fertilizer amounts (advice + 40 percent) lead to an
enrichment of the soil profile. The optimum in regard to the production of potatoes (advice) can be
found to the right of the point of satisfaction on the surplus curve. This can be explained by the minor
development of the root system (6,13). The differences between thefieldtrial parcels have to be noticed.
Parcels with a precipitation deficit during the growing season show higher nitrogen residues in the soil
due to the inhibited nitrogen uptake. This residue is measured up to a depth of 90 cm. That's why parcels
with a superficial root system have a higher risk on larger residues at harvest time.
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Figure 3. Mineral nitrogen reserve (kg N/ha) in the soil profile (0-90 cm) at harvest time on different potato field trials (Soil
Service of Belgium) (the line is connecting the mean reserves by nitrogen dose)
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To reduce the leaching of nitrogen during the period between fertilizer dressings and the start of the nitrogen
uptake by the crop, it is necessary to fertilize shortly before planting. But high dressings of nitrogen shortly
before planting can lead towards salt damage. The Soil Service of Belgium laid out sixfieldtrials to study
the effect of splitted nitrogen dressings on the use of nitrogen by the crop and on the amount of residue staying
behind after harvest. These trials compared a single nitrogen dressing with a split application. The split
application was divided up as follows: 60 percent of the total dose was applied shortly before planting while
the remaining 40 percent at the beginning of tuber formation, around six weeks after planting. This splitting
was compared in three nitrogen fertilizer doses: advice based on N-Index, advice minus 40 percent and advice
plus 40 percent. These experiments revealed that as well as for yield as for quality parameters no global
advantage could be assigned to split application of nitrogen dressings. Splitting up the total advised dose had
no influence on utilization of nitrogen nor on residue after harvest (7). Split application did not allow to reduce
nitrogen fertilization without yield loss.
A lot of the present nitrogen fertilization research for potatoes is directed towards dynamic optimization
or nitrogen supply. On the basis of e.g. the petiole nitrate test or soil sampling for mineral nitrogen
during growth, research tries to gear the supply of nitrogen to the nitrogen requirement of the crop
(17,15). The main motive behind this research is the difficulty to predict the nitrogen requirements of
the crop at the moment of planting and the nitrogen delivery by the soil. Taking the anything but
encouraging results with the split application experiments into account, also the so called dynamic
optimization will be no miraculous method. In the N-Index method a lot of attention is paid to the
simulation of the nitrogen supply by the soil. This is not happening in other methods, e.g. N-Min in the
Netherlands, explaining why it can be advisable when these methods are used, to control nitrogen supply
by the soil in the growing season and possibly advise additional dressings. These additional dressings
can also produce technical problems. During the second dressing alot of the applied fertilization granules
ends up between the ground piles. High precipitation amounts shortly after this split application could
enlarge the nitrogen losses.
Potatoes reach their maximal nitrogen uptake rate early in the growing season, normally in the middle
of July with a mean planting date of the tenth of april and the harvest at the end of september. This is
the reason why late additional dressings don't make sense. It is essential to avoid moisture deficits
during this period of maximal nitrogen uptake and during the time nitrogen is translocated from the
leaves towards the tubers, because only then a high utilization of the applied fertilizer can be reached.
The use of irrigation will allow to avoid these deficits. On parcels with a high mineralization capacity
due to the presence of young organic matter in the top soil, mineralization in the months august up to
October will enlarge the nitrogen residue at harvest time.
Table 1 shows the problem of after harvest mineralization for two trials with different organic matter
fertilizations. The evolution of the mineral nitrogen in the soil profile is displayed for three treatments.
They concern all treatments without a mineral nitrogen application on potatoes, but with an addition of
different types of organic matter. Even without organic matter, mineralization was still important after
harvest, namely 30 kg N/ha more or less. Mineralization at the end of the year is much more important
on the parcels with an application of manure or pig slurry in the beginning of the year. The precipitation
surplus during the winter months will determine how deep the mineral nitrogen will go into the soil
profile.
Growing a catch crop can theoretically reduce nitrogen losses during the winter period. In practice
potatoes are harvested rather late, so the catch crop will not be able anymore to catch a high quantity of
nitrogen.
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Table I. Evolution
on sandy loam

of mineral nitrogen in the soil profile (kg N/ha) after harvest of potatoes (var . Bintje) for two field

IriaU22S
Depth cm
(')

(2)

(3)

trials

(6,13)
Harvest date 2 lseptember
10 October

10 July

11 december

Trial 1992
18 august

Harvest date: 17 October
17 september

29 October

0-30 cm

20.0

45.6

21.7

22.3

14.5

44.6

30-60 cm

13.2

11.2

44.0

18.6

14.1

24.4

60-90 cm

17.6

13.3

28.4

22.8

21.0

23.6

total

50.8

70.1

94.1

63.7

49.6

92.6

0-30 cm

16.8

49.3

26.7

23.6

28.7

62.4

30-60 cm

17.1

16.3

98.9

18.9

18.2

32.6

60-90 cm

19.6

28.5

30.6

16.5

11.0

24.5

total

53.5

94.1

156.5

59.0

57.9

119.5

0-30 cm

38.5

63.6

19.9

23.2

20.9

57.1

30-60 cm

20.9

17.4

65.2

21.9

17*0

25.4

60-90 cm

21.6

21.5

28.0

26.4

23.8

27.5

71.5

61.7

110.0

total

102.5

81.0

113.1

O

Treatment 1

No organic manure

(2)

Treatment 2

Manure:

(3)

Treatment 3

Pig slurry: 1990: 60 tons/ha on 16 march (4.00 kg N/ton)
1992: 55 tons/ha on 3 april (6.09 kg N/ton)

1990: 60 tons/ha on 16 march (4.65 kg N/ton)
1992: 52 tons/ha on 3 april (4.10 kg N/ton)

nitrogen advice based on N-lndex: Parcel 1990: 232 kg N/ha; Parcel 1992: 196 kg N/ha;
P,K and Mg fertilization identical for the whole field trial
1990

1992

37.3

54.9

(2)

42.5

63.7

(3)

43.9

66.2

Total tuber yield (ton/ha):
(1)

After this brief discussion of several important crops, we now continue with a discussion of the gathered
data set from 1990 up to and including 1993. Some interesting conclusions concerning agricultural
practices were deducted based on this data set.
Table 2 shows the influence of the previous crop and the weather conditions on the average nitrogen
reserve at the beginning of the growing season for winter wheat. The nitrogen recommendations take
also the expected nitrogen release from the harvest residues of the previous crop into account. Nitrogen
recommendations for winter wheat vary strongly every year from 0 to 240 kg N/ha. Table 2 illustrates
the higher risk on nitrogen leaching for leguminous crops and potatoes.
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Table 2. Average mineral nitrogen content (kg N/ha) in the soil (0-90 cm) for winter wheat (measured in the period
January-march in different years) as a function of the previous crop. The average nitrogen recommendation (kg N/ha; sum
of three split applications) for winter wheat is in brackets.
year

1990

number
fields

of

previous
crop

1723

adisat

sugarbeets

peas

beans

potatoes

100

(182)

107

(149)

123 (137)

148

(106)

150

(124)

1991

1885

97

(186)

105

(142)

107 (146)

161

(99)

130

(140)

1992

1806

150

(153)

134

(130)

186

(96)

194

(73)

168

(97)

1993

1919

89

(186)

83

(159)

108 (145)

125

(122)

97

(159)

The high production of manure in regions with intensive cattle-breeding involves storage problems and
manure is spread over the fields in the wet autumn period. Table 3 shows the average influence of the type
of organic manure on soil nitrogen reserve and on the distribution of nitrogen in the profile. Nitrogen
recommendations oriented towards the field situation are necessary to take the huge variation into account.
Table 3. 1) Average mineral nitrogen stock in the soil (kg N/ha) as a function of the type of applied organic manure on sugar
beet. 2) Proportional distribution (%) of nitrogen recommendation for sugar beet, based on the N-Index (period of soil
sampling from January up to and including march 1993).
number of fields
type of
manure

1)

220

597

171

698

animal manure

animal manure

green manure
only.

no organic

+green manure

only.

manure

depth

soil layer (cm)
54.7

0-30

48.0

37.4

30-60

46.1

50.8

41.8

42.0

60-90

32.6

51.0

27.9

42.0

133.4

147.8

117.7

121.4

8.1

5.1

2.8

1.2

26-50

15.3

10.4

3.4

2.3

51-75

16.7

14.4

6.1

4.1

76 - 100

23.9

20.7

21.7

7.1

101 - 125

23.4

26.4

29.6

15.5

126- 150

9.9

17.7

23.5

32.7

total amount
2)

46.0

N-recommendation
(kg N/ha) interval

0-25

151-175

2.7

4.8

12.3

33.8

176 - 200

0.0

0.5

0.6

3.3

81.4

94.5

111.2

133.3

average
N-recommendation
(kg N/ha)

After the wet autumn of 1992 the nitrogen reserve on fields with green manure only or with no organic
manure is comparable, but nitrogen can be found in the more upper layers on fields with green manure,
so it acts obviously as a catch crop. The same can be said concerning fields with animal manure and
green manure or with only animal manure, applied at the end of the year. Expected mineralisation of
organic material from green manure will lower nitrogen recommendations on those fields where a green
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manure crop is grown. Application of only animal manure in the autumn period results in a higher mineral
nitrogen reserve in every sampled soil layer compared with the situation where no organic manure is applied.
Conclusions. N-Index has proved to be an efficient tool for integrated N-management via accurate nitrogen
recommendations. Post-harvest actions like catch crops, reduced application of organic manure in the autumn,
or other actions like sowing grass in maize, are necessary to reduce the risk on nitrogen leaching on arable land
Acknowledgement. We thank the Institute for Encouraging Research in Industry and Agriculture
(I.W.O.N.L.) for granting the research on N-Index.
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Abstract
Around 76% of the world population lives in developing countries where now already more
fertilizer N is applied than in developed countries. Fertilizers are applied preferentially in regions
where irrigation is available and soil and climatic conditions are favorable for the growth of crop
plants. Due to low N application rates during the last 3 or 4 decades, negative N balances in the soil
are a characteristic feature of the crop production systems in developing countries. In the future,
with increasing fertilizer N application rates, the possibility of nitrate pollution of groundwater in
developing countries will be strongly linked with fertilizer use efficiency. A number of
investigations from developing countries have suggested that, in irrigated soils of Asia or in humid
tropics of Africa, there exists a potential for nitrate pollution of ground water; especially if fertilizers
are inefficiently managed. In a large number of developing countries in west and central Asia and
north Africa small amount of fertilizer applied to soils, mostly Aridisols that remain dry almost all
the year, do not constitute a major threat for nitrate pollution of groundwater, except possibly when
soils are irrigated. In Asia and the Pacific regions, where 70% of the fertilizers are used to grow
wetland rice on soils with low percolation rates, leaching of nitrates is minimal. Climatic water
balance and soil moisture conditions do not favor leaching of nitrates from the small amount of
fertilizer N applied to oxisols and ultisols in Latin America. In developing countries located in the
humid tropics, attempts have not been made to correlate fertilizer N use with nitrate level in
groundwater; however, fertilizers are being increasingly used. Besides high rainfall, irrigation is
also being increasingly becoming available to farmers in the humid tropics and substantial leaching
of N has been reported.
Introduction
Three quarters of the world population live in developing countries and a majority (60%)
are engaged in farming. Farmers in developing countries possess about 54% of the arable land
available in the world and produce as much cereals as in developed countries (24). Land reserves
are limited and in some cases non-existent, especially in Asia which accounts for 58% of the total
world population. The only way to increase agricultural production to satisfy food needs of the 76%
of the world population living in developing countries is to increase yield levels per hectare of
utilizable land; including through increased use of fertilizers.
Cropping systems based on nutrient supply through fertilizers when superimposed on the
natural ecosystem, can create a modified ecosystem that may not be in harmony with other
environmental entities. Excessive use of N fertilizers and irrigation has made it possible to increase
production and diversify the type of crops grown at the risk of increasing percolation and leaching
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of nitrates to groundwater. In both developed and developing countries, the environmental
consequences of irrigation coupled with increasing rates of N fertilization are already being
recognized, particularly in regions where groundwater is relatively shallow. In humid and
subhumid regions, irrigation may not be possible or economically feasible, but precipitation is
frequently adequate to leach down nitrates during the year.
Nitrate leaching is inevitable under most agricultural production systems. While it is not
possible to halt nitrate leaching, improved management practices leading to increased fertilizer N
use efficiency (FUE) can reduce the potential for nitrate contamination of groundwater. Increased
crop N uptake and yield achieved through an awareness and careful integration of soil, climate and
cultural variables over the entire year result in improved FUE to help ensure reduced leaching of
nitrates.
Due to excessive fertilizer use in developed countries during the last 3 or 4 decades
groundwater at many locations is already polluted with nitrate leaching from cultivated fields. With
increasing fertilizer use, similar situation may also arise in developing countries. Thus, developing
countries possess a distinct advantage of being late-comers in the development process and are in
a position to avoid some of the costly and needless mistakes, the developed countries made in the
past. This paper attempts to assess the present status of nitrate pollution of groundwater due to
fertilizer use and the possibilities for such an occurrence in developing countries located in Asia,
Africa and latin America. Role of FUE has been discussed as the factor which can effectively be
used to control leaching losses of nitrates originating from fertilizer beyond the root zone of crops.
Fertilizer use in developing countries: patterns and trends
Data pertaining to consumption of fertilizer N in developed and developing countries and
the world are summarized in Table 1. During 1980/81 to 1989/90 annual fertilizer N consumption
increased by about 63,7, and 30 % for developing countries, developed countries and the world,
respectively. In 1990/91 fertilizer (NPK) consumption in developed countries fell by 10% and it
is expected to fall further by about 8% in 1991/92. On the other hand, fertilizer consumption in
developing countries continued to grow by about 4% in 1990/91 andisexpected to increase by about
5% in 1991/92. As per forecasts prepared by IFA (33), the fertilizer consumption in 1996/97 and
even in the year 2000 is likely to be well below the 1989/90 level in developed countries. In contrast,
consumption in developing countries is expected to continue to increase at a rate of about 2.6% per
annum.
Table 1. World fertilizer N consumption (Gg)
1975-76

1980-81

1985-86

1989-90

Developing countries

12171

24997

31372

40907

Developed countries

30737

35693

38612

38171

World

42908

60690

69984

79078

Source: FAO (20, 21, 22, 23)
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Table 2. Fertilizer N consumption for arable land and permanent crops (kg/ha)
1970

1975

1980

1985

1989

Developing countries

11.7

16.8

31.9

39.2

50.9

Developed countries

34.4

46.1

53.2

57.1

56.6

World

22.6

30.5

41.7

47.4

53.5

Source: FAO (20, 21, 22, 23)

During 1980 to 1989 the rates of fertilizer N consumption per hectare of the arable land
increased about 59% in developing countries and about 6% in developed countries (Table 2).
Although average fertilizer N application level in developing countries is fast approaching that in
developed countries, different regions and countries differ widely with respect to fertilizer N
consumption per unit of arable land. In 1991/1992 latin America's share of total world fertilizer
N consumption was only 4.5% but Brazil and Mexico accounted for 56% of that consumption.
African countries used only 1.6% of the fertilizer N consumed all over the world in 1991/92.
However, the Republic of South Africa, a developed nation and Nigeria accounted for 31 and 17%
of Africa's fertilizer N consumption. At present fertilizer N consumption in Nigeria is fairly stable
and it possesses tremendous potential for increased fertilizer use. Egypt, Iran and Turkey account
for 75% of the fertilizer N consumption in near east, where 4.6% of the fertilizer N produced in
the world has been applied in 1991-92. In South Asia with 13.7% of the world fertilizer N
consumption, India accounted for 78% of the fertilizer N consumption, Pakistan for 14% and
Bangladesh for 6%. In socialist Asia, 27% of the total fertilizer N produced in the world was
consumed in 1991-92. China alone accounted for 94% of the fertilizer consumption in the region.
Nitrogen uptake by crops and balances in the soil
When crops are harvested and produce is taken away from the field, the nutrients present
in produce are also removed from the site and soil gets depleted to that extent. The degree of nutrient
removal depends on the crop, its composition, yield level and the extent to which residues such
as leaves, straw etc., are retained on the field. Obviously when more nitrogen is hauled away in
crops than that added to soil through fertilizers or biological N2 fixation, less nitrogen will be
available in the soil for leaching to groundwater bodies.
In an investigation initiated in 1963 at Nioro du Rip in Central Senegal (49) with fallowgroundnut-sorghum-groundnut rotation up to 1972 and maize-cotton-sorghum-groundnut
afterwards, nitrogen balances after 17 years were as in Table 3. In both unfertilized and fertilized
treatments, N balance was always strongly negative. At Bebedja (Tchad) negative N balance of 67
kg/ha could be observed after 12 years under cotton-sorghum rotation when cotton was supplied
with 60 kg N/ha (32). Similar negative balances have been reported under groundnut-millet system
at Bambey in Senegal (55) and under cotton-sorghum or millet-groundnut systems in semi-arid
climates in Senegal and Cameroun (46). These negative N balances suggest little or no possibility
of nitrates originating from farms to leach to groundwater bodies.
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Table 3. Estimated nutrient balance after 17 years (1963-1979) of a 4 year rotation in Senegal
Treatment

Crop removal

Fertilizer + crop residues +
biological fixed N

Balance

No fertilizer

-746

kg/ha
+252

-494

Standard recommendation
for NPK + return of
cereal straw

-1371

+956

-415

Standard recommendation
for NPK + return of straw
+ supplementary N and P
on cereals

-1669

+1338

-331

Source: Saar (49)
In India, nitrogen removal by crops between 1961 and 2000 are expected to rise by 200%
or 5% per annum, whereas gross cropped area during the same period is expected to rise only by
31 % at 0.77% per year. This will result in greater N removal per unit of land and a persistent negative
nitrogen balance. In quantitative terms the gap between nutrient removals and additions through
fertilizers in India has remained and is expected to remain at a fairly constant level of 8-10 million
Table 4. Nitrogen balance: actual fertilizer use minus crop removals for wheat and rice in
some Indian states
State

Crop

Crop yields
(1983-84)
(t/ha)

Average N
removal
(kg/ha)

Actual
fertilizer
use (kg/ha)

Punjab

Rice
Wheat
Total

3.1
3.0
6.1

65
82
147

107

-40

Rice
Wheat
Total

1.3
1.9
3.2

27
52
79

51

-28

Rice
Wheat
Total

1.0
1.5
2.5

21
41
62

20

-42

Uttar
Pradesh

Bihar

Source: Sekhon and Puri (51)
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Fig. 1. Nutrient removal per unit area in relation to the N+P 2 0 5 +K 2 0 input through fertilizers
in India. Adapted from Tandon and Partap Narayan (52)
tonnes of nutrient per annum (Fig. 1) (52). In intensive cultivation negative nutrient balances are
a common feature (51). The data in Table 4 show negative N balances for the commonly followed
rice-wheat rotation in three states of India differing widely with respect to fertilizer usage and crop
yield levels. Inspite of a net overall negative nutrient balance for soils of a country or a region a
few cropping systems such as potato cultivated in high intensity rotations or vineyards possess
positive nutrient balance and can pose a potential threat to groundwater quality.
Negative nutrient balances are a common feature of soils in several developing countries.
Two to three decades ago, in developed countries too, similar negative nutrients balances in soils
could be observed. For example, as shown in Fig. 2 (54), in 1940 in Illinois state of U.S. A, harvested
crops removed 220,000 more tons of N than was added as fertilizer. In 1969, crops removed 141,000
tons less than that was added. At present, a positive nutrient budget can be observed in most of the
developed nations and it enhances the potential for nitrate pollution of groundwater bodies in these
countries.
Fertilizer use efficiency and pollution
Percent recovery of fertilizer N by a crop is known as the fertilizer use efficiency. It varies
with the N source and the rate at which it is applied, the nature of the chemical and biochemical
reactions between soil and fertilizer, the timing and placement of fertilizer, the nature of crop and
its N requirement, the adequacy of other nutrients and a host of soil, climatic and management
factors. The range encountered in percentage recovery of applied N by crops is very wide, whether
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Fig. 2. Amount of nitrogen added and removed from Illinois soils, 1940-1970. Adapted from
Welch (54)
considered on a local regional or natural scale. Under favorable conditions, 80% or more of the
fertilizer N may be recovered by the crop, but under most situations efficiencies of 50% or less are
common (1).
Depending on the time and circumstance, efficiency of fertilizer means different things to
different people. When fertilizers are relatively expensive and market price for the product low, one
wants the maximum utilization of the nutrients by the crop. Such conditions often exist in many
parts of the developing countries as they did in now developed ones 30 to 40 years ago. It is because
of the shape of the typical yield-input curve (response curve) in which each successive increment
of a fertilizer produces a smaller increase in yield. The response curve flattens near the maximum
yield. In most cases, the point of greatest economic return to applied N is somewhere below the
point of maximum yield and it is doubtful whether the few last increments can be justified. Since
fertilizer N has been relatively cheap in developed countries and marginal returns obtained near the
flat portion of the response curve turn out to be economical, many farmers would opt to work near
the point of maximum yield rather than greatest economic return. This practice, however, results
in a very low fertilizer N use efficiency. A large fraction of the applied N remains unutilized in
the soil and creates a potential threat for nitrate pollution of natural waters. Due to subsidization
of fertilizer prices, many farmers in some developing countries too, have been using fertilizers
rather indiscriminately touching even the point of maximum yield.
When the recovery of fertilizer N by harvested portion of crops is less than desirable,
improvement in this area is central to the issue of reducing environmental effects of fertilizer use.
Fertilizer efficiency factor deserves careful attention if agriculturists are to produce maximum crop
yields and prevent pollution of natural waters with plant nutrients. Figure 3(15) based on results
obtained on an extremely N-deficient soil shows the general relationship frequently observed
between applied fertilizer N, crop yield and N remaining in the soil presumably leachable under
certain circumstances. The optimum N rate consistent with minimum potential for N loss is
somewhat below the maximum yield rate of around 200 kg N/ha. Application of N more than this
level resulted in very little additional N uptake by the crop and a substantial amount of N became
available for potential leaching. The message contained in this figure is equally valid in developing
and developed nations. For example, Fig. 4 (28) shows that the recovery of fertilizer N by maize
was similar at several temperate and tropical region sites located in developed and developing
nations of the American continent. At N application rates between 35 and 125 kg N/ha, a fairly
constant 55% was recovered in harvested plant tops. FUE dropped sharply when application rates
exceeded the assimilative capacity of the crop so that less than 40% was recovered at 200 kg N/ha.
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Fig. 4. Apparent N recovery by maize at different locations. Adapted from Grove (28)
Nitrogen recoveries for paddy rice, where urea is predominant fertilizer N source, are
commonly in the range of 20-40% (53). But such low recoveries are often observed due largely
to difficulties in controlling N losses by volatilization from flooded soils. Thus, low FUE does not
always imply that unused N will be reaching the groundwater bodies. As a matter of fact, a
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significant portion of the unrecovered N usually remains in the root zone in either immobilized or
inorganic forms for use by the following crop and does not necessarily pose a hazard to the
environment as long as excess water does not leach it beneath the rooting depth.
Vigorous crop growth and N assimilation capacity, and application of N in phase with crop
demand ensures high FUE and minimal risks of nitrate pollution of groundwater. In order to achieve
high FUE and to maintain unutilized N at environmentally acceptable levels, Bijay-Singh et al. (7)
advocated application of fertilizer N at a level which is smaller of the following two: (i) at which
greatest economic returns are obtained and (ii) at which the amount of applied N in excess of the
environmentally permissible amount of N in the soil profile is absorbed by the crop.
Fertilizer nitrogen management and potential for nitrate pollution of groundwater
Since 1950, farmers in the highly developed countries of the world have had little economic
incentive to feel concerned about efficient N management, particularly because the cost: benefit
ratio for N fertilizer has been low (44). Thus, impact of large quantities of N fertilizers, that have
been used in the developed countries, on groundwater has been greatest there and it is expected to
continue. Most mismanagement of N fertilizer has occurred in the developed nations and so one
can expect that as affluence increases in developing nations the problem of groundwater
contamination with N will increase (44).
Mismanagement of N fertilizer in many regions in both developed and developing countries
might have created a nitrate load perched between root zone and water table. Any mismanagement
of irrigation water or an ill-timed natural precipitation event can move the nitrate into or near the
water table. In developing countries too, a number of workers have studied efficient use of N
fertilizers both from the point of improving crop yields and controlling nitrate leaching beyond
potential rooting zone.
It is very common in developing nations that fertilizer use is concentrated in certain districts
or areas. For example in India, states of Punjab, Haryana and 17 districts of Uttar Pradesh (about
0.3 millon km2) consume as much fertilizer as entire states of Gujarat, Madhya Pradesh,
Maharashtra and Rajasthan (1.3 million km2). This pattern -xists within states as well. In Punjab,
on an average 208 kg N/ha was used in 1990-91. While the central district Ludhiana used 311 kg
N/ha, fertilizer consumption in Hoshiarpur district was only 125 kg N/ha. Thus, in some regions
where fertilizer N usage equals to or exceeds even the developed nations, there exists the possibility
of nitrates leaching to groundwater bodies. Fertilizer application levels in some regions are also
tuned to factors such as rainfall patterns and amounts. For example, in Turkey fertilizer application
for rainfed wheat in the low rainfall areas is restricted to 17.5 Kg P/ha; under good rainfall
conditions it is 60 kg N + 17.5 Kg P/ha. For high yielding varieties under irrigated conditions the
recommendation is 80 to 100 Kg N+26 Kg P/ha (19). In Jordan, fertilizers are mainly used for
irrigated wheat in the Jordan valley, but very small amounts are used in the dry region with over
450 mm/year of rainfall (19).
When 15N-labelled urea was applied at 50,100 and 150 Kg/ha to wheat grown at New Delhi,
India (47), distribution of residual fertilizer N in the soil profile after the harvest of crop revealed
that potential for leaching of nitrogen beyond rooting zone increased conspicuously with increasing
level of fertilizer N. Wheat utilized as much as 48% of the applied N. On a similar coarse textured
alluvial soil, when 15N-labelled urea was applied to maize at 120 Kg N/ha, N utilization was only
11 to 22% (3). Maize grows in summer when monsoon rains (400 to 500 mm) are received, whereas
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wheat grows in winter when only around 100 mm rainfall is recorded. Data in Fig. 5 show that
during monson season as much as 50% of the fertilizer N applied to maize was leached below a depth
of 50 cm; about 15% was leached below 150 cm.
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Fig. 5. Cumulative drainage and cumulative fertilizer nitrate-N leached below 50 and 150 cm
soil depth under maize grown in monsoon season at New Delhi, India. Adapted from Arora
et al. (3)
In the Indian Punjab, where fertilizer application rates are amongst the highest in the country
and compare with those in several developed countries, Bijay-Singh and Sekhon (9) were able to
show that balanced application of N, P and K can significantly reduce the amount of unutilized
nitrates in the root zone. When only N was applied to wheat or maize, a substantial portion was
recoverable as nitrate from the soil profile up to 2 m depth. But when along with 120 kg N/ha, 26
kg P and 25 kg K/ha were applied, there was little nitrate-N in profile which could potentially leach
below the root zone. Bijay-Singh and Sekhon (10) could demonstrate that as the irrigation rate
was increased while its frequency decreased, more nitrate-N was leached to deeper soil layers
(Table 5). With lighter and more frequent irrigation schedules, nitrates from only the third or fourth
split dose of fertilizer remained unutilized in the root zone. These results pointed out the need to
delay large nitrogen application until the crop can utilize it and to avoid irrigation when a large
amount of nitrates is present in the root zone.
Vegetation retards nitrate leaching from root zone by absorbing nitrates and water. Rooting
habits of plants exert a profound influence on nitrate mobility in the root zone. Bijay-Singh and
Sekhon (12) showed that maximum leaching of nitrate-N below the root zone occurred from crop
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rotations with heavily fertilized shallow rooted crops like potato. Wheat, when grown in a rotation
absorbed a large fraction of the applied N due to its deep rooting system.
Large amounts of fertilizer N in developing countries in Asia are applied to wetland rice.
Due to reduced soil conditions, ammonium-N is not readily converted to nitrate-N under rice. The
limited amount of nitrates produced under rice are preferentially lost via denitrification so that
losses via leaching are small. Studies carried out with 15N-labelled materials or otherwise (13,38)
provide substantial evidence that nitrates are not leached in large amounts beyond the potential
rooting zone of rice.
Table 5. Effect of depth and frequency of irrigation and application of fertilizer N in split
doses on the amount of nitrate-N present in 0-180 cm soil depth after the harvest of wheat.
The data are expressed as percentage of the total applied N (150 kg N/ha)
Irrigation
depth
(cm)

Frequency
of
irrigation

Single
dose

Application of 150 kg fertilizer N/ha* in
2 split
3 split
4 split
doses
doses
doses

5.5

7

14.4

17.9

34.1

47.4

7.5

5

29.5

21.3

32.1

32.0

9.5

4

39.4

44.3

53.5

88.0

"Single dose or first split dose was applied at the time of sowing of wheat. For irrigation depths of 5.5, 7.5 and 9.5
cm, respectively, second split dose was applied 32,32 and 38 days after sowing of wheat; third split dose was applied
71, 80 and 80 days after sowing of wheat; and fourth split dose was applied 84, 100 and 106 days after sowing of
wheat.
Source: Bijay-Singh and Sekhon (10)

Nitrogen uptake efficiency of cereal crops in the humid and subhumid tropics is often low
(29, 34,37, 43,48) and as little as 22% of the applied N is found in the plant at harvest (4). Low
recoveries (<50%) are generally observed when higher rates of N were applied or when fertilizer
was applied to soils with high native N-supplying capacity. Rapid losses of native and applied N
through leaching are believed to be a major cause. This is particularly so in the highly permeable
ultisols and oxisols in the humid regions where precipitation greatly exceeds the e vapotranspiration
during the growing season. Leaching losses may also occur, though to a lesser extent, in the drier
areas (35,36,56). Gamboa et al. (26) reported leaching losses of 65% of applied N in Costa Rican
alluvial soils under a maize crop. Charreau (18) observed progressive loss of N as rainfall increased
in west African ultisols.
Arora et al. (5) found that percentages of applied N recovered by maize grown under humid
conditions in Nigeria were 28 and 50 from calcium ammonium nitrate (CAN) and urea,
respectively, whereas the recovery under subhumid condition was 46 and 34%, respectively. Total
(soil up to 120 cm + plant) recovery of urea-N was much lower under subhumid (40%) than under
humid (60 %) condition suggesting that excessive N leaching loss from CAN under humid
condition and volatilization loss from urea under subhumid condition were responsible for poor
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efficiency of fertilizer N. Mughobo et al. (41) reported research from forest zone to Guinea savanna
experimental sites that differed greatly in amounts of rainfall received. These 15N balance studies
showed losses of 11-33% of applied N. On the basis of N distribution in the soil profile, leaching
was postulated to have been a problem at the wettest site. In a coarse textured kaolinitic ultisol under
mono-modal high rainfall conditions, application of fertilizer N in one, two or three split doses
resulted in percentage recovery of applied N by maize as 22,35 and 41 % and by rice as 31,39 and
61%, respectively (4). Splitting of N from one to three applications reduced the leaching loss from
53 to 28% of applied N. Under the conditions of high precipitation and heavy overcast of the humid
tropics, the probability exists that up to 50% or more of the mineral N initially in the soil may be
lost through leaching between the onset of the rain and plant establishment (42). In Tanzania, only
7% of the fertilizer N was recovered within the 120 cm depth of the uncropped bare plot one year
after application (40).
Although assumed that leaching of nitrates is rapid in savanna soils, field observations
indicate wide variation in leaching efficiency (0.2 to 7.0 cm downward movement of nitrate per
cm rainfall) according to site (36). Texture is important but the mode of water movement through
soil is still very incompletely understood. At Bambey (Senegal), rapid leaching of surface applied
nitrate was attributed to preferential water movement through the large pores (14) while at Samaru,
Nigeria, Wild (56) explained the slow leaching of native nitrate in terms of rapid drainage of storm
water through deep cracks and channels in the soil, leaving much of the nitrate within fine pores
from which diffusion was slow. According to Jones (36) rapidly percolating water may carry with
it up to a quarter of the fertilizer nitrate applied to the top soil, but the greater part of the applied
nitrate moves down through the profile only as a slow wave and is likely to remain within the rooting
zone for a large part of the growing season.
In tropical Brazilian soils under sugarcane around 30% of the 15N labelled fertilizer N was
lost via leaching or denitrification from 0-120 cm soil profile (16). In Chile, application of 100 mm
of water to a dystrandept (Vilcun soil) could transport surface applied sodium nitrate (12.8 to 1280
kg N/ha) to a depth of 55 cm. Application of another 10 cm of water could transport all the nitrateN to 55-90 cm soil depth (50).
In a study based on 65 arable, livestock or mixed ecosystems located all over the world (25)
output of all arable systems was between 30 and 100% of the input. Up to a farm input of 150 kg
N/ha/year, the output efficiencies were oUen close to 66%. For inputs above 150 kg N/ha/year, the
outputs were scattered around 50% efficiency curve indicating slightly lower efficiencies at higher
farm inputs. From 1 to 100% of the farm input and up to 90 kg N/ha/year was lost via leaching from
all the ecosystems (Fig. 6). Highest values are reported from systems based on cotton, mixed
farming, vegetables and tea. From a few systems including those from Latin America, leaching
losses were below 1 kg N/ha/year. When data from some systems based on rough estimates are
disregarded, it appears that leaching losses for farm inputs below 150 kg N/ha/hear are scattered
around the 10% leaching curve, while for inputs above 150 kg N/ha/year, they are scattered around
the 20% leaching curve. Biological nitrogen fixation does not seem to influence the leaching
percentage.
Nitrate content of groundwater vis-a-vis fertilizer use in developing countries
Some of the arable soils in European countries, Canada, eastern half of USA and Russia
remain wet or moist nearly all year or remain dry for periods amounting to less than 3 months per
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year. These soils possess potential for groundwater contamination through leaching of nitrates if
good soil and fertilizer management practices are not followed. Soils in several developing
countries located in south-east Asia, Africa and Latin America remain moist part of the year and
dry for more than 90 days. These may present problems, particularly in hot climates where high
intensity rains occur over short periods of time resulting in leaching of nitrates, if present. Also
during the dry season, dead or dormant plants do not utilize nitrates which get accumulated in the
soil (39).
In a large number of developing countries in west and central Asia and north Africa, soils
(mostly Aridisols) remain dry all the year and seldom moist. These are not likely to be potential
sources of high N losses via leaching except possibly if soils are irrigated and fertilizer management
practices are poor. Inspite of the best possible efforts agriculture in most of cultivated areas in semiarid and arid regions will continue to be mainly rainfed. For example, the percentage of net irrigated
area to net sown area by the year 2000 in India is likely to be only 41 %. Whether falling in summer
(such as Ethiopia, Mali, India, Pakistan, Nigeria) or winter (Turkey, Syria, Lebanon, Israel, Jordan,
Saudi Arabia, Yemen, Oman, U.A.R., Qatar, Iraq, Kuwait and Iran in Asia; Morocco, Algeria,
Tunisia, Libya, Sudan and Egypt in North Africa; Central Chile in Latin America) rainfall climates,
it is only for 2 to 3 months period in a year that rainfall exceeds evapotranspiration permitting some
soil moisture recharge. Thus except in those regions where fertilizers are applied to irrigated crops,
the possibility of nitrates originating from fertilizer to leach down to groundwater are unlikely. Data
in Table 6 supports this contention. At Breda in North West Syria (mean rainfall 278 mm, range
75-430 mm), 15N labelled fertilizer was applied up to 120 kg N/ha to barley grown in a Typic
Calciorthid (30). While apparent fertilizer N recovery ranged from 20 to 50%, ,5N-balancesshowed
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that 80-95% of the applied N was recovered in the soil-crop system, about one half in the crop and
half in the soil.
Only 9% of the total area of Latin America is used for crop production while around 287c
is under permanent pastures (24). Technical and economic difficulties and lack of an adequate
infrastructure prevent the use of fertilizers on an extensive scale. Climatic water-balances and soil
moisture conditions are usually unfavorable for agricultural purposes and leaching of nitrates from
the small amount of fertilizer N applied to oxisols and ultisols of Latin America is minimal (31).
Table 6. Loss of nitrogen by leaching under crops in Senegal, Cameroun and Ivory Coast
Place

Annual
rainfall (mm)

Crop

Drainage
(mm)

N leaching
loss (kg/ha/year)

Bambey
(Senegal)

507 (1981)

Millet
Groundnut

9.5
100.0

0.3
25.1

Maroua
(Cameroun)

705 (1975)
683(1977)

Sorghum
Cotton

2
83

Traces
2.1

Bouaké
(Ivory Coast)

633(1981)
532(1982)

Maize
Cotton

210
260

6.1
7.1

Source: Senegal, Piéri (45); Cameroun, Gigou (27); Ivory Coast, Chabalier (17)

In a paper prepared by FADINAP/ARSAP, ESCAP, Bangkok (2) on the ecological aspects
of fertilizer use in developing countries of Asia and Pacific, it was concluded that since almost 70%
of the fertilizer is used to grow wetland rice, losses through leaching of nitrates are minimal. In soils
under wetland rice, puddling results in drastic reduction of percolation rates and therefore leaching.
Occasionally the potential of nitrate enrichment of groundwater may occur near peasant dwellings
where in small backyard vegetable fields plants are grown intensively with heavy rates of fertilizer
application.
In extensively irrigated regions of northwestern India, particularly in the state of Punjab,
fertilizer application rates exceed 200 kg N/ha/year. In some central districts, fertilizer levels
exceed 300 kg N/ha/year and possibly at several farms fertilizers are poorly managed. The soils
in the region are predominantly light in texture (sandy loam and loamy sand as the dominant textural
classes) and about 75% of the total annual rainfall of more than 600 mm is received during July to
September. In an investigation carried out by Bijay-Singh and Sekhon (11) nitrate concentration
of water from shallow (4 to 10 m deep) open wells located in cultivated area decreased significantly
with depth to water table and correlated positively with amount of fertilizer N applied/ha/year on
the farms located in the vicinity of wells. The amount of nitrate-N contained in the soil profile down
to 2.10 m depth in June correlated significantly with the nitrate concentration of well water in
September, confirming that nitrates tend to reach the water table during the rainy season (JulySeptember). During 1975 to 1988, average fertilizer N consumption in the Indian Punjab increased
from 56 to 188 kg N/ha/year (on net area sown basis). Monitoring of the nitrate-N concentrations
in the shallow well waters in 1982 and 1988 (8) revealed that the increase in fertilizer consumption
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was associated with an increase of nitrate-N by almost 2 mg/1 (Table 7). Recently Bajwa et al. (6)
investigated 236 samples from 21 to 38 m deep tube wells in different blocks of Punjab ranging
in fertilizer N consumption from 151 to 249 kg N/ha/year. No significant correlation was observed
between fertilizer consumption and nitrate content of well waters, possibly because samples were
taken from deep wells. Nevertheless, percentage of groundwater samples containing more than 5
mg NOy-N/1 from tube wells located in vegetable growing areas was 17 as compared to 3 and 6
from wells located in regions where, respectively, rice-wheat and potato-wheat rotations are
followed.
Table 7. Nitrate concentration (mg N0 3 -N/l) in water samples from shallow wells (4 to 10 m
deep) located in cultivated areas of Ludhiana district (central Punjab) during 1975 to 1988

Jun

1975
Sept

Apr

Nov

1988
Nov/Dec

Number of
observations

46

33

26

26

28

Range

0.04-6.15

0.05-7.90

0.23-15.17

0.31-13.30

Geometric mean

0.42

0.42

1.48

2.13

2.29

0.51*

NS

0.51*

0.59*

Correlation (r)
between fertilizer N
applied/ha/year and
nitrate content of
NS
well water

1982

0.35-10.11

'Significant at 5% level of significance
Source:Bijay-Singh et al. (8), Bijay-Singh and Sekhon (11)

In Nigerian humid tropics, besides plenty of rainfall, irrigation is also becoming increasingly available to farmers growing maize using substantial quantities of nitrogen as calcium
ammonium nitrate and urea. There exists the possibility of nitrates leaching beyond the rooting
zone of crops. However, no attempt has been made to correlate fertilizer use with nitrate level of
the groundwater.
Conclusions
In a large number of developing countries located in arid and semi-arid climatic zones in
central and west Asia and north Africa, small amount of fertilizer N applied to rainfed Aridisols
is not prone to leaching losses even if low fertilizer use efficiency is observed at a few locations.
In oxisols and ultisols of Latin America too, there exists a very remote possibility of nitrate pollution
of groundwater because climatic water balances do not favor leaching of nitrates from the small
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amount of fertilizer N applied to only 9% of the total area under crop production. In developing
countries of Asia and Pacific, where 70% of the fertilizers are used to grow wetland rice, low
fertilizer use efficiency is caused by excessive N losses via volatilization as NH3 rather than
leaching.
Fertilizer consumption is increasing in developing countries, but high N application rates
are being practised in regions with assured irrigation facilities or where substantial rainfall is
received during the cropping season. Fertilizer use efficiency always turns out to be higher in
irrigated agriculture but often due to poor fertilizer, irrigation or soil management, low fertilizer
use efficiency is observed and a substantial portion of the applied fertilizer ends up in the
groundwater. At a few locations increasing nitrate-N levels in groundwater due to fertilizer use
have already been recorded. In many regions no such measurements have been made.
References
(1) Allison F.E. 1966. The fate of nitrogen applied to soils. Adv. Agron. 18:219-258.
(2) Anonymous 1990. Ecological aspects of fertilizer use. Agrochemical News in Brief 13(2): 1315.
(3) Arora, R.P., M.S. Sachdev, Y.K. Sud, V.K. Luthra. and B.V. Subbiah. 1980. Fate of fertilizer
nitrogen in a multiple cropping system, p. 3-22. In Soil nitrogen as fertilizer or pollutant.
International Atomic Energy Agency, Vienna.
(4) Arora, Y. and A.S.R. Juo. 1982. Leaching of fertilizer ions in a kaolinitic Ultisol in the high
rainfall tropics: Leaching of nitrate in field plots under cropping and bare fallow. Soil Sci. Soc.
Am. J. 46:1212-1218.
(5) Arora, Y., L.A. Nnadi, and A.S.R. Juo. 1987. Nitrogen efficiency of urea and calcium
ammonium nitrate for maize {Zea mays) in humid and subhumid regions of Nigeria. J. Agric. Sci.,
Camb. 109:47-51.
(6) Bajwa, M.S., Bijay-Singh and Parminder-Singh. 1993. Nitrate pollution of groundwater under
different systems of land management in Punjab. In Proceedings of the first agricultural science
congress, National Academy of Agricultural Sciences, New Delhi, India.
(7) Bijay-Singh, C.R. Biswas and G.S. Sekhon. 1978. A rational approach for optimizing
application rates of fertilizer nitrogen to reduce potential nitrate pollution of natural waters. Agric.
Environm. 4:57-64.
(8) Bijay-Singh, U.S. Sadana, and B.R. Arora. 1991a. Nitrate pollution of ground water with
increasing use of nitrogen fertilizers in Punjab, India. Indian J. Environ. Health 33: 516-518.
(9) Bijay-Singh and G.S. Sekhon. 1976a. Some measures of reducing leaching loss of nitrates
beyond potential rooting zone II. Balanced fertilization. Plant Soil 44:391-395.
(10) Bijay-Singh and G.S. Sekhon. 1976b. Some measures of reducing leaching losses of nitrates
beyond potential rooting zone I. Proper co-ordination of nitrogen splitting with water management.
Plant Soil 44:193-200.
(11) Bijay-Singh and G.S. Sekhon. 1976c. Nitrate pollution of ground water from nitrogen
fertilizers and animal wastes in the Punjab, India. Agric. Environm. 3:57-67.
(12) Bijay-Singh and G.S. Sekhon. 1977. Some measures of reducing leaching loss of nitrates
beyond potential rooting zone III. Proper crop rotation. Plant Soil 47:585-591.
(13)Bijay-Singh,Yadvinder-Singh,C.S. KhindandO.P. Meelu. 1991b. LeachinglossesofureaN applied to permeable soils under wetland rice. Fert. Res. 28: 179-184.

188

(14) Blondel, D. 1971. Agron. Trop. 26:687. [cited from Jones (1976)]
(15) Broadbent, F.E. and R.S. Rauschkolb. 1977. Nitrogen fertilization and water pollution. Calif.
Agric. 31:24-25.
(16) Cervellini, A., A.P. Ruschel, R.L. Victoria and K. Reichardt. 1980. Fate of 15N applied as
ammonium sulphate to bean crop. p. 23-36. In Soil nitrogen as fertilizer or pollutant. International
Atomic Energy Agency, Vienna, Austria.
(17) Chabalier, P.F. 1983. Comparison de deux methodes de la lixiviation en sol ferrallitique. A
paraitre in Agro. Trop.
(18) Charreau, C. 1972. Problèmes poses par 1'utilization agricole des sols tropicaux par des
cultures annuelles. Agron. Trop. 27:905-929.
(19) De Geus, J.G. 1973. Fertilizer guide for tropics and subtropics. Centre d'Etude de 1'Azote,
Zurich, Switzerland.
(20) FAO. 1980. FAO Fertilizer Yearbook 1979. Statistical Series No. 30. Volume 29. United
Nations, Rome, Italy.
(21) FAO. 1985. FAO Fertilizer Yearbook 1984. Statistical Series No. 62. Volume 34. United
Nations, Rome, Italy.
(22) FAO. 1987. FAO Fertilizer Yearbook 1986. Statistical Series No. 77. Volume 36. United
Nations, Rome, Italy.
(23) FAO. 1991a. FAO Fertilizer Yearbook 1990. Statistical Series No. 100. Volume 40. United
Nations, Rome, Italy.
(24) FAO. 1991b. FAO Production Yearbook 1990. Statistical Series No. 99. Volume 44. United
Nations, Rome, Italy.
(25) Frissel, M.J. (ed.). 1978. Cycling of mineral nutrients in agricultural ecosystems. Elsevier
Scientific Publishing Company, Amsterdam, Netherlands. 356 p.
(26) Gamboa, J., G. Parez and M. Blasco. 1971. Un modelo para describir los procesos de retencfon
y lixiviatfon en los suelos. Turialba 21:312-316.
(27) Gigou J. 1982. Dynamique de 1'azote mineral en sol nu ou cultivé de region tropicale sèche
du Nord Cameroun. These Doc. USTL. Montpellier. 171 p.
(28) Grove, T. 1979. Nitrogen fertility in Oxisols and Ultisols of the humid tropics. Cornell Int.
Agric. Bull. 36. NY State Coll. Agric. & Life Sci., Cornell Univ., Ithaca, 28 p.
(29) Haque. I. 1979. Timing the application of N to maize in Sierra Leone. Exp. Agric. 15:247251.
(30) Harmsen, K., K.D. Shepherd, and A. Y. Allan. 1983. Crop response to nitrogen and phosphorus
in rainfed agriculture, p. 223-248. In Nutrient balances and the need for fertilizers in semi-arid and
arid regions. Proceedings of the 17th Colloquium of the International Potash Institute held in Rabat
and Marrakech, Morocco. International Potash Institute, Basel, Switzerland.
(31) Husz, G.St. 1978. Agroecosystems in South America, p. 244-276. In M.J. Frissel (ed.) Cycling
of mineral nutrients in agricultural ecosystems. Elsevier Scientific Publishing Co., Amsterdam,
The Netherlands.
(32) IRCT. 1980. Station Centrale de Bebedja (Tchad). Rapport 1978-79. Etude et synthese.
Document IRCT non publié.
(33) Isherwood, K.F. and K.G. Soh. 1992. The agricultural situation and fertilizer demand. Paper
presented at IFA Annual Conference at Seoul, May 1992. IFA Document No. A/92/71.
International Fertilizer Industry Association, Paris, France.

189

(34) Jones, M.J. 1973. Time of application of nitrogen fertilizer to maize at Samaru, Nigeria. Exp.
Agric. 9:113-120.
(35) Jones, M.J. 1975. Leaching of nitrate under maize at Samaru, Nigeria. Trop. Agric. (Trinidad)
52:1-10.
(36) Jones, M.J. 1976. Water movement and nitrate leaching in a Nigerian savanna soil. Exp. Agric.
12:69-79.
(37) Kang, B.T., F. Donlesh and K. Moody. 1977. Soil fertility management investigations on
benchmark soils in the humid low altitide tropics of West Africa: Investigations on Egbeda soil
series. Agron. J. 69:651-656.
(38) Katyal J.C., Bijay-Singh, P.L.G. Vlek and E.T. Craswell. 1985. Fate and efficiency of nitrogen
fertilizers applied to wetland rice II. Punjab, India. Fert. Res. 6:279-290.
(39) Klingebiel, A. A. 1973. Nutrient enrichment of natural waters. Qual. PlantMeter. Veg. 22:223248.
(40) Leutenegger, F. 1956. Changes in ammonia and nitrate contents of a tropical red loam as
influenced by manuring and mulching during period of one year. E. Afr. Agric. J. 22:81-87.
(41) Mughobo, S.K., C.B. Christianson, J.M. Stumpe and P.L.G. Vlek. 1990. Nitrogen efficiency
at three sites in Nigeria as affected by N source and management. Trop. Agric. (Trinidad). 67:127132.
(42) Osiname, O., H. Van Gijn and P.L.G. Vlek. 1983. Effect of nitrification inhibitors on the fate
and efficiency of nitrogenous fertilizers under simulated humid tropical conditions. Trop. Agric.
(Trinidad). 60:211-217.
(43) Oyedokun, J.B. 1976. Effect of time of nitrogen application on upland rice (Oryza sativa L.)
grown as rainfed rice. Niger. Agric. J. 13:11-23.
(44) Peterson, G.A. and W.W. Frye. 1989. Fertilizer nitrogen management, p. 183-219. In R.F.
Follett (ed.) Nitrogen management and groundwater pollution. Elsevier, Amsterdam.
(45) Piéri, C. 1982. Estimation du bilan des pertes moyennes en eau et en elements minéraux dans
une succession culturale mil-arachide. C.R. mission AIEA - Senegal. 26 p.
(46) Piéri, C. 1983. Nutrient balances in rainfed farming systems in arid and semiarid regions, p.
181-209. In Nutrient balances and the need for fertilizers in semi-arid and arid regions. Proceedings
of the 17th Colloquium of the International Potash Institute held in Rabat and Marrakech, Morocco.
International Potash Institute, Basel, Switzerland.
(47) Sachdev, M.S., A.M. Oza, and B.V. Subbiah. 1977. Possibilities of improving the efficiency
of nitrogenous fertilizers, p. 371 -382. In Soil organic matter studies. International Atomic Energy
Agency, Vienna, Austria.
(48) Sanchez, P. A. 1972. Nitrogen fertilization, p. 90-125. In P. A. Sanchez (ed.). A review of soils
research in tropical Latin America. North Carolina State Univ. Tech. Bull. No. 219.
(49) Sarr, P.L. 1981. Analyse des effects induits par 1'intensification des cultures sur quelques
caracteristiques physico-chimiques d'un sol ferrugineux tropical du Senegal. These Doc. USTL.
100 p.
(50) Schenkel, S.G. and V.P. Baherle. 1983. Fertility changes in Chilean soil profiles. 3. Leaching
of five levels of sodium nitrate in a Vilcun soil. Agricultura Technica 43:105-119.
(51) Sekhon, G.S. and D.N. Puri. 1986. The input-output balance of plant nutrients in some
intensive multiple cropping systems in India. Potash Review, Subject 6, Suite 52.

190

(52) Tandon, H.L.S. and Partap Narayan. 1990. Fertilizers in Indian agriculture - past, present and
future (1950-2000). Fertiliser Development and Consultation Organisation, New Delhi, India.
160 p.
(53) Vlek, P.L.G. and B.H. Byrnes. 1986. The efficiency and loss of nitrogen in lowland rice. p.
131-148. In S.K. DeDatta and W.H. Patrick, Jr. (eds.) Nitrogen economy of flodded rice soils.
Martinus Nijhoff, Dordrecht, The Netherlands.
(54) Welch, L.F. 1972. More nutrients are added to soil than are hauled away in crops. Illinois Res.
14(l):3-4.
(55) Wetselaar, R. and F. Ganry. 1982. Nitrogen balance in tropical agrosystems. In Y.
Dommergues and H.G. Dien (eds.) Microbiology of tropical soils and plant productivity.
Implications in agricultural management. Martinus Nijhoff, The Hague, The Netherlands.
(56) Wild, A. 1972. Nitrate leaching under bare fallow at a site in northern Nigeria. J. Soil Sci.
23:315-324.

191

Nitrogen and Water Management Strategies to Protect
Groundwater Quality
J.S. Schepers*, G.E. Varvel, and D.G. Watts. Soil Scientists, USDAAgricultural Research Service and Agronomy Department; and Agricultural
Engineer, Biological Systems Engineering Department, University of Nebraska,
Lincoln, NE 68583-0915., USA.
Abstract. Many management factors, besides fertilizer practices, impact
groundwater quality. For example, cropping systems that manage N fertilizers
without integrating water and tillage considerations may not be effective in
reducing the potential for nitrate contamination of groundwater. Examples of
poorly integrated N management practices are abundant, especially under
irrigation where the effect of water stress is minimized and use of N fertilizer is
frequently abundant to excessive. Environmental issues related to nitrate
contamination of groundwater have brought about an implied urgency to increase
fertilizer N use efficiency. Efforts to reduce nitrate leaching can take many
approaches, but some of the most effective and least expensive are those that
involve integrating the various aspects of the cropping system. Cropping systems
that improve synchronization between crop N needs and soil N availability have
the greatest potential to minimize nitrate leaching. Integration of crop rotations,
irrigation, and tissue testing offers much flexibility to producers.
Introduction. Various approaches can be taken when formulating N
management strategies, but at some point consideration must focus on temporal
factors. In reality, most N management strategies involve short and long-term
considerations that frequently overlap in time because of interactions with water,
tillage and climatic factors. The detail committed to each block of time depends
on the urgency of the situation, expertise of the producer, and the scope of
operation. For example, the net effect of a crop rotation on N management
considerations may be expressed for only be a few months in warm climates
where multiple crops can be grown each year. In other situations, such as long
term rotations involving multiple crops and/or legumes, a number of years may
be required before the dynamics of the N cycle can be measured. More obvious
effects of N cycling can usually be seen when conditions are appropriate for the
dynamics of mineralization, immobilization or denitrification to affect crop N
availability. These microbial processes are the core of all N management
decisions even though their impact may not be obvious because the sometimes
subtle effects are integrated into the overall management strategy.
Evaluations of N management strategies must also address issues related to
sustainability and productivity. The definition of sustainability has a number of
interpretations, but invariably includes some type of economic assessment. These
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economic assessments involve many local considerations that are beyond the scope
of this paper, but which need to be addressed along with the practical and
scientific issues.
Long term N management strategies tend to waiver and drift over time in
response to economic pressures, climatic conditions, and more recently because
of environmental concerns. Nonetheless, the scientific principles responsible for
the dynamics of the N cycle continue to function and express themselves in
various ways. For example, over the years various types of tillage and intensities
of cultivation have altered many soil properties. To this end, the impact of
cultivation on soil quality factors has been documented in many geographic areas
of the world and under various climatic regimes. It is generally recognized that
increasing the intensity of cultivation decreases soil organic matter content, which
tends to impair soil tilth unless efforts are made to compensate for these
undesirable attributes. An exception is where cultivation of marginal land is
complemented by irrigation to minimize the impact of drought on crop
production. In such cases, the increased residue production, as the result of
fertilization and irrigation, may be sufficient to more than offset the accelerated
mineralization caused by tillage. As such, soil organic matter levels may slowly
increase with cultivation (Lueking and Schepers, 1984), which should improve
aggregate stability and soil tilth. Crop rotations involving legumes or use of
organic waste products are also considered to improve soil tilth while serving as a
complementary source of crop nutrients.
As with any input to a cropping system, too much of a good thing (i.e.,
fertilizers, pesticides, water, etc.) can lead to environmental problems. For
example, excessive or poorly timed applications of irrigation water can
accentuate the need for N fertilizers because of the increased potential for
leaching and/or denitrification losses. This is not to imply that natural conditions
are immune from such losses, but to simply indicate that excessive water from
any source can adversely impact the environment. For these reasons, it is
essential to simultaneously consider water management whenever N management
decisions are made. This is especially true for irrigated agriculture.
Nitrogen management practices that target efficient use of N fertilizer are not
always the most profitable for producers. This is because profitability is usually
assessed over the entire cropping system rather than for individual components
such as the incremental increase in profit that can be gained by each additional
increment of N fertilizer. The first increment of N fertilizer usually results in
the greatest crop response and nutrient uptake efficiency. Applications of
additional increments of fertilizer may still be profitable as long as the last
increment of fertilizer costs less than the corresponding increase in crop value.
This type of simple economic assessment does not consider the environmental
consequences of farming operations. More specifically, the cost of remediating
impaired ground and surface water quality has not been factored into the cost of
N fertilizers or irrigation water. If such costs could be determined and then
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assessed to agriculture, it would seem the charges for remediation or treatment
should be distributed to the various sources of N that contribute to crop growth.
Likewise, it could be argued that irrigation should be assessed a remediation fee
because of the increased potential for nitrate leaching and runoff. Such logic is
based on the premise that only fertilization and/or irrigation are responsible for
the nonpoint source contamination of our water resources. In reality, crops use
N from many sources, all of which contribute to the occurrence of nitrate in our
water resources.
A major problem facing agriculture is that society frequently seems insensitive to
the fact that natural processes contribute to nitrate leaching and can even
accentuate water quality problems. This perhaps explains why the public seems
intent on assigning the cost of remediating nonpoint source contamination
problems to agriculture. The implications are that proposed constraints and
restrictions on agricultural inputs (i.e., fertilizer, irrigation, etc.) and producer
operations will be expected to compensate for naturally occurring processes that
also degrade water quality unless compromises can be reached. This is why
producers must be prepared to do what they can to integrate management
practices that can reduce the potential for nitrate leaching.
The time delay between implementation of new agricultural technologies and
when the practices might impact the environment in either a positive or negative
way will always be a concern. For this reason, formulation of N management
strategies should strive to address the smallest reasonable unit of time that is
practical and technically possible so as to minimize environmental and economic
risks. The objective of this research was to evaluate the environmental
implications of several integrated N and water management strategies for
continuous corn and corn/soybean production systems.
Methods and Materials. This research was conducted at the Management
Systems Evaluation Area (MSEA) project site that is located in the second terrace
of the Platte River Valley near Shelton, Nebraska. The alluvial soils in the area
form a nearly level landscape that has been graded to facilitate furrow irrigation.
The Hall (fine-silty, mixed, mesic pachic argiustoll) and Hord (fine-silty, mixed,
mesic cumulic haplustoll) surface soils overlay sand and gravel at 1.2 to 1.8 m.
Ground water used for irrigation is pumped from an aquifer with its water table
at 5 to 7 m and that extends to ~20-m depth. Nitrate-N concentration in
groundwater used for irrigation ranges for 30 to 32 mg/L. Precipitation in the
area averages 620 mm annually, with about one-third of it coming between 1
April and 15 June.
Two types of studies were initiated in 1991 to address different aspects of N and
water management. In one case, three N fertilizer/water management scenarios
for monoculture corn were established on individual 13.6-ha fields. These large
fields were used so that changes in ground water quality could be monitored over
time. The second approach involved a corn/soybean rotation where small plots
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were used to evaluate the dynamics of the N cycle as influenced by fertilizer rate
and crop residues.
Monoculture Corn: Three square 13.6-ha irrigated corn fields with individual
irrigation wells were established in 1990. These adjacent fields had been under
corn or soybean production for over two decades. Each of the fields received a
preplant application of 168 kg N/ha as anhydrous ammonia in 1990 and were
planted to corn that received 33 kg N/ha as a starter fertilizer at planting. Flow
meters were installed on the wells and fields were furrow irrigated according to
traditional producer practices. Average grain yields were similar for all three
fields and averaged 12.3 Mg/ha. Irrigation water application ranged from 91 to
122 cm in 1990.
In the fall of 1990 and spring of 1991 two of the fields were modified to
accommodate different types of irrigation systems (Table 1) to represent a
modestly priced improved furrow irrigation system that offered some
opportunities for improved N management (surge-flow furrow irrigation) and a
more costly sprinkler irrigation system that offered maximum flexibility in terms
of N management (center pivot sprinkler irrigation), which were compared to a
traditional approach to irrigation for the area (conventional furrow irrigation).
Nitrogen management strategies were developed and tailored for each type of
irrigation system in Table 1 (i.e.,. preplant, sidedress, and fertigation). Prior to
planting, soils from each field were sampled to 1.2-m depth for residual soil N.
Table 1: Management systems implemented for monoculture corn at the
Nebraska MSEA site*.
Conventional Furrow
soil testing
furrow irrigation
diked-end furrows
preplant N fertilizer

Surge-flow Furrow
soil testing
laser grading
runoff recovery pit
irrigation scheduling
limited sidedress N
or fertigation**

Sprinkler
soil testing
tissue testing
fertigation**
irrigation scheduling

* Fertilizer N rates based on yield expectation of 12.5 Mg/ha according to
University of Nebraska recommendations and adjusted for residual N and
nitrate in irrigation water assuming 24-cm application at 32 mg/L nitrate-N.
** Refers to the injection of liquid N fertilizer into irrigation water.
Yield expectations of 12.5 Mg/ha were used to calculate fertilizer N
recommendations according to University of Nebraska procedures. The
conventional cropping system is common to the area, which is under a N
management program imposed on producers by the Central Platte Natural
Resource District (CPNRD). Soil test data, fertilizer applications, and nitrate
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contained in irrigation water for 1991 are shown in Table 2. Three adequately
fertilized test strips (six rows wide receiving 168 kg/ha as sidedress N) were
established in each field for comparison purposes to evaluate crop N status in the
surge-flow and sprinkler irrigated fields. Chlorophyll meters (SPAD 502
manufactured by Minolta Corp.) were used to routinely monitor crop N status
(Dwyer et al., 1991; Piekielek et al., 1992; Peterson et al., 1993; Schepers et al.,
1992). Fertigation was initiated when the average chlorophyll meter reading for
the bulk field was less than 95% of the average value from the adequately
fertilized reference strips. Sufficiency index values below 95% at the VT growth
stage of Hanway (1971) have been shown to reduce corn yields while values
above -95% had similar yields, although grain protein content continued to
increase with increased sufficiency index.
Table 2: Nitrogen characteristics of the Nebraska MSEA site.
Irrigation
System
1991
Conventional
Surge-Flow
Center-Pivot
1992
Conventional
Surge-Flow
Center-Pivot

Residual
soil N*

Starter
N

Other
N fertilizer

Estimated
water N**

(kg/ha)

(kg/ha)

(kg/ha)

(kg/ha)

106
173
95

33
33
33

168 (preplant)
90 (sidedress)
0 (fertigation)

77
77
77

121
135
78

21
21
21

157 (preplant)
0 (fertigation)
0 (fertigation)

77
77
77

* Total residual N (nitrate-N) to a depth of 0.9 m.
'
* Estimated nitrate-N in irrigation water assuming 24 cm average application
at 32 mg/L nitrate-N.
Corn/Soybean Rotation: This study was initiated in 1991 under a linear-drive
irrigation system to accommodate comparisons between monoculture corn, a
corn/soybean rotation (each grown each year), and monoculture soybean. Corn
stalks from the previous growing season were shredded and the entire area was
disked twice before planting. Four corn hybrids differing in yield potential,
maturity, and ability to stay green during maturation were used in both the
monoculture and rotation systems in combination with five N fertilizer rates (0,
40, 80, 120, and 160 kg N/ha) plus an "as needed" treatment to simulate
fertigation. All hybrids were planted on 15 May 1991 and 25 April 1992 in 8row plots using a 91 cm row spacing at approximately 74,000 seeds/ha. Soybean
in the soybean/com rotation was planted at the same time as the corn in 1991 and
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on 15 May 1992. In early June, N fertilizer treatments as NH4NO3 were
broadcast on the soil surface and immediately incorporated with a 6 to 7 mm
irrigation. In-season N status was monitored on a weekly basis using chlorophyll
meters starting at the V9 stage and continuing through R2. Chlorophyll meter
readings were taken from the uppermost mature leaf until the VT growth stage .
After that stage the ear leaf was measured. All measurements were taken on 30
plants within each plot. Final grain yield was determined at physiological
maturity.
Results and Discussion. Opportunities for making management decisions that
are reactive to crop N needs depend on the flexibility of the cropping system. It
stands to reason that cropping systems with limited opportunities to correct a N
deficiency must rely on other approaches to N management that minimize the
potential for a problem. Such cropping systems emphasize past experiences and
incorporate a risk factor to compensate for atypical climatic conditions that could
result in a N deficiency and lower yields.
The conventional furrow irrigation system for monoculture corn at the Nebraska
MSEA site falls into the above category in that it involves no opportunity to
correct a N deficiency. Therefore, in order to reduce the risk of reduced yield, a
relatively large amount of preplant N fertilizer is applied to the land (Table 2).
This management system requires the producer to be highly proactive and make a
number of assumptions such as how much irrigation will be required, when will
irrigation be required, how much N credit should be given for nitrate in the
irrigation water, will mineralization follow normal patterns, and to what extent
will leaching and denitrification reduce crop N availability. The integrated
response to these questions addresses the concern about synchrony between soil N
availability and crop needs. Uncertainties associated with these assumptions are
usually translated into higher preplant fertilizer N application rates, thereby
increasing potential for nitrate leaching.
Corn yields for the conventional furrow irrigation system where excellent in
1991 and 1992 (Table 3). Limited yellowing of lower leaves with the approach
of senescence suggests an adequate to excessive supply of N throughout the
growing season. The relatively large application of irrigation water (Table 3)
plus the nitrate it contained significantly contributed to crop N availability during
grain fill. This apparent over-irrigation is attributed to the furrow irrigation
system that provided adequate water to all parts of the field, but resulted in
excessive applications to some areas because a dike at the lower end ensured no
water was allowed to leave the field.
The surge-flow furrow irrigated system provided moderate flexibility to the
producer in terms of N management options because sidedress N application was
used in 1991 and fertigation in 1992. In both cases, the opportunity for early
season nitrate leaching was minimized. The sidedress option requires that the N
application amount be determined by mid June, which is about two months later
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than the decision for preplant application for the conventional management
system. Sidedress N applications allow producers to evaluate early season
mineralization, compensate for spring leaching and denitrification, and assess
crop appearance before deciding how much fertilizer N to apply. The fertigation
option used in 1992 was not available in 1991. While fertigation allows
producers to delay the decision to apply N fertilizer until it is needed by the crop,
it can also increase the risk of encountering a N deficiency if excessive
precipitation limits the opportunity for furrow irrigation. This situation could
necessitate fertigation of an adequately moist soil, which would also promote
nitrate leaching.
Table 3: Production characteristics at the Nebraska MSEA site.
Irrigation
system
1991
Conventional
Surge-Flow
Center-Pivot
1992
Conventional
Surge-Flow
Center-Pivot

Water
applied

Fertilizer
N**

Water

Precipitation*

fsj***

Grain
yield

(cm)

(cm)

(kg/ha)

(kg/ha)

(Mg/ha)

94
45
34

7.5
7.5
7.5

201
123
33

301
144
109

12.53
12.33
12.17

74
23
21

31.5
31.5
31.5

190
73
47

237
74
67

13.03
12.59
11.02

* Precipitation during the growing season.
** Sum of fertilizer N applied from Table 2.
*** Irrigation water averaged of 32 mg NO3-N/L (3.2 kg N/ha/cm depth).
The center-pivot sprinkler-irrigated system produced a nearly comparable
average yield to the conventional management system in 1991 (Table 3) with
considerably lower fertilizer N and water inputs. Mechanical difficulties with the
irrigation system delayed the first sprinkler application, which probably caused
the slight yield differences.
An important component of any effective N management system is synchronizing
N availability with crop N needs. Achieving reasonable synchrony requires a
technique to evaluate N status of the growing crop so that a N deficiency can be
detected early enough to allow addition of fertilizer N to correct the apparent
problem. The chlorophyll meter used to monitor crop N status indicated no
apparent N deficiency for the surge-flow or center-pivot irrigated field in 1991.
Aerial photographs taken at silking failed to identify the three adequately
fertilized reference strips in either field that received additional N fertilizer. The
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slightly lower average yield from the surge-flow irrigated field compared to the
conventional field (Table 3) is attributed to a small portion of the field where
topsoil was removed during the laser-grading operation. The same N deficient
area was identified in a 1992 aerial photograph at silking, but the adequately
fertilized test strips were still difficult to identify. Earlier in the 1992 growing
season chlorophyll meters indicated an approaching N deficiency, which
triggered the fertigation treatment.
Chlorophyll meter readings collected weekly from the sprinkler-irrigated field
during the 1992 growing season showed mixed signs of a N deficiency for the
three sets of reference strips. Fertigation was only applied once to this field in
1992. Aerial photographs taken at silking were not available for examination
until after harvest, but for the first time revealed considerable spatial variability
in terms of crop N status for this field. The photograph also revealed an old test
strip established in 1991 that was adjacent to one of the 1992 test strips. The
intent was to use the same area for the test strips year after year. Chlorophyll
meter readings taken in these 1991 test strips were not representative of the rest
of the field, and resulted in application of less than desired rates of side-dressed N
application (i.e., fertigation) in 1992. Significant yield reductions for the
sprinkler-irrigated system in 1992 illustrate the implied risk to profitability of
com production associated with a N deficiency.
Application of additional N fertilizer to a few reference strips through the field
has been shown to be a reasonable way to calibrate chlorophyll meters over time
(Schepers et al, 1992; Peterson et al, 1993). However, these data illustrate the
importance of selecting representative areas of the field when making relative
comparisons to evaluate crop N status. The combined use of chlorophyll meters
and aerial photographs seems to provide adequate information for making
intelligent decisions regarding the need for fertigation.
The inability of a cropping system to respond to fluctuations in N availability
caused by the dynamics of the N cycle usually forces producers to adapt longer
term N management strategies. Climatic factors that affect N losses typically
have a similar effect on cropping systems. Long term N management strategies
tend to be more "proactive" out of necessity because opportunities to be
"reactive" are frequently limited. The reactive features of N management within
a cropping system are likely to be the most obvious under situations where
climatic conditions or management practices lead to extreme situations. This is
because atypical climatic conditions can result in everything from above normal
mineralization rates to excessive soil water that can lead to large N losses by
denitrification and leaching.
Crop rotations involving legumes frequently show signs of enhanced nutrient
availability, hence the recognition and assignment of legume credits when making
N fertilizer recommendations. The term "legume N credits" may actually be a
misnomer in that comparison is usually made to monocrop systems that involve
different kinds and amounts of residue. Therefore, mineralization rates are
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likely to be different for rotation and monocrop production systems. Soils
containing legume residues tend to become "net mineralizers" before those with
corn, sorghum, or wheat residues. These differences affect synchronization of N
availability with crop N needs and therefore affect the way producers manage
their N fertilizers.
Results from the crop rotation study will feature the 1992 data because 1991 was
the first year of the study that contained both crops. Each hybrid used in the
crop rotation study responded similarly to applied N as indicated by chlorophyll
meter readings and grain yield (Table 4), but average values for both parameters
were consistently greater for the rotation system than for continuous corn. The
somewhat lower grain yields from the plots in Table 4 compared to the whole
field yields shown in Table 3 are attributed to a week delay in planting of the
research plots. Higher chlorophyll meter readings at silking demonstrate the
enhanced N status of corn following soybean compared to continuous corn
(Figure 1). The highest rate of N fertilizer (160 kg N/ha applied shortly after
planting) under continuous corn showed comparable N status to much lower N
rates under the rotation system. These differences were evident throughout the
growing season and only began to converge near senescence.
Table 4. Influence of N fertilizer on average in-season chlorophyll meter
readings and grain yield of four irrigated corn hybrid in monoculture
and soybean/corn cropping systems at Shelton, Nebraska in 1992.
N
rate
kg/ha
0
40
80
120
160

Chlorophyll meter readings
July 2
Julv 30
July 16
CCt
CC SB/C
CC SB/C
42.3
46.7
49.7
50.7
51.5

49.6
51.2
53.1
52.8
53.6

46.4
50.5
52.7
54.1
54.2

51.9
53.9
54.9
55.7
55.5

48.4
53.1
56.7
58.7
59.3

53.1
56.6
58.7
59.3
59.5

Grain vield
CC SB/C
- - Mg/ha - 6.7
9.0
7.9
9.6
8.7 10.1
8.9 10.0
9.2
9.9

t-CC=Continuous corn, $-SB/C=Soybean/Corn
A time sequence of chlorophyll meter readings for the check plot and the 120
kg/ha N rate illustrates the dynamics of N availability for cropping systems
involving legume rotations (Figure 2). Residue from the previous soybean crop
probably mineralized sooner than com residue and apparently was better
synchronized with N need of the subsequent com crop. These findings could also
be related to improved soil tilth following the soybean crop, which could
promote more extensive rooting, fewer plant pathogens, and more vigorous plant
growth.
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The net positive effect of the previous soybean crop on chlorophyll meter
readings existed throughout the growing season for the check plots. Early season
benefits of the previous soybean crop were detected with the chlorophyll meter
even at the 120 kg N/ha fertilizer rate. By midseason the benefit of the previous
soybean crop had disappeared in the presence of adequate N fertilizer, however,
grain yield at the 120 kg/ha N rate was greater for the corn/soybean rotation.
These data illustrate the importance of adequate early season N nutrition on corn
yields.
Conclusions. Cropping systems that allow producers to apply N fertilizer
during the growing season reduce the number of assumptions that go into N
management decisions compared to cropping strategies that are limited to
preplant fertilizer applications. Interactive decision making opportunities that
integrate nutrient availability, crop growth, and climatic conditions allow
producers to sustain profitability and minimize the risk of environmental
contamination by nitrate.
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Captions:
Figure 1. Effect of N rate on chlorophyll meter readings for an irrigated
corn/soybean rotation and monoculture corn at silking.
Figure 2. Changes in chlorophyll meter readings during the growing season for
an irrigated corn/soybean rotation and monoculture com at two
fertilizer N rates.
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Integrated Nitrogen Management and Leaching of Nitrates to
Groundwater Under Cropping Systems Followed in Ttropical
Soils of India
Milkha S. Aulakh. Department of Soils, Punjab Agricultural University,
Ludhiana, 141004, Punjab, India.

Abstract.Tropical soils of India are, in general, poor in total N content (0.03-0.06%)
and fertilizer N has played a key role in augmenting food grains production from 48.6
mt in 1952 to 175 mt in 1993. Presently, India is the fourth largest user of fertilizer
N in the world. In recent years, increasing pressure to produce high yields from a
single crop and higher total yields under intensive cropping systems, and deteriorating soil productivity has promoted interest in the integrated management of N
involving the use of chemical fertilizers in conjunction with organic sources such as
farmyard manures, compost, green manure and crop residues. Organic manures
along with other managements such as synchronizing N supply with crop need by
split application during crop growth, use of nitrification inhibitors, etc. has been
reported to increase the fertilizer-use-efficiency and significantly increased the yield
potential of several crops. Also it is well documented that their continuous use
improves the soil productivity by affecting the physical (stable soil aggregates,
infiltration, water holding capacity), chemical (organic carbon, pH, redox potential)
and biological (urea hydrolysis, nitrification) characteristics of soils. Furthermore,
integrated N management leads to low-input low-energy farming and sustainable
agriculture by reducing organic matter losses, compaction, soil erosion and maintaining economic returns.
As in other developing countries, in India, fertilizer induced environmental
pollution has rarely been considered a serious problem. But as more than 75% of
total fertilizer N is used in less than 150 districts out of 400 districts and some crops
receive large applications, India's overall low average level of fertilizer N consumption carries little meaning. For instance, rice and wheat grown in Punjab receive
about 300 kg N ha-1 year1. Under such heavily fertilized and irrigated cropping
systems, trends of rising nitrates in groundwater have been observed. Recent
research has shown that in certain situations nitrates in groundwater are well above
the dangerous level of 10 mg N03-N L 1 due to quantitative changes in fertilizer use,
poor fertilizer N utilization by crops, enhanced percolation with increased use of
irrigation waters, bringing coarse-textured highly permeable soils under lowland rice
cultivation and growing shallow rooted crops. Animal wastes and feedlots act as
point source for nitrate buildup in groundwater which is pumped out for drinking in
village habitations.

205

Introduction. Of the total reported area of 304.3 m ha in India, 169.8 m ha are under
cultivation of crops. Due to tropical climate, soils of India contain low amounts of N
with the average content of the major soil groups showing a wide variation (Table
1) depending upon the rainfall, temperature, altitude etc. (24). As only a small
fraction of total N is readily available to plants, application of N is needed to obtain
optimum crop yields. In 1952, fertilizer N consumption was only 0.06 mt which
increased dramatically during the last 4 decades, especially after 1966 when highyielding fertilizer-responsive Mexican wheat cultivars were introduced in the country.
According to Braun and Roy (13), the contribution of fertilizers alone towards food
production is about 50% and therefore, a good relationship can be seen between
fertilizer N used and food grains produced (Fig.1).
Table 1.Average nitrogen content of the major soil groups of India (25).

Soil group

Total N content (%)

Indus alluvium
Gangetic alluvium
Black cotton soils:
Medium
Deep
Red soils
Laterite soils

0.05
0.04
0.05
0.06
0.03
0.04

Presently India is the fourth largest user of fertilizer N in the world and it is
estimated that fertilizer input accounts for about 45% of the total energy used in
agriculture.
Under tropical climate of India, there are two main growing seasons viz.
summer (June-October) and winter (November-April). Summer is a relatively wet
season due to rains and flooded/wetland rice is the major crop. Corn, cotton, and
vegetables are other important crops grown in summer. In winter, wheat, rapeseed
and mustard crops are grown. Of the different cropping patterns prevalent in the
country rice (wetland)-wheat (upland) is the major cropping system and 60% of total
fertilizer N consumption is used for these two crops.
Increasing pressure to produce high yields from a single crop and higher total
yields under intensive cropping systems, and devising management practices which
reduce dependence on high-energy non-renewable resources have promoted
interest in integrated management of chemical fertilizers in conjunction with organic
manures including farmyard manures (FYM), compost or biological N fixation
through legumes grown in crop sequences as intercrops or as green-manures (GM)
and crop residues.
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Fig. 1. Trends in fertilizer N consumption and food
grain production in India.
While the beneficial effects of fertilizer N application on crop production are
well documented, the concern on the long-term role of fertilizers in maintaining soil
productivity and causing environmental pollution through leaching of nitrates to
groundwater is expressed in recent years only. This paper attempts to review and
analyse the information available at present on the role of organic manures used in
combination with chemical fertilizers as the basis of integrated N management in
sustaining food production by improving fertilizer-use-efficiency, soil productivity
and environmental quality in major cropping systems followed in tropical soils of
India. Changes in physical, chemical and biological behaviour of soils due to
continuous use of organic manures and consequential influence on leaching of
nitrates to groundwater are also briefly discussed.
Crop Yields Response. Since preliminary requirement of India has been to
produce more and more food grains in order to feed its ever increasing population,
the major thrust of fertilizer-use-research has been oriented towards crop production. Voluminous data are available from experiments conducted throughout the
country in different agro-climatic regions on various crops (23). A brief account of
crop yield response to chemical fertilizers when used alone and integrated with
organic manures is given here.
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(i) Chemical fertilizers. The crop yield response to fertilizer N varies widely from
one soil, location, region to another because of several factors such as inherent soil
productivity, crop management and climatic conditions (especially rainfall and
irrigation facilities). For instance, average yield response to fertilizer N varied from
5 to 15 kg rice or wheat grain per kg of N applied in 3460 trials conducted in different
soils (21).
(ii) Farmyard manures and composts. Along with high human population, India
has the highest cattle population in the world. Hence, enormous amounts (>2000 mt)
of FYM (cattle faeces, waste feeds etc.), composts (city and town refuse, sewage
sludge etc.), poultry and piggery manures are available. In old times, before
commercial use of chemical fertilizers, farmers used to add these organic matters
to soils. In the mid sixties, when the fertilizer use began its rapid increase, fertilizer
application was largely lim ited to N. Later on, over a span of 10 years, yields obtained
in N-treated plots were comparable to or even inferior to that obtained in minus Ntreatments (Table 2). Intensive continuous cropping resulted in the deficiency of P,
K, Zn and S in that sequence and their application became necessary to obtain
optimum yields. However, where FYM was used in combination with chemical
fertilizers, not only the levels of crop yields were maintained over a long period rather
it resulted in a significant improvement in overall soil productivity. It is surmised that
FYM plays an additional role beyond its capacity to contribute nutrients.
Table 2. Long-term effect of-chemical fertilizers and farm yard manure (FYM) on the
grain yield of corn on an Alfisol (28).
Treatment

No. of years
1-12

13-18

19-24

25-28

Average corn yield (kg ha']I
Check

N
NP
NPK
FYM+N

830
1700
2400
3170
2270

830
1150
2850
3230
2590

550
40
400
820
2750

530
0
0
120
2590

The perusal of available literature reveals that crop yield responses to
application of organic materials are highly variable and are dependent upon the
crop, soil type, climatic conditions, management practices and especially quality of
organic manure used. For example, Maskina et al. (30) reported superiority of
poultry manure over cattle manure in obtaining rice yields due to narrow C/N ratio
and faster rate of N mineralization of poultry manure.
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(iii) Green-manures. Legume crops are grown on fallow fields during spring (AprilJune) or fall (October-November) for 40 to 50 days when fields are free from two
main season crops. They accumulate 40 to 200 kg N ha 1 due to biological N2 fixation
by Rhizobia. At or near flowering stage, these crops are incorporated into the soil
before seeding main crops. Relative performance of different green manure crops
and N accumulation under different soil and moisture conditions in the country has
been recently reviewed (44, 45).
Studies on yield response of wetland rice and other upland crops to greenmanuring showed that responses were generally higher under coarse-textured soils
testing low in organic matter and nitrogen. Also the response depended upon the
amount of green-manures added, their succulence, nutrient content, and decomposability (45).
Table 3. Influence of green-manuring (GM) on yield of lowland rice and upland crops
in India.
Green-manure
crop

Crop yield (t ha1)
Without GM

%
ir icreas e

Reference

With GM

Sesbania sp.
-do-do-do-doCrotolaria caricia

4.5
2.7
3.2
2.6
1.6
3.2

Rice
6.1
5.8
4.0
3.7
2.7
3.9

36
115
25
42
69
22

Vigna unguiculata
-do-

3.4
1.4

Corn
4.2
2.5

24
Singh et al. (42)
52 Baddesha&Pasricha (7)

-doCyamopsis
tetragonoloba
-do-

1.83
0.76

Rapeseed-mustard
2.13
1.68

10 Pasricha&Aulakh(32)
119 Baddesha&Pasricha (7)

0.74

1.16

57

Antil et al. (2)
Beri et al. (9)
Bhardwaj et al. (10)
Sharma&Mittra(36)
Tiwari et al. (47)
Bhardwaj et al. (10)

Dhillon etal. (18)

The yield responses of crops to organic manuring can be divided into 3
categories. First, there is yield benefit from the manure at low N rates suggesting that
its only significant effect is to increase N supply to the crop. Second, the manure has
an effect on yield potential that no amount of fertilizer N can achieve. In this case
there is indication that manures provide benefits beyond N supply. Existence of this
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pattern can be found in both wetland rice and several upland crops (Table 3). Bhatti
et al., (11) found that maximum rice yield with fertilizer N alone was 3 t ha-1 but
fertilizer along with GM increased yield potential to 41 ha 1 . Similarly in 3 to 4 year
experiments on rapeseed and corn grown on poor fertility coarse-textured soil (7),
the yields obtained with optimum fertilizer application were 765 and 1710 kg ha-1
which increased to 1678 and 2611 kg ha-1 when GM was applied along with fertilizer
N. Such effects are partly chemical in nature and therefore it should be possible to
obtain same results with more extensive and complete fertilizer use. The remainder
of these effects (termed by different researchers as complimentary, specific,
structural, side, or rest effects) are due to changes in physical, chemical,and
biological characteristics of soil (discussed later on).
Third category when sufficient fertilizer N is applied, crop yields obtained
following green manuring are lower than those with no-GM. For instance, Singh (41)
obtained rice yield of 5.5 t ha 1 with recommended fertilizer N rate of 120 kg N ha-1
but when GM was applied in combination with fertilizer N, rice yield decreased to
4.7 t ha 1 . Such yield reductions could be due to excessive N supply producing
enhanced vegetative growth and causing lodging of crop (41), root toxicity due to
accumulation of toxic chemicals released from green manures (22) or Fe and Mn
toxicity due to their increased mobility (48).
(iv) Crop residues. In India, about 430 mt of different crop residues including wheat
and rice are produced every year. Of these 330 mt are used as feed or fodder for
animals and the remaining 100 mt are disposed of by burning in open fields which
results in air pollution due to toxic gases like CO and increase of C0 2 (causing global
warming). The increased awareness of environmental pollution coupled with
increasing costs of chemical fertilizers and decreased inherent soil productivity has
promoted interest in the recycling of plant nutrients through crop residues management.
Incorporation of crop residues varying in C/N ratio could have a pronounced
effect on N availability and crop yields. For instance, Patra et al. (33) observed
accumulation of more nitrates in a sandy loam soil (at 60% of maximum water
holding capacity) with low C/N ratio cowpea than those with wider C/N ratio wheat
residues. Aulakh et al. (5) showed a consistent increase in N03-N content at 60%
water filled pore space (WFPS) with the incorporation of crop residues of wheat
(C/N=82), corn (C/N=39), and soybean (C/N=43) with narrowing C/N ratio. In a 3year field study, Rekhi and Meelu (35) observed that incorporation of moongbean
residues along with 60 kg N ha 1 produced rice yield equivalent to 120 kg fertilizer
N ha 1 . Incorporation of wide C/N ratio residues may cause a significant immobilization of N and result in decrease of crop yields depending upon the rate of
immobilization of native soil organic N, rate of fertilizer N applied and remineralization
of 'recently immobilized fertilizer-N'.
Studies conducted in recent years (3,17, 39, 43) on the integrated management
of chemical fertilizers and organic sources have shown that the enhanced immobi210

lization of N in soil and reduced crop yields due to the incorporation of wide C/N ratio
residues can be counteracted if incorporated with adequate amounts of fertilizer N
and/or green-manures. For example, in a 2-year study at two sites on rice-wheat
rotation, green manure crop was grown in-situ in standing crop residues of
preceding wheat. Incorporation of GM along with wheat residues and some fertilizer
N resulted in markedly higher yields than with the application of fertilizer N alone
(Table 4). In another 2-year study at Varanasi, the yields of rice and lentil were
maximum when 50% of recommended fertilizers were applied in conjunction with
surface placed crop residues (39).
Table 4. Effect of integrated management of wheat residues (WR), green-manure
(GM) and fertilizer N applications on the yield of lowland rice (43).
'Treatment

Fatehpur loamy sand
1990

1991

Gurdaspur loam
1990

1991

Grain yield of rice (kg ha1)
Check
Fert. N
GM+Fert. N
*WR+GM+Fert.N
LSD (0.05)

3670
6190
6150
6450

4330
6490
6470
6880

4080
5870
5730
5870

4820
7500
7310
7720

460

450

430

590

* Nitrogen level of 150 kg N ha 1 was maintained by accounting green manure N.
* Wheat residues @ 6 t ha 1

(v) Biofertilizers. Microbial inoculants popularly known as biofertilizers consist of
living or latent cells of efficient strains of microorganisms such as Rhizobium (for
inoculation of legumes), Azotobacter and Azospirillum (cereals), blue green algae
and azolla. These organisms fix atmospheric N2 and plants inoculated or supplied
with them derive positive benefits (49).
Changes in Soil Characteristics. Besides leading to nutrient imbalances, a total
dependence on chemical fertilizers has been alleged to impair soil health primarily
by bringing out changes in certain physico-chemical properties of soils. Integrated
use of chemical, and organic sources, has been shown to markedly affect several
physical, chemical and biological characteristics of soil (44,45). Here discussion is
restricted to such changes which could effect the transformations of N in soil and
leaching of nitrates to groundwater.
(i) Physical changes. Long-term experiments have clearly illustrated that use of
chemical fertilizers do not adversely affect physical environment of soil but applica211

tion of fertilizers in combination with FYM tended to improve the infiltration and water
holding capacity of soil (Table 5). Similarly increase in water-stable aggregates in
rice soils and decrease in bulk density of soil have been reported with greenmanuring (12).
(ii) Chemical properties. Application of organic manures may result in decrease or
increase of soil pH but often for a short period only (45). Addition of green manures
to waterlogged soils leads to a reduced redox potential (46) which inhibits the
nitrification and results in accumulation of mineralized-N as NH4+-N (3).
Table 5. Effect of 10-year continuous use of chemical fertilizers and farmyard
manure (FYM) on some physical properties of soil (1).

Treatment

Check
N
NPK
NPK+FYM

Infiltration
rate
(mm d"1)

85
90
106
189

Cumulative
infiltration
(mm)

171
283
359
509

Relative
available
water

110
100
127
140

(iii) Biological changes. Marked increases in the urease activity of soils amended
with crop residues and green manures have been reported. Bajpai et al. (8)
observed that the rate of urea hydrolysis was enhanced by the addition of sesbania
in both normal (pH 7.5) and saline-alkali soil (9.8). Similarly in a soybean residue
amended soil, 90% of the added urea was hydrolysed in 2 days as compared with
only 48% in unamended soil (14). In a flooded soil, urea hydrolysis proceeded more
rapidly where sesbania GM and rice residues were incorporated (27). The rate of
hydrolysis increased with increases in the rate of addition of crop residues and
longer period of their decomposition prior to urea application (Fig. 2).
Addition of organic manures may also influence both population and activity of
nitrifying microorganisms in soil especially under submerged soil conditions where
nitrification occurs only in the overlying flood water and in the oxidized surface soil
layer due to restricted 0 2 diffusion. Incorporation of crop residues or other organic
manures increases the thickness of the oxidized surface soil layer (due to decrease
in bulk density) and helps enhance the rate of nitrification of added ammoniacal
fertilizers (Fig.3).
The significant immobilization caused by the incorporation of wide C/N ratio
crop residues can be useful in preserving the accumulated mineral N in a soil at
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times when not needed by plants. Later on the remineralization of this 'recently
immobilized N', as is evident from few 15N-labelled studies (Fig.4), could supply N
to growing plants.
The enhanced urease activity along with fastened hydrolysis of applied urea,
and increased rate of nitrification in flooded soils with added organic manures and
crop residues would result in higher accumulation of nitrates. The increased waterstable aggregates; permeability and water retention and reduced bulk density with
the regular use of organic manures would be expected to enhance the percolation
of water through soil profile and hence leaching of nitrates. Leaching as affected by
these and other management factors is discussed in following sections.
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Leaching of Nitrates to Groundwater and its Management. Excessive amounts
of nitrates may leach down along with the percolating water to deep layers and end
up in groundwater. When nitrates accumulate in groundwater and this water is
ingested in high enough amounts by humans and animals, potential adverse health
effects may occur. Some of the important and known health effects include
methemoglobinemia, gastric cancer, birth defects and nervous impairment (15,20).
Critical nitrate level in public drinking water has been set at 45 mg N0 3 L 1 or 10 mg
N0 3 - N L 1 (20, 50). Methemoglobinemia results when ingested N0 3 is converted
to N0 2 in oral cavity and the stomach and absorbed into the blood from the gastrointestinal tract. Ferrous ion present in the heme group is oxidized to ferric iron which
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nitrite firmly bonds, thus inhibiting transport of oxygen by the blood. Infants younger
than 3 months are highly susceptible to methemoglobinemia. A strong association
has been observed between nitrate intake and gastric cancer mortality (19).
About 25 years ago, Commoner (16) warned the world that intensive application
of fertilizer N could lead to increased eutrophication and a potential hazard from
nitrate poisoning. Thereafter several systematic studies have been done in developed world. But in developing countries including India, fertilizer induced
environmental pollution has rarely been considered.a serious problem obviously
due to low levels of fertilizer N used per unit area. However, India's overall low
average level of fertilizer N consumption carries little meaning as far as environmental pollution is concerned. For instance, more than 75 % of total fertilizer N is used
in less than 150 districts out of 400 districts in India. Similarly rice and wheat grown
in Punjab receive 150-170 and 120-140 kg N ha 1 (with a total of about 300 kg N ha'
1
year1) with state's annual average of 110 kg N ha 1 year1 as compared to only 11
kg N ha 1 used in the neighboring state of Rajasthan. Unfortunately very few studies
are available where effect of N management through chemical fertilizers and organic
manures in different cropping systems is investigated on leaching of nitrates to
groundwater. Various factors determining the extent of nitrate pollution of groundwater along with available evidence, and means and ways to reduce their impact are
briefly discussed below.
(i) Amount of fertilizer N used. A few studies clearly point out that nitrate leaching
into groundwater is directly related to increasing use of fertilizer N. For instance,
between 1971 and 1986 the fertilizer N use in the central districts of Punjab rose from
194 kg N to 291 kg N ha"' year1 applied in rice-wheat cropping system. During the
intervening period of 7 years (1975 to 1982) the mean content of N03-N in wellwaters increased almost two and one half times (Table 6). Compared to none in
1975, 10% of the waters in 1982 were classified as unsafe for drinking.
(ii) Fertilizer N use efficiency by crops. The contribution of fertilizer N to
groundwater pollution also stems from its poor utilization by crops. In India, recovery
of applied N in field experiments has been found to vary from 25 to 34% for rice and
from 40 to 60% for other crops (21). Experiments using 15N-labelled fertilizers
showed even lower N recoveries. The unutilized fertilizer N either remains in soil or
gets lost through several processes including NH3 volatilization, denitrification (6)
and nitrate leaching. Several managerial manipulations have been looked into to
increase the fertilizer N use and consequently reduce N losses.
Application in bands, nests or deep-placement has been reported to reduce
the rate of nitrification, minimizing N losses resulting in higher fertilizer-useefficiency (29). Instead of one time basal application of fertilizer N at the time of
seeding a crop, split application of small doses during crop growth synchronizing the
supply with plant demand reduces losses and improves its utilization by plants (31).
Several chemicals have been tried to inhibit or retard the rate of nitrification in soils
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and hence leaching of nitrates. Research also indicates that by meeting the initial
N requirement of crops through use of green manures and later need through
fertilizer N can significantly improve N-use efficiency (43).

Table 6. Nitrate-N in the groundwater in few wheat-rice growing areas of Punjab
state, India (38).
Item

1975
Before
monsoon

No. of observations
Mean (mg N03-N L1)
Range (mg NO3-N L1)

46
0.99
0.04-6.1

Estimates on probability of occurrence:
>10mgNO 3 -NL 1
NA
> 5 mg NO3-N L 1
NA

1982

After
monsoon
33
1.02
0.05-7.9

NA
NA

Before
After
monsoon monsoon
26
26
2.36
3.88
0.35-10.10.23-15.2

-

10%
25%

NA: Estimates on probability of occurrence not available for 1975.

(iii) Type of soil and amount of irrigation water used, if accumulated nitrates in
soil are followed by heavy irrigation or rainfall, a significant pool of N03-N can move
beneath the rooting zone along with percolating water (34). Coarse-textured soils
have high permeability and are more prone to nitrate leaching than fine textured
soils (37). The use of such highly permeable coarse-textured soils for growing
wetland rice and vegetables, where high rates of fertilizers and irrigation water are
applied (as has been done during the last 2 decades in Punjab state), are expected
to increase the leaching of nitrates(26).
(iv) Cropping systems. Movement of nitrates beyond the potential rooting zone is
often more under shallow rooted crops as compared to a soil under deep rooted
crops e.g. rice and corn versus wheat and cotton crops. Wheat with its deep and
extensive rooting system and ability to absorb large quantity of N leaves only a small
amount of N0 3 in the soil profile. A recent study in Punjab (40) has revealed that
when wheat follows rice, N0 3 leached during rice season and still remaining at 1.2
to 1.8 m depth of soil profile is absorbed by deep rooting system of wheat plants.
Similarly significantly less accum ulation of N03-N in soil profiles has been observed
under cotton-wheat rotation. Data in Table 7 show that percentage of wells
delivering groundwaters containing above 5 mg N03-N L 1 was lowest where ricewheat cropping system was followed.
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Growing shallow rooted vegetable crops can lead to large N losses via N0 3
leaching as these crops are grown on coarse-textured soils under ensured irrigation
and heavily fertilized. In a survey, percentage of groundwater samples with more
than 5 mg N03-N L-1 from tubewells located in vegetable growing areas was 17 as
compared to 3 from wells located in areas under rice-wheat rotation (Table 7).
Inclusion of wheat in potato-wheat system reduced the leaching of nitrates and only
6% of the well- waters had more than 5 mg N03-N L'.
Table 7. Nitrate-N in groundwater under different land use systems in four districts
of Punjab state, India (40)
Cropping
system

No.of
tubewells

Percentage of Tubewells containing
0-5 mg N03-N L 1

Rice-wheat
Potato-wheat
Vegetables

68
34
42

5-10mgNO 3 -NL 1

97
94
83

I
17

Substantial amounts of N03-N may also move down in soil profiles under
orchards because thick cover of fallen leaves etc. on the soil surface reduces the
evaporation and keep the soil wet for prolonged periods. Inter-cropping of orchards,
as is common in India, could also enhance accumulation of nitrates in lower soil
layer. However, the amount of N03-N in soil profiles of deep rooted trees such as
eucalyptus forests is often much lower.
Animal wastes appear to be the major contributors to high N03-N in
groundwater under village inhabitations and feedlots. In India, animal wastes are
generally dumped near the feedlots or in the outskirts of the villages. The level of
N03-N in waters of 367 hand-pumps used in several villages of four districts of
Punjab and in 45 waters collected beneath feedlots was significantly higher than in
236 waters of tubewells of adjoining cultivated area (Table 8) clearly illustrating that
animal wastes and feedlots act as a point source of nitrates.
Table 8. Nitrate-N in groundwaters obtained from tubewells in cultivated area, handpumps in village habitations and beneath feedlots in 4 districts of Punjab
state.lndia (40).
Number of
observations
Tubewells
Hand-pumps
Feedlots

236
367
45

NCyN (mg N L1)
Mean
Range
3.62±1.52
5.72±2.09
4.73±2.24
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1.00-6.72
1.00-11.28
1.24-10.44

Conclusions and Future Research Needs. It is evident from the few available data
that the dangers of groundwater pollution are genuine and in some cases, the
situation is alarming. One such example is village inhabitations where highly
polluted groundwater beneath dumps of animal wastes and feedlots is pumped out
for drinking and other domestic purposes. Hence, there is an urgent need for
initiating systematic investigations to maintain a close watch on the build-up of
nitrates in groundwater of intensively cultivated agricultural areas, village inhabitations and feedlots. Nitrate leaching to groundwater must be diminished by looking
into ways and means such as (a) increased fertilizer-use efficiency by crops with
integrated and judicious use of chemical fertilizers and organic manures;
synchronizing N supply with crop need by split applications during crop growth; and
use of nitrification inhibitors, (b) educating farmers about the consequences of
dumping animal wastes near feedlots, (c) including crops with deep and extensive
rooting system in crop rotations with shallow rooted crops.
With integrated N management, the use of chemical fertilizers may be
reduced in certain areas but its use should be encouraged in other low fertilizer N
using areas so that overall consumption of fertilizers is not affected as it may prove
catastrophic for a country like India where food grain production and fertilizer N
consumption run parallel.
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FOREWORD

The continuing interest in the scientific community on the subjet of soil testing
and plant analysis gave impetus for this interdisciplinary symposium on Soil Testing
and Plant Analysis: Methodology and Interpretation. This simposium served as a forum
for discussions on the role of soil testing environment monitoring, the determination
of phosphate and aluminium in acid soils, the nitrogen mineralization in soils and the
N balance in plants, the use of Diagnostic and Recomendation Integrated System
(DRIS), the soil testing in no tillage croping and the soil conditioner effects on phisycal
properties of soils. This proceedings of the symposium contains reports of original
research of provides new insight on the subject through appropriate reviews.

Soil testing and plant analysis are playing an increasing role in the expanding
technology of economic plant production contribute succesfully for the soil utilization
in harmony with nature.

J . X. Uvalle-Bueno, Convenor.
Interdisciplinary Simposium.
Soil Testing and Plant Analysis.
Methodology and Interpretation.

223

Acid Ammonium Acetate-EDTA Extraction Method in Soil
Testing and Environmental Monitoring.
J. Sippola. Institute of Soils and Environment, Agricultural Research Center,
FIN 31600 Jokioinen, Finland.
Abstract. Acid ammonium acetate-EDTA extraction method has been found to be useful in
addition to the soil testing for fertilizer recommendations also for environmental soil quality
evaluations. The use of pH correction of test values improves in addition to manganese also the
correlation of zinc with the plant concentrations. When simultaneous ICP spectrometer is used
for determinations the method may be used for a variety of elements. Because of buffering of
the extracting solution to pH 4.65 its application is restricted to acidic soils.
Introduction. Specially the environmental concern has increased the need for fast determination
of many elements for characterization of soil condition in addition to the traditional soil testing
which is made for fertility evaluation and fertilizer recommendations. For soil pollution studies
commonly used total content poorly indicates the bioavailability which for environmental
samples like in soil testing is very important. Mild extractants such as dilute neutral salt
solutions extract mostly very low concentrations to solution so that difficulties in determination
may arise. Addition of a chelating agent EDTA to a previously used soil testing solution, acid
ammonium acetate, increased the extractability of many elements so that the determination was
possible without difficulties (1). The AAAc-EDTA method has been used in several studies to
evaluate soil nutrient and heavy metal status in Finland and has been proved to sensitively
indicate the changes of concentrations of many elements (2). Also it has been used to collect
comparable micronutrient data globally (3, 4). In these studies data was also obtained for
relative estimations of polluting heavy metals in different countries (5). These works showed
that for reliable comparisons the use of the same method for samples from different countries
is most important along with the need that the determinations are made in same laboratory.
Recently an interpretation of boron results obtained with AAAc-EDTA method has been
proposed for extending its feasibility further (6). This paper presents some results obtained with
AAAc-EDTA method and evaluates its possibilities as an universal extractant.
Materials and Methods. The sample material of the study consisted in case of tests of
macronutrient extractability of 1028 samples collected of cultivated fields all over Finland (2,
Table 1). The evaluation of the method with respect to trace elements was based on 118 samples
collected from 13 European countries participating to the activity of the F.A.O. European
Cooperative Network on Trace Elements (6, Table 2). Up to ten soil and plant sample pairs
were collected from winter wheat field at the mid tillering stage of the crop in each country.
Subsamples were sent to the Institute of Soils and Environment where all determinations
reported here were made.
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Soils were extracted using 0.5 M ammonium acetate - 0.5 M acetic acid solution with pH of
4.65 and containing 0.02 M EDTA (1). The soil to extractant volume/volume ratio was 1 to 10
and time of shaking 1 hour. In case of European soil samples a weight/volume extraction ratio
was taken. Winter wheat samples were digested with dry ashing and dissolved in HC1 except
for Cd and Pb for which nitric acid wet digestion was used. Determinations of elements in soil
and plant extracts were made using ICP- or AA-spectrometry. The possibility for simultaneous
determination using ICP greatly improves the usefulnes of the simultaneous extraction method.
Table 1. pH and organic C of samples used in macronutrient extractability test.
pH
Mean

Org.C

Min.

Max.

Mean

Min.

Max.

Coarse mineral
soils, n=612

5.9

4.4

7.3

3.8

0.8

10.7

Clay soils
n=206

5.9

4.7

7.5

3.6

1.1

15.8

Organic soils
n=210

5.3

4.4

6.3

28.8

5.2

51.3

Table 2. pH and organic C of samples collected of wheat soils from 13 European
countries.
Org.C

pH
All soils
n=118

Mean

Min.

Max.

7.0

5.0

8.3

Mean

Min.

Max.

1.1

0.5

10.5

Results and Discussion. The Finnish soil sample material was a typical sample of soils of that
country (Table 1). A major portion of mineral soils is in the group of coarse-textured soils.
Clay soils contain more than 30 % clay sized material according to the definition and some of
the analyzed samples contained double that amount. The proportion of cultivated organic soils
is also rather high in Finland and the organic matter content in all soils is higher than that in
warmer climates. The pH of soils is low and no calcareous soils exist. The pH of the European
soil sample material ranged from 5.0 to 8.3 with a mean of 7.0 showing a good variation in this
soil property and indicating suitability for method evaluation. In case of some high pH soils the
breakdown of soil carbonate was likely because of high calcium content in some extracts. This
will limit the applicability of the method for soils which have a pH not very much on the
alkaline side.
The addition of EDTA to the acid ammonium acetate did not greatly affect the extraction of
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potassium, calcium and magnesium (Table 3, Fig.1). There is a tendency for higher extraction
of calcium in clays and specially in organic soils. Opposite to that the extraction of potassium
and magnesium tend to be lower when extracted with AAAc-EDTA. This is most likely caused
by relatively high stability of the Ca-EDTA complex compared to those of K-EDTA and MgEDTA complexes. The range of the ratio of phosphorus extracted by AAAc-EDTA compared
Organic soils

Organic soils
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Fig. 1. Comparison of extraction of potassium of 206 clay soils and phosphorus of 210 organic
soils with acid ammonium acetate and with acid ammonium acetate-EDTA.
Table 3. Acid ammonium acetate (AAAc) and acid ammonium acetate-EDTA
(AAAc-EDTA) extractable macronutrients by soil types.
AAAc-extractable
mg/1 soil
Mean

Min.

Max.

AAAC-EDTA extractable
mg/1 soil
Mean

Min. Max.

Coarse miner.
soils. n=612

P
K
Ca
Mg

12.5
105
1262
174

2.0
16
117
11

105
691
3360
493

62
98
1118
110

3
16
82
6

247
599
3876
504

Clay soils
n=206

P
K
Ca
Mg

10.4
149
1536
269

2.2
25
416
31

115
358
4848
1118

49
146
1712
259

7
25
422
26

277
351
5118
1040

Organic soils
n=210

P
K
Ca
Mg

16.4
71
1800
247

2.8
19
334
23

126
325
5285
851

90
74
2163
233

9
17
346
17

248
352
6222
673
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to that extracted by AAAc was 1 to 16 for individual samples. The soil type group averages
were 4.8 in clay soils, 5.1 in coarse textured mineral soils and 6.6 in organic soils. The close
agreement of the results of AAAc-EDTA method compared to those of AAAc method for
individual samples except for phosphorus appears also of the results of regression analyses
(Table 4).
Table 4. Coefficients in equations of regression of results of AAAc-EDTA method
on the results of AAAc method.
r2

Slope
Constant
Coarse
miner.
soils
n=612

P
K
Ca
Mg

3.64
0.95
1.16
1.00

+ 17
+ 2
-29
- 8

0.63
0.98
0.99
0.99

Clay soils
n=206

P
K
Ca
Mg

3.07
0.98
1.11
0.96

+ 17
- 1
- 11
+ 1

0.73
0.98
0.99
0.99

Organic
soils
n=210

P
K
Ca
Mg

2.01
1.05
1.19
0.92

+57
0
+ 14
+ 7

0.38
0.99
0.98
0.98

The high increase of extracted phosphorus is caused by dissolution of oxide and organic matter
complexes by EDTA. Fertilizer phosphorus fixed on oxides is then brought into solution. An
indication of oxide breakdown is also the fact that the extraction of many trace elements is
increased even more than that of phosphorus. This increase is up to twenty times in case of
copper. Using ICP total content of phosphorus in extract is determined and this contains some
less readily plant available phosphorus complexes than what is phosphate phosphorus. Therefore
there is a need for evaluation of the AAAc-EDTA phosphorus test value as an indicator of need
for phosphorus fertilization. With respect to potassium and magnesium interpretation used for
AAAc method may be used without any major modification. In case of phosphorus a careful
investigation is needed before proposing the interpretation for AAAc-EDTA method.
For evaluation of the AAAc-EDTA method as trace element extractant in total 10 elements were
analyzed of 118 soil samples collected from 13 European countries. In addition to
micronutrients copper, iron, manganese, molybdenum and zinc some elements essential for
animals were included. Selenium occur naturally in very poorly available form in Finnish soils
and the crops contain too little selenium to satisfy the need of animals and humans. Therefore
selenium is added into fertilizers and hence a need for monitoring soil selenium has emerged.
In case of manganese, molybdenum and zinc also pH-corrected values were calculated (3).
Soil concentrations were generally higher compared to those determined earlier with the same
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method from Finnish soils (2) but in the same range with those obtained in international studies
for samples from the same area (Table 5, 3, 5). The maximum values were somewhat high
showing that the environmental concern with respect to cadmium and lead for example should
be taken seriously.
The mean values of trace elements in winter wheat shoots was mostly in similar range than has
been reported earlier(Table 5, 3, 5). The maximum cadmium and lead concentrations in wheat
shoots are high showing that in industrialized countries the pollution has advanced.

Table 5. Acid ammonium acetate-EDTA(AAAc-EDTA) extractable trace elements in
118 European soils and and their total concentration in winter
wheat shoots.
AAAc-EDTA extractable
mg/kg soil
Mean

Cd
Cr
Cu
Fe
Mn
Mn, pH-corrected
Mo
Mo, pH-corrected
Ni
Pb
Se
Zn
Zn, pH-corrected

0.30
0.74
6.3
366
199
159
0.056
0.047
2.0
16.7
0.017
10.7
8.8

Min

Max

0.01
0.03
0.2
25
14
12
0.00
0.00
0.0
1.1
0.003
0.1
0.1

6.41
3.09
74.1
1494
1248
1947
0.36
0.31
8.8
599
0.051
332
251

Total in winter wheat
ppm
Mean

Min

Max

0.13
1.1
5.0
72
38

0.01
0.4
2.1
26
10

2.54
3.5
15.4
1004
151

0.61

0.02

3.24

0.60
1.12
0.04
24.4

0.01
0.03
0.01
7.9

6.94
76.1
0.13
114.2

The correlation coefficients between extractable trace element concentrations in soil and those
of winter wheat all except Fe, Mn and Mo with p<0.01 were as follows: Cr r=0.22, Cu
r=0.57, Zn r=0.87, Cd r=0.86, Pb r=0.96 and Se r=0.33. The correlations except in case
of iron, molybdenum and manganese were not significant. The bioavailability of manganese is
known to be highly dependent on pH and oxidation - reduction conditions in soil. To improve
the value of soil test data in case of manganese but also for molybdenum and zinc correction
factors based on soil pH have been proposed (3). In this sample material the correction of
manganese test values according to the proposed method improved the correlation from 0.09
to 0.34 showing the importance of pH on availability of manganese and usefulness of the
correction. Soil zinc correlated rather well with zinc content of wheat and the use of pH
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correction increased the explained variation only from 76 % to 77 %. The introduction of such
correction factors significantly increases the possibilities of the method as universal extractant.

AAAc-EDTA extractable Mn mg/l soil

AAAc-EDTA extr., pH corrected Mn mg/l soil

Fig. 2. Regressions of zinc concentration in winter wheat shoots on AAAC-EDTA extractable
and AAAc-EDTA extractable pH corrected soil manganese.
Conclusions. According to the results the acid ammonium acetate-EDTA extraction method is
useful in addition to the soil testing for fertilizer recommendations also for environmental soil
quality evaluations. The interpretation for potassium, calcium and magnesium may be adapted
of the method without EDTA. Because of efficient extraction of phosphorus the interpretation
of results needs to be evaluated. The possibility to improve the prediction value of analytical
results in case of micronutrients by using correction coefficients improves the possibilities of
the method. The buffering of the extraction solution to an acidic pH restricts its most suitable
area of application to acidic soils, however.
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Determination of Phosphate Rock Residues in Acid Soils.
K. W. Perrott* and B. E. Kerr. New Zealand Pastoral Agriculture
Research
Institute Ltd, Ruakura Agricultural Centre, Private Bag 3123, Hamilton,
New
Zealand.
Abstract. Sequential extraction with NaOH and H2SO4 can be used to determine residual
phosphate rock (PR) in soil. Exchangeable Ca in the soil interferes and is removed in the first
extract. When unbuffered NaCl was used to remove exchangeable Ca the recovery of Sechura PR
from mixtures with soil was about 90 % for soils with pH(H20) values near 6.0, but was as low
as 65% for soils with pH values less than 5.5. This problem is caused by exchangeable acidity in
the soil and was overcome by buffering the NaCl extractant with H3BO3 and NaOH to pH 7.8.
However, the buffered NaCl removed only about 60% of the exchangeable Ca extracted by
unbuffered NaCl. EDTA was therefore added to the buffered NaCl to enhance Ca extraction. An
EDTA concentration approximately equivalent to the amount of exchangeable Ca in the soil was
found to be suitable. Excessive EDTA reduced recovery of the PR due to dissolution during
removal of exchangeable Ca. The modified procedure was evaluated using mixtures of soil with
several PRs and with typical reaction products of soluble fertilizer. The H2SO4 extracted very
little or no significant soluble phosphate (incubated with soil), dicalcium phosphate dihydrate,
amorphous aluminium phosphate or amorphous iron phosphate. However, most of the phosphate
adsorbed by calcium carbonate was extracted by the H 2 S0 4 . The method would not therefore be
suitable for soils containing calcium carbonate. The phosphate extracted by H2SO4 from
unfertilised control soils (background H2S04-P) must be subtracted from that for fertilised soils to
determine the amount of PR phosphate present More than 80% of 129 New Zealand soils
investigated had background H 2 S0 4 -P values less than 300 |ig P/g.
INTRODUCTION
The effectiveness of phosphate rock (PR) as a direct application fertilizer, or as a component of a
fertilizer mixture, depends on its rate of dissolution in soil. This is influenced by the reactivity of
the PR as well as by soil and climatic factors. The dissolution rate can be determined by
measuring dissolution products or residual PR in fertilised soil.
In incubation studies the extent of PR dissolution in soils has been measured as products by the
increase in exchangeable calcium (Ca) (Smyth and Sanchez, 1982, Hughes and Gilkes, 1984), or
phosphorus (P) extracted from soil by NaOH (Mackay et al., 1986, Kirk and Nye, 1986, Chien et
al., 1987, Chu et al., 1962, Robinson et al., 1992). However, these methods are not suitable for
field or glasshouse fertilizer trials unless the amount of Ca or P removed from the soil by plant
uptake or leaching is known (Anderson et al., 1985). The increase in exchangeable Ca can also
overestimate phosphate release because of dissolution of calcite present in some phosphate rocks
(Bolan and Hedley, 1989, Robinson et al., 1992).
Fractionation procedures involving acid extraction of the residual apatite-P, after removal of most
of the non-apatite P, (Chang and Jackson, 1957, Hieltjes and Lijklema, 1980, Mayer and
Williams, 1981, Psenner et al., 1984, Psenner and Pusko, 1988) are more suitable for field and
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glasshouse studies (Cescas and Tyner, 1976, Chien et al., 1987, Rajan, 1983, Rajan, 1987a, Rajan,
1987b, Rajan et al., 1991, Bolan and Hedley, 1989, Perrott, 1992, Perrott et al., 1992).
A simplified fractionation procedure involving extraction of non-apatite P with NaOH followed
by an acid (HC1 or H2SO4) extraction (Kurmies, 1972, Scharafat, 1970, Hieltjes and Lijklema,
1980) is commonly used in New Zealand (Rajan, 1983, Rajan, 1987a, Rajan, 1987b, Rajan and
Watkinson, 1988, Rajan et al., 1991, Bolan and Hedley, 1989, Perrott, 1992, Perrott et al., 1992).
Residual PR is calculated by difference from the amount of P extracted by acid from the fertilised
and unfertilised soil. Before fractionation, soil samples are prewashed with 1 M NaCl to remove
exchangeable Ca. This prevents precipitation of calcium phosphate, or adsorption of phosphate by
CaC03 or other precipitated Ca compounds, during the NaOH extraction and its subsequent
extraction by acid (Kurmies, 1972, Syers et al., 1972a). Omission of this prewash can result in
overestimation of residual PR where the fertilised soil has more exchangeable Ca or soil
phosphate than the unfertilised soil (Perrott, 1992).
The NaCl prewash can, however, cause dissolution of PR residues, especially with the more
reactive PRs (Hughes and Gilkes, 1984, Bolan and Hedley, 1989, Perrott, 1992). This has been
attributed to the release of exchangeable acidity from the soil and can be overcome by use of a
buffered NaCl prewash. However, NaCl buffered at a pH of about 7.8 removes less exchangeable
Ca than unbuffered NaCl (Perrott, 1992). Perrott (1992) suggested using EDTA in the buffered
NaCl to improve Ca extraction.
In this paper we report results of an investigation into the effect of prewash conditions on the
recovery of PR residues by the sequential extraction procedure. Some aspects of the NaOH and
H2SO4 extractions were also investigated. A modified procedure is described and our experience
of applying this procedure to 129 New Zealand soils is discussed.
MATERIALS AND METHODS
Soil samples (0-75 mm) were taken from under grass/legume pasture. They were air dried, sieved
(< 2 mm), and pH(H 2 0) (1:2.5 w/v), phosphate retention (Saunders 1965) and exchangeable Ca
(Searle 1886) determined. Samples used for investigation of the sequential extraction procedure
were prepared by further grinding (1 min) in a ring grinder.
The phosphate rocks used were from the Arad Desert, Israel (14.6% P), Florida, USA (14.2%P),
Jordan (14.6% P) and Sechura, Peru (13.1% P).
The dicalcium phosphate dihydrate (CaHP0 4 .2H 2 0 - DCPD) and iron phosphate used (14.7% P)
were supplied by BDH. Aluminium phosphate (20.3% P) was prepared by mixing AICI3 with
KH 2 P0 4 and adjusting the pH to approximately 5.5 with NaOH. The precipitate was dialysed
against distilled water until free of chloride, filtered and dried. X ray diffraction analyses showed
both the iron and aluminium phosphates to be amorphous. Calcium carbonate containing adsorbed
phosphate (2.2% P) was prepared by shaking CaC0 3 with KH 2 P0 4 overnight followed by
filtering and washing the CaC03 with distilled water.
The rock phosphates and other phosphate compounds were ground and sieved (<150 |i.m) before
preparing mixtures with soil. The appropriate quantities of ground (ring grinder) soil and
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phosphate compound were mixed, reground (1 min) in a ring grinder and mixed thoroughly before
use.
Effect of pH and time on extraction of exchangeable Ca
Soil samples (approximately 0.6 g) were accurately weighed (three decimal places) into 50 mL
centrifuge tubes and extracted with 30 mL of unbuffered 1 M NaCl or 1 M NaCl buffered with
0.1 M H3BO3 and NaOH to pH values between 7.8 and 9.2. Extraction times of two min to 17 h
were investigated. The suspensions were centrifuged and Ca in the supernatant solutions
determined by atomic absorption spectroscopy, after appropriate dilution and addition of CsCl to
suppress ionisation.
Sequential extraction procedure
Soil samples (approximately 0.6 g) were accurately weighed (three decimal places) into 50 mL
centrifuge tubes. Exchangeable Ca was removed and the soil was then extracted with NaOH
solution and finally H 2 S0 4 solution as described below. Extractions were performed on an endover-end shaker (20 rpm) at 20°C. Residues after centrifuging and removal of supernatant solution
were washed twice with 1 M NaCl between each extraction. Extracts were analysed for
orthophosphate by the ascorbic acid-molybdenum blue method (Murphy and Riley, 1962).
Comparison of unbuffered and buffered 1 M NaCl prewash
Two sets of soil samples were used to compare the effects of unbuffered and buffered NaCl
prewashes. One set was soils with and without addition of known amounts of Sechura PR. The
other set was soil samples from field trials taken before and at eight months after topdressing with
Sechura PR. The soils were sequentially extracted with either unbuffered or buffered (0.1 M
H3BO3, 0.016 M NaOH, EDTA) 1 M NaCl for 30 min, followed by 0.5 M NaOH (17 h) and 0.5
M H 2 S0 4 (17 h). The EDTA concentration in the buffered NaCl was adjusted for each soil to
provide an amount of EDTA approximately equivalent to the exchangeable Ca present in the
unfertilised soil.
Effect of prewash EDTA concentration on recovery of phosphate rock
The recovery of Sechura phosphate rock from soil/PR mixtures was determined by sequential
extraction with buffered 1 M NaCl containing EDTA (0, 1, 3, 5 or 10 mM) for 30 min, 0.5 M
NaOH (17 h) and 0.5 M H2SO4 (17 h). The extra phosphate extracted by each reagent from the
soil/PR mixtures, compared with the soil alone, was used to calculated recoveries.
Effect of time on NaOH and H2SO4 extractions
Soil samples were prewashed with buffered NaCl as above to remove exchangeable Ca and then
extracted with 0.5 M NaOH for various times (0.5 - 48 h). Some samples were subjected to two
sequential NaOH extractions. The amount of phosphate in the NaOH extracts was determined
after acidification with H2SO4 and centrifugation to remove organic matter. Similar samples and
soil/Sechura PR mixtures were sequentially extracted with buffered NaCl and 0.5 M NaOH as
above. They were then extracted with 30 mL 0.5 M H 2 S0 4 for various times (0.5 - 48 h).
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Recovery of soluble phosphates by sequential extraction procedure
One mL of either H2O, or a solution containing approximately 300 |ig P as KH2PO4 or
Ca(H2P04)2, was added to 0.6 g of soil in a 50 mL centrifuge tube. After incubating the closed
tube for 6 and 18 weeks at 30°C the samples were sequentially extracted with buffered NaCl
containing EDTA (30 min), 0.5 M NaOH (17 h) and H 2 S0 4 (17 h) as described above. The
amount of phosphate extracted by each reagent was measured and the recovery of added soluble
phosphate calculated by subtraction of the soil phosphate extracted.
Recovery of PRs and insoluble phosphates by sequential extraction procedure
Mixtures of soil with a range of phosphates (PRs, DCPD, Al and Fe phosphates and phosphate
adsorbed by CaCC>3) and the corresponding soils were sequentially extracted as described above
and the recovery by each reagent of P from the added phosphates calculated.
Statistical analyses
Three replicate samples were used for each measurement. Standard errors were calculated and the
average standard errors are given.
RESULTS AND DISCUSSION
Effect of pH on PR dissolution

pH

The solubility of PRs decrease as the pH
increases. Approximately 15% of Sechura PR-P
was extracted in 1 hour by 1 M NaCl at pH 5.2,
but only 1% was extracted at pH 7.5 and even
less at higher pH values (Fig. 1). Although
other reactive PRs are less soluble than Sechura
PR, a routine procedure should provide
conditions that are appropriate for the most
reactive PRs. Consequently, buffered NaCl
solution with a pH value near 8.0 should be
suitable for removal of exchangeable Ca from
soil without dissolving PR. This is consistent
with the findings of Hughes and Gilkes (1984)
who recommended extraction of exchangeable
Ca with a salt solution buffered at pH 8.1.

Fig 1. Effect of pH on dissolution of Sechura PR in Effect of pH and time on extraction of
1 M NaCl (approximately 7 mg PR:30 mL NaCl solution exchangeable Ca
containing 0.5 M H3BO3, pH adjusted with NaOH.

Extraction time 1 h). Average SEM = 0.06%.

Triethanolamine (TEA) has been used to buffer
reagents used for soil extraction (Bascomb,
1964; Hughes and Gilkes, 1984). We used boric acid/NaOH buffers which have the advantage
over TEA that they do not interfere with the molybdenum blue/ascorbic acid method used for
phosphate analysis and are easier to prepare.
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Previous work indicated that NaCl buffered at pH 7.8 extracted less exchangeable Ca than
unbuffered NaCl (Perrott, 1992). Even less Ca was extracted by 1 M NaCl buffered at higher pH
values (Fig 2). Longer extraction times did not improve the removal of exchangeable Ca by 1 M
NaCl at pH 7.8 (Fig 3). Perrott (1992) found that buffered NaCl containing EDTA removed the
same amount of exchangeable Ca as unbuffered NaCl. Therefore, a low concentration of EDTA
was added to the buffered 1 M NaCl to enhance Ca extraction.
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Fig 2: Effect of pH on extraction of exchangeable Ca Fig 3: Effect of time on extraction of exchangeable Ca
by 1 M NaCl. Extraction time = 15 min. Average by 1 M NaCl. Open symbols pH = 5.2, closed symbols
pH = 7.8. Average SEM = 22 ug Ca/g.
SEM=15ugCa/g.

Comparison of buffered NaCl and unbuffered NaCl prewash
When an unbuffered NaCl prewash was used, the recovery by H 2 S0 4 of Sechura PR-P from
soil/PR mixtures ranged from 65 to 93%, declining as the pH(H 2 0) decreased (Table 1, Fig 4).
The pH values of the suspensions in unbuffered 1 M NaCl indicate that significant dissolution of
PR could occur during the prewash. However, the extent of dissolution could also depend on the
Ca concentration in the suspension because of the common ion effect. This data suggests that
losses when an unbuffered NaCl prewash is used may be small for soils with a pH(H2Ü) of about
6 or higher but could be significant for soils with lower pH values.
In contrast, when the buffered prewash was used recoveries were above 90%, except for the
Moanatuatua soil. Similarly, with soil samples taken from field trials eight months after
application of Sechura PR, the residual PR measured using unbuffered NaCl was always less than
when the buffered NaCl/EDTA prewash was used (Fig 4). The pH (NaCl) values of these field
soils ranged from 3.9 to 5.0. The losses occurring during the prewash with unbuffered 1 M
NaClwere therefore not restricted to freshly prepared soil/PR mixtures or freshly applied fertilizer.
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Table 1: Effect of NaCl extractant for removal of exchangeable Ca on recovery of Sechura PR-P
from soil/PR mixtures
Recovery (%)
pH buffer
Soil pH
Titratable acidity
Soil
H?0 NaCla
(meq/100g)b
Unbuffered
Buffered0
prewash^
6.4
3.7
93.0
98.1
7.8
Tokomaru
5.7
Linnburn
6.1
5.5
2.1
89.8
95.1
7.8
2.0
89.4
95.2
7.8
Conroy
5.9
5.5
Egmont
5.9
5.1
17.6
83.4
96.5
7.6
Hamilton
5.3
5.0
12.5
78.0
95.3
7.7
5.2
17.8
94.7
Rukuhia
4.8
81.1
7.1
Wharekohe
4.4
13.3
65.4
92.6
4.9
7.6
4.2
49.0
71.3
74.1
Moanatuatua
4.9
5.3
Average SEM
0.62
0.71
a. pH of soil suspension (0.6 g:30 mL) in 1 M NaCl shaken for 30 min.
b. Soil suspension in 1 M NaCl (0.6 g: 30 mL) titrated to pH 7.8 over 30 min.
C.0.1M H3BO3, 0.016 M NaOH, EDTA (sufficient to complex exchangeable Ca).
d. pH of buffered NaCl after extraction of soil.
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The Moanatuatua soil, which is a peat, had a
high titratable acidity and the pH of the buffered
NaCl solution decreased to 5.3 during the
prewash (Table 1). The corresponding pH
values for the other soil/PR mixtures were > 7.1
(Table 1). Our experience in applying the
procedure to samples from 129 New Zealand
sites indicates that the Moanatuatua soil is
exceptional. We have found only two other soils
(both peats) which have produced NaCl extracts
with pH values < 7.0 (6.4 and 6.8) when a 1 M
NaCl, 0.1 M H3BO3, 0.016 M NaOH, EDTA
buffer was used. Where measurements are made
routinely on peats a buffer with
higher
concentrations of H3BO3 and NaOH should be
used.

Effect of prewash EDTA concentration on
Fig 4: Effect of soil pH(H20) on recovery of added recovery of PR
Sechura PR using unbuffered NaCl prewash (expressed
as a percentage of recovery using buffered NaCl
prewash). Line fitted to data from Table 1 for When the EDTA concentration in the buffered
prewash solution exceeded that equivalent to
soil/Sechura PR mixtures (excluding Moanatuatua).
exchangeable soil Ca (assuming one mole of
EDTA complexes one mole of Ca), recovery of the Sechura PR-P in the acid extract from soil/PR
mixtures decreased with increasing EDTA concentration (Table 2a). This was due to PR
dissolution during the NaCl prewash as indicated by the increase in phosphate extracted by the
NaCl + NaOH (Table 2b).
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When the EDTA concentration was less than, or approximately equal to, the amount required to
complex exchangeable Ca in the soil the recovery of the PR-P in the acid extract was about 100%
for three of the soils and 92% for the other two soils which had the lowest levels of exchangeable
Ca. These results confirm the suggestion (Perrott, 1992) that when EDTA is used in the prewash
to improve extraction of exchangeable Ca, the concentration should not be greater than the
approximate amount of exchangeable Ca present.
However, this does not require measurement of exchangeable Ca in individual samples. In
practice, exchangeable Ca can be determined for a few samples from the field site investigated and
the same buffer used for all samples from that site.
Table 2a: Effect of EDTA concentration in buffered NaCl on the recovery (%) of PR-P from
Sechura PR/soil mixtures by H^SO^.
Soil
EDTA concentration equivalent
EDTA concentration (mAf)
Average
to exchangeable Ca (mAf)
0
1
3
5
10
SEM
72
60
93
0.5
Oreti
0.4
87
79
76
92
1.7
85
91
88
Stratford
0.5
61
1.5
87
84
1.4
102 101
Egmont
62
94
2.1
Papakauri
2.2
98
99
79
60
3.8
Otanomomo
103
99
91
0.8
103

Table 2b: Effect of EDTA concentration in buffered NaCl on the recovery (%) of PR-P from
Sechura PR/soil mixtures by the buffered NaCl prewash + 0.5 M NaOH extracts.
Soil
EDTA concentration equivalent
EDTA concentration (mAf)
Average
0
1
3
5
10
SEM
to exchangeable Ca (mAf)
Oreti
0.4
17.4 22.9 36.9
4.1
7.3
0.12
Stratford
0.5
-0.1 -0.7 5.2
0.24
11.9 25.8
-1.9 -0.5 7.6
Egmont
1.5
19.6 33.8
0.45
Papakauri
2.2
2.2
0.9
15.6 38.1
0.0
0.67
1.2
3.8
Otanomomo
11.4 32.7
1.1
3.1
0.16
NaOH extraction
Amounts of phosphate extracted by 0.5 M NaOH from soils of low NaOH-P (Wairama) and high
NaOH-P (Waihou) were measured. The NaOH-P values increased with time but most NaOH-P
was extracted within the first hour (Fig 5). A five h extraction removed 84% and 95% of the
phosphate removed by a 48 h extraction from Wairama and Waihou soils respectively. It is
possible that hydrolysis of organic P contributed to the increasing amount of phosphate extracted
with time. Multiple extractions (1 h followed by 3 h, 3 h followed by 17 h and 17 h followed by
24 h) removed about the same amount of phosphate as a single extraction of similar total time
(Fig 5).
An overnight extraction is convenient and commonly used (Rajan, 1983; Bolan and Hedley, 1989)
and these results suggest that there is no advantage in increasing this time or in using extra NaOH
extracts to remove soil phosphate.
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Fig 5: Effect of time on extraction of phosphate by 0.5 M
NaOH. For the double extractions 1+3 h, 3.+17 h and
17+24 h were used. Average SEM = 0.4 (Wairama) and
2.2 (Waihou). Phosphate retention = 31% (Wairama) and
74% (Waihou).

The effect of time on phosphate extracted by
H2SO4 was investigated with a low background
H2SO4-P (Manawatu) and a high background
H2SO4-P (Oanui) soil. Extraction times greater
than 1 h did not increase the background
H2SO4-P values of the Oanui soil but the
values for the Manawatu soil increased
gradually with time, although most was
extracted in the first hour (Table 3, Fig 6).
Syers et al. (1972b) also found that HC1-P
values of some soils increased with extraction
time. They attributed this to the presence in
these soils of apatite inclusions within other
mineral phases. Although extraction of nonincluded apatite by 0.5 M HC1 was complete
within 15 min, extraction of the included
apatite increased gradually with time (Syers et
al., 1972b). It is likely, therefore, that
background H 2 S0 4 -P values of many soils
could increase with extraction time.

Table 3: Effect of time on H?SQ4 extractable P for soil and soil/PR mixtures.
P extracted from
Time (h)
Recovery of added phosphate rock (%)
ir H 2 S0 4
soiHu-gg"1)
Sechura
Florida
Manawatu (PRNa = 25%; pH(H20) = 5.6; Ex. Cab = 7.0)
26
93.4
97.4
1
28
3
92.7
97.8
31
93.4
95.5
5
40
96.2
17
93.8
37
98.6
24
92.7
42
94.6
96.7
48
0.5
0.56
0.90
Average SEM
Oanui (PRN = 98% P H(H 2 0) = 5.4; Ex. Ca = 7.7)
1
435
98.1
98.9
443
96.5
99.2
3
439
96.1
5
97.7
437
17
100.0
100.0
441
24
97.8
99.7
438
98.6
97.1
48
5.5
Average SEM
0.88
0.60
a. PRN = phosphate retention, b. Exchangeable Ca (meq/100 g).
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However, comparison of phosphate extracted
from soil/PR mixtures and the corresponding
soil samples showed that there was no
significant increase in the recovery of PR-P for
times longer than 1 hour (Table 3). This was
the case for both the reactive Sechura PR and
for the non-reactive Florida PR. The PR in the
soil is calculated by subtracting the H 2 S0 4 -P
for unfertilised soil from the corresponding
value for the fertilised soil. Therefore, a
relatively short H 2 S0 4 extraction could be
used routinely, providing the same extraction
conditions are used for both the unfertilised
and fertilised samples. Four h and 17 h
(overnight) extractions were found convenient.

Fig 6: Effect of time on extraction of phosphate by 0.5 M
H 2 S 0 4 . Average SEM = 0.5 (Manawatu) and 5.5
(Oanui).

Background H2SO4-P levels
The size of the background value of H 2 S0 4 -P for the soil (obtained from soil samples taken
before fertilizer application or from unfertilised plots) contributes to the variability óf results
because it must be subtracted to calculate the PR-P present. The background H 2 S0 4 -P values
measured with samples from 129 New Zealand
sites showed the frequency distribution in Fig
7. Of these soils, 80% had background
values < 300 [ig P/g. The highest background
H 2 S0 4 -P values were obtained with soils
derived from basaltic and andesitic parent
materials which contain higher levels of P than
other parent materials (Saunders, 1968). High
background
values also occurred with some
20
gley and recent soils.

•nil
400

600

HjSO.-Pfcig/g)

Fig 7: Frequency distribution of background H 2 S0 4 -P
levels for 129 New Zealand soils.

Secondary forms of soil phosphate, such as Al
and Fe phosphates, not completely removed by
the NaOH extraction may have contributed to
the H 2 S0 4 -P background. However, the high
backgrounds probably resulted mainly from
native apatite in unweathered parent material
present in the soil (0.25% of apatite in the soil
will produce a background H 2 S0 4 -P value of
approximately 500 |ig P/g)- Any significant
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reduction of background H2SO4-P levels would therefore require a method for differentiating
between fertilizer PR-P and native soil apatite-P.
Recovery of added phosphate compounds by alkali and acid in the method
There was no significant recovery, by H 2 S0 4 , of soluble phosphate (KH 2 P0 4 or Ca(H 2 P0 4 ) 2 )
incubated with soil for 6 weeks (Table 4). However, analysis of variance over sites showed a small
but significant (P<0.05) recovery of soluble phosphate by H 2 S0 4 after an 18 week incubation.
The apparently low total recovery of added phosphate from the low retention Wakanui soil (Table
4) may be explained by the removal of some soluble phosphate in the two NaCl washes between
each extraction. These NaCl washes were not analysed.
Table 4: Recovery of KH 2 P0 4 and Ca(H2P04) by alkaline (buffered NaCl + NaOH) and acid
(H9SO4) extracts
Soluble P
Recovery (%)
Incubation time
NaOH-P
H,S04-P
NaCl-P
(weeks)
Papakauri (PRNa = 97%)
6
KH 2 P0 4
0.97
100.0
3.0
0.77
96.3
6.4
18
0.95
97.0
-1.6
6
Ca(H 2 P0 4 ) 2
18
0.63
92.4
6.9
0.03
2.7
3.1
Average SEM
Te Kuiti (PRN =•• 9 7 % )
6
KH 2 P0 4
1.41
92.3
-0.7
1.21
93.6
3.0
18
1.28
90.5
6
-1.0
Ca(H 2 P0 4 ) 2
18
0.99
91.8
1.0
0.04
1.4
Average SEM
0.6
Egmont (PRN = 91%)
6
KH 2 P0 4
3.42
91.6
-4.7
2.72
18
91.3
3.7
3.03
6
88.8
-1.0
Ca(H 2 P0 4 ) 2
18
2.50
90.1
8.2
0.05
Average SEM
0.7
1.9
Wakanui (PRN =: 20%)
6
KH 2 P0 4
17.9
73.5
2.3
18
17.6
72.5
2.4
6
14.1
75.3
1.3
Ca(H2P04)2
18
15.6
73.4
1.8
Average SEM
0.33
0.7
0.7
a. PRN = phosphate retention.
No phosphate was recovered by H2SO4 from DCPD or aluminium phosphate mixed with soil and
only a very small amount (0.9%) was recovered from iron phosphate (Table 5). However, more
than 60% of phosphate adsorbed by CaCÜ3 was extracted by H 2 S0 4 (Table 5).
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Table 5: Recovery (%) of phosphate from different compounds mixed with Tokomarua soil by
each reagent in sequential extraction procedure
NaOH-P
H ? S0 4 -P
P compound
NaCl-P
-0.4
DCPD
83.3
8.3
-0.1
62.1
P adsorbed on CaCO^
27.1
74.1
-0.4
Al phosphate
2.4
97.1
0.9
Fe phosphate
0.9
0.24
0.14
Average SEM
0.05
a. Phosphate retention = 28%; pH (H 2 0) = 5.8; Exchangeable Ca == 7.5meq/100 g.
In acid soils aluminium and iron phosphates are formed by reaction of soluble P fertilizers with
soil (Huffman, 1962). Phosphate is also adsorbed by reactive Al and Fe soil minerals and DCPD is
formed as an intermediate fertilizer reaction product (Huffman, 1962). Incubation of soils with
KH 2 P0 4 and Ca(H 2 P0 4 ) 2 solutions would have encouraged the reactions of soluble phosphate
with soil that occur in the field. Therefore, the data in Tables 4 and 5 indicate that very little, if
any, phosphate in these reaction products would be extracted by H2SO4 in the sequential
extraction procedure. However, it is possible that over a relatively long time transformation of soil
phosphate to occluded forms occurs (Walker and Syers, 1976) and that these may be extracted by
H2SO4 in the procedure.
Where soils contain CaCC^, adsorbed phosphate could be extracted by H2SO4. Consequently, this
sequential extraction procedure would be unsuitable for determination of residual PR in such soils.
Table 6: Recovery (%) of P from phosphate rocks mixed with Manawatu or Makotuku soil by
alkali (buffered NaCl + NaOH) reagents and H9SQ4.
Phosphate rock
Reactivity3
Alkali-P
H 9 S0 4 -P
Manawatu
(PRNb = 25%; pH(H20) = 5.6; Ex. Cac = 7.0)
Arad
Moderate
1.7
99.1
Florida
Unreactive
3.8
96.3
Jordan
Moderate
1.1
97.9
Sechura
Reactive
6.2
93.3
Makotuku
(PRN = 25%; pH(H20) = 5.6; Ex. Ca = 9.1)
Arad
Moderate
1.0
99.4
Florida
Unreactive
3.0
95.9
Jordan
Moderate
0.6
100.3
Sechura
Reactive
4.1
95.6
Average SEM
0.07
0.57
a. Ranked by solubility in 2% formic acid (Syers et al.. 1986). b. PRN = phosphate retention.
c. Exchangeable Ca (meq/100g).
The buffered NaCl prewash and NaOH did not extract significant amounts of phosphate from the
Arad and Jordan PRs mixed with soil (Table 6). However, small amounts of phosphate were
extracted from the Florida and Sechura PRs by these reagents.
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Apatite phosphates are insoluble in NaOH (Williams, 1937; Williams et al., 1980). However,
some PRs contain other phosphates (eg. aluminium and iron phosphates) as impurities that could
be dissolved. This may be the reason for extraction of phosphate from the unreactive Florida PR
by the alkaline extractants. The Sechura PR was the most reactive PR investigated. It would
therefore have been the most susceptible to dissolution during the NaCl prewash. Fig. 1 indicates
that a small amount of dissolution is possible at pH values of 7.5 and 8.
CONCLUSION
A sequential procedure involving removal of exchangeable Ca, followed by NaOH and H 2 S0 4
extractions, was found suitable for determination of PR residues in soil samples. Exchangeable Ca
was removed with buffered (pH 7.8) NaCl. This prevented low recoveries caused by release of
exchangeable acidity from the soil when unbuffered NaCl was used. The buffered NaCl contained
EDTA to enhance the removal of exchangeable Ca. The concentration of EDTA used was
approximately equivalent to the amount of exchangeable Ca present as excess EDTA also caused
low recoveries of the PR. Most of the non-apatite P was removed by 0.5 M NaOH within 5 hours
and a 1 hour extraction with 0.5 M H2SO4 was sufficient to extract the PR. Convenient practical
extraction times were 30 min for the buffered NaCl, 17 h for the NaOH and 4 or 17 h for the
H 2 S0 4 . The PR-P present in soil samples is calculated by subtracting background H2SO4-P
(H2SO4-P for soil samples taken before fertilizer application or for control samples from
unfertilised soil) from the corresponding values for fertilised samples. Measurements made with
129 New Zealand soils showed that 80% of these had background H2SO4-P levels < 300 u.g P/g.
High background H2SO4-P values occurred with soils derived from basaltic and andesitic parent
materials which contain fluorapatite.
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Assessment of copper chloride and lanthanum chloride as
extractants for organically bound aluminium
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Division of Soils, Glen Osmond, Adelaide, S. A. 5064, Australia.
ADS tract
The level of organically bound Al is important in determining the relationship between pAl3*
and pH in the soil solution and in increasing the buffer capacity and lime requirement of soils.
The amount bound can be measured by extraction with dilute CuCl2 or LaCl3. The recovery
of Al bound to humic acids extracted from a mineral and an organic soil was 82-96% with
0.5 M CuCl2. The Al:COOH charge ratios of the Al-humic acid complexes ranged from 0.15
to 0.75 and the smaller recoveries were associated with the smaller ratios. The 0.5 M CuCl2
solution had a pH of 3.1 and readily dissolved amorphous Al(OH)3. This tendency to dissolve
amorphous Al(OH)3 will limit its value as a specific extractant for organically bound Al in
mineral soils. The extractant may be more useful for organic soils. Sequential extractions
with 0.5 M LaClj recovered about 70% of the organically bound Al throughout the range of
Al-COOH charge ratios used. The LaCl3 solution is more specific since it dissolved little Al
from amorphous Al(OH)3, gibbsite, kaolinite, vermiculite and montmorillonite. This
extractant may be more appropriate for soils containing amorphous Al(OH)3 such as freshly
limed soils.
Introduction.
The soil organic matter has a strong affinity for Al and can decrease its phytotoxic effects
(Stevenson and Vance, 1989). In some soils, the amount bound is an important factor
determining the relationship between pH and the activity of Al3* in the soil solution (Bloom
et al., 1979a, Cronan et al., 1986, Wong and Swift, 1994). Organically bound Al is also
important in increasing the pH buffer capacity and lime requirement of acid soils (Aitken,
1992). The amount of organically bound Al can be measured by extraction with either 0.5
M CuCl2 (Cronan et al., 1986) or 0.3 M LaCl3 (Bloom et al., 1979b). Values obtained with
CuCl2 are normally higher (Aitken, 1992). The CuCl2 solution may be more effective because
of the strong adsorption of Cu by complexation on organic matter surfaces. As the pH of the
CuCl2 solution is 3.1 compared with that of the LaCl3 solution which is 5.4, then the
difference could also be due to the dissolution of the more soluble soil inorganic Al pool (Juo
and Kamprath, 1979). In the experiment described here, humic acids extracted from a mineral
(Summit Hill) and an organic (Waimari Peat) soil were used to model the soil organic matter
so that the recovery of organically bound Al and mineral dissolution could be assessed
separately.
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Materials and Methods.
Humic acids were extracted from Summit Hill soil, Banks Peninsula, N. Z. and Waimari
Peat, Canterbury, N. Z. The Summit Hill humic acid is a reference substance of the
International Humic Substances Society (IHSS). The humic acids were extracted and purified
following the method adopted by the IHSS for humic acids (MacCarthy et al., 1986). The
humic acids were used in the calcium form since the major exchangeable cations in acid soils
are Ca2* and Al3*. The calcium humates (0.1 g) were treated with 0.037 mM A1C13 to give
Al-COOH charge ratios of 0.15, 0.30, 0.45 and 0.75. The suspension was adjusted to pH 4.2
with 0.1 M NaOH and allowed to equilibrate for a fortnight. The concentration of inorganic
Al in the supernatant solution was then measured using an automated pyrocathecol violet
method (McAvoy et al., 1992). The concentration was less than 0.5 ppm, indicating
undersaturation with respect to Al(OH)3. The suspensions of humic acid-Al complexes were
extracted separately with solutions that gave 30 cm3 of 0.5 M CuCl2, 0.33 M LaCl3 and 1.0
M KC1. Modified extractants include 0.5 M CuCl2 freshly mixed with 1.0 M NH4-acetate to
give pH 4.2, LaCl3 at 0.5 M and 1.0 M. Extraction was for 2 h and 24 h. In the case of 0.5
M LaCl3, two sequential extractions of 24 h were also tested. Aluminium was measured by
atomic absorption spectrophotometry after diluting the extracts to minimise the accumulation
of salt on the burner. The experiment was carried out in duplicate at 25°C.
Samples of gibbsite, kaolinite, vermiculite, montmorillonite and freshly precipitated and aged
Al(OH)3 were also extracted for 24 h using 0.5 g of the sample and 30 cm3 of the extractant.
The Al(OH)3 precipitate was prepared by neutralising a 0.5 M solution of A1(N03)3 slowly
with 1.0 M NaOH. The NaOH solution was added until the suspension remained at pH 7.0
for 15 minutes. The precipitate was washed several times with distilled water and allowed
to age for 8 months at room temperature and finally for 2 days at 60°C. It was then freezedried before use. Analysis by X-ray diffraction showed that the precipitate was mostly
amorphous whereas a strong and sharp diffraction peak was obtained for gibbsite.
Results and Discussion.
The recovery of Al was increased by increasing the extraction time from 2 to 24 h (Table 1).
With 0.5 M CuCl2, a small and relatively constant amount of Al was not recovered in 24 h
with the Al-COOH ratios used. The amount was 0.8 mg Al g' in the peat humic acid and 0.4
mg Al g"1 in the Summit Hill. Except for the small amount of presumably strongly bound
Al, the single extraction with 0.5 M CuCl2 performed well in extracting organically bound Al.
The increase in the recovery of Al with a longer extraction period is in contrast to the results
of Juo and Kamprath (1979) who found that a period of 2 h was enough for maximum
extraction. In acidic soils from Queensland, the amounts of Al extracted with 0.5 M CuCl2
or 0.33 M LaCl3 reached a plateau at around 16 h equilibration. Aitken (1992) attributed the
longer equilibration time to the higher clay content of the Queensland soils compared with
that of the soils used by Juo and Kamprath (1979). The flocculation of humic acids used in
this experiment may have decreased the rate of release of Al in the absence of soil.
The 0.33 M LaCl3 recovered less of the organically bound Al than 0.5 M CuCl2. The La3*
is a larger cation (radius 1.15 A) than Al3* (0.50 A) and is less able to compete for adsorption
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sites on the organic matter surfaces. The recovery was lower with the peat humic acid which
appeared to bind Al more strongly. Increasing the concentration of LaCl3 to 0.5M and 1.0
M improved the recovery of Al from the peat humic acid. The 1.0 M LaCl3 however caused
severe problem of salt accumulation on the nitrous oxide-acetylene burner of the atomic
absorption spectrometer. This problem can be avoided since two-24h sequential extractions
with 0.5M LaClj gave recoveries similar to those of 1.0 M LaCl3. The sequential extractions
gave percentage recoveries that were relatively independent of the Al-COOH ratios and
averaged 70%. Further extractions yielded solutions that were too dilute to measure
accurately by atomic absorption spectrophotometry.
A significant fraction of organically held Al was extracted with 1 M KC1. The amount
extracted increased with increasing Al:COOH charge ratios indicating that Al was held on
sites with decreasing Al binding strengths.

Table 1.

Percentage recovery of Al from the Waimari Peat and Summit Hill humic acids
following 2 h and 24 h extraction with chlorides of Cu, La and K.

Al: COOH Ratios
of the humic acids

Waimari Peat
0.15
0.30
0.45
0.75
Summit Hill
0.15
0.30
0.45

0.5 M
CuCl2

0.33 M
LaCl3

0.5 M
LaCl3

1.0 M
LaCl3

0.5 M
LaCl3*

1M
KC1

2h

24h

2h

24h

24h

24h

2x24h

2h

53
66
74

82
90
96

35
44
50

53
62
65

57
61
67
67

62
63
68
73

65
68
70
74

10
19
21

60
70
77

90
95
93

42
48
54

71
73
74

-

-

22
21
19

* Two sequential extractions of 24 hours
The 0.5M CuCl2 dissolved little Al from kaolinite and vermiculite in 24 h. During that
period, it dissolved a small amount of hydroxy-Al interlayers in montmorillonite (Table 2).
The results are in accords with those of Juo and Kamprath (1979) which suggest that 0.5 M
CuClj dissolves insignificant amounts of structural Al from these clay minerals. The amount
dissolved from gibbsite in 24 h was also small. The concentration of Al in the supernatant
solution was expected to be more that 0.05 M if the solution was in equilibrium with gibbsite
at pH 3.1 (Rowell, 1988). The measured concentration was less than 0.05 M suggesting that
equilibrium was not achieved presumably due to the slow dissolution of the crystals. A
significant amount of Al was dissolved from amorphous Al(OH)3. This reflects the greater
solubility of this amorphous material and its faster dissolution rate. The propensity of 0.5
M CuCl2 to dissolve amorphous Al limits its value as a specific extractant for organically
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bound Al in mineral soils.
Table 2.

Amount of aluminium in g kg' recovered by extraction for 24 hours.

Minerals

0.5 M CuCl2

0.5 M CuCl2 + 1
M NH4OAc
buffer (pH 4.2)

1M
NH4OAc
buffer
(pH 4.8)

0.5 M LaCl3

Kaolinite
Vermiculite
Montmorillonite
Gibbsite
Amorphous A1(0H)3

0.32
0.02
0.31
0.03
5.04

0.31
0.01
0.22
0.02
7.0

0.29
0.01
0.16
0.01
7.1

0.24
0.01
0.00
0.00
0.56

The use of an ammonium acetate buffer to increase the pH of the 0.5 M CuCl2 to 4.2 did not
decrease the amount of Al dissolved from amorphous Al(OH)3. The effect of higher pH was
offset by the effect of the added salt. The recovery of organically bound Al was also little
affected. With its higher pH, the 0.5 M LaCl3 extracted little Al from the minerals already
mentioned. The smaller amounts of Al recovered by LaCl3 in acid top soils is therefore due
to both less mineral dissolution and lower recovery of organically bound Al. The sequential
extractions with 0.5 M LaCl3 may be more appropriate for soils with amorphous Al(OH)3
such as freshly limed soils, bearing in mind that although it is more specific, the recovery of
Al is likely to be only about 70%. Extraction with 0.5 M CuCl2 may be more suitable for
organic soils.
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Potential for Nitrogen Mineralization in Greek Soils
A.D. Simonis, and H.B. Setatou. Soil Science Institute, 541 10 Thessaloniki,
Greece.
ABSTRACT
The amount and rate of soils N mineralization are important
components that can be used to predict preplant N fertilization
during crop growth. Data for the mineralizable N in soil are
almost not existing in Greece and the main objective of this
study was to assess the N mineralization capabilities of a large
number of Greek soils differing in chemical and physical
properties. The net mineralization of N in 49 soils was
determined over a 30-week period at 35°C, using incubation
intervals of 2,2,4,4,4,6 and 8 weeks. Mineral N was leached from
the soils before the first incubation and following each of the
successive incubations by means of 0.01 M CaCl2 and a free-N
nutrient solution. The N mineralization potential, N0, was
estimated using three procedures: (1) the exponential equation
Nt=N0[l-exp (-Kt) ] (2) the short-term incubation N0=9.77 Nt and
(3) the empirical linear equation
N0 = 6.5 (ANt/At1/2)
With most soils, cumulative net N mineralization was linearly
related to the square root of time, t1/2. The pH of soils changed
very little during the 30-week incubation. Values of N0, using
the exponential equation, for the 30-week incubation, ranged from
68 to 170 ppm of soil. Mineralization rate constants did not
differ significantly among soils (K= 0.0714 week"1). The fraction
of active N varied from 6.2 to 23.4%. Defferences between N0
values estimated by the three methods were not significant,
validating the relationship between them.
It was concluded that, in spite of the differences in N0 values
among the soils tested, rates of mineralization were similar.
This suggests that the forms of organic N contributing to the
mineralizable forms of N in Greek environments among soils are
similar.
Use
of
short-term
incubations
coupled
with
interpretation using the empirical equation provide a simple
practical tool for estimating N0 in Greek soils.
INTRODUCTION
Nitrogen is the key nutrient element to plant production and
modern farming systems require an ample supply of nitrogen
fertilizer necessary for the attainment of maximum crop yield
(Meisenger, 1984) . Under normal soil conditions, inorganic N is
continuously formed from the organic nitrogen by mineralization
processes and the quantity of nitrogen fertilizer required for
maximum yield, without leaving excesses that may be lost by
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leaching or other means, depends on an accurate estimation of the
capacity of the soil to mineralize organic nitrogen.
Laboratory methods to estimate nitrogen mineralization vary from
quick biological and chemical procedures to long-term incubations
to estimate the size and the kinetics of the mineralizable pool.
Most of these methods have been critically analysed and reviewed
by various research workers (Harmsen and Schreven, 1955, Bremner,
1965a, Stanford, 1982, Keeney, 1982, Meisenger, 1984, Dahnke and
Johnson, 1990).
In 1972 Stanford and Smith advanced the concept of potentially
mineralizable nitrogen (N0) and its rate constant (K) , for use in
characterizing soil-available nitrogen and suggested that (No)
and (K) of a soil could be estimated by incubating the soil for
an infinite time under optimum conditions. They assumed that
organic nitrogen mineralization at optimum temperature and
moisture followed first-order kinetics.
Long-term incubations have been effective in measuring nitrogen
release rates from soils, but are impractical for routine use and
successful application of the potentially mineralizable nitrogen
concept depends on developing a reliable short-term method for
determining NQ. Stanford and Smith (1972) proposed that an
average rate constant (K=0.054 week"1 at 35°C) should be used, and
that shortened incubation periods be employed (Stanford et al,
1974). Several research workers (Juma et al, 1984, El Gharous et
al, 1990, Matar et al, 1991) fitted both the exponential and
hyperbolic equation to mineralization data and concluded that
both would fit their data well, while others (Molina et al, 1980,
Deans et al, 1986, Richter et al, 1982) used different equations.
Soil moisture and temperature are two major factors that affect
nitrogen mineralization rates and Stanford and Epstein (1974)
Myers et al (1982) Stanford et al (1973) and Campbell et al
(1981) have made much progress towards providing simple
relationships for net nitrogen mineralization, as a function of
moisture and temperature.
The amount of nitrogen mineralized differs between soils and
organic carbon content (Stanford and Smith, 1972) and texture
(Campbell and Souster, 1982, Herlihy, 1979) are the important
factors determined nitrogen mineralization rate. The relationship
between total nitrogen and mineralized nitrogen has been widely
studied (Campbell and Souster, 1982), but entirely different
conclusions
have
often
been
reached.
Relatively
rapid
mineralization and nitrification was found with soils from
cultivated land, but soils under natural vegetative covers of
forest trees were mostly ammonifying (Campbell and Souster,
1982) .
Data for the mineralizable nitrogen in soil are almost not
existing in Greece and the main objective of this study was to
assess the nitrogen mineralization capabilities of a large number
of Greek soils, differing in chemical and physical properties.
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MATERIALS AND METHODS
Soil used: Forty nine soils are selected to represent the major
soil groups in N. Greece. Surface soil samples (0-30cm) were
taken, air dried and ground to pass a 2 mm sieve prior to
analyses and experiments.
The classification, previous crops and certain characteristics
of the 49 soils used, are given in Table 1. The pH values, at the
beginning of the experiment and following the final period of
incubation (22 to 30 weeks), were determined on a 1:1 (wt/vol)
soil/water suspension. Total N and organic C in soil were
determined by the standard procedures (Bremner, 1965b).
Nitrogen mineralization procedure: The N mineralization procedure
followed the method used by Stanford and Smith (1972) . Duplicate
50 g samples of each soil were transferred into funnels, retained
by means of a glass wool pad. A thin glass wool pad was also
placed over the soil to avoid dispersing the soil when solutions
were poured into the funnel. A pre-incubation leaching with 100
ml of 0.01 M CaCl2 in 10-ml increments, followed by 25 ml of a
nutrient solution devoid of N (0,002 M CaS04.2H20; 0.002 M MgS04;
0.005 M Ca(H?P04) .H20; and 0.0025 M K2S04) , was used to remove
mineral N initially present. Excess salt solution was removed
under vacuum (60 cm Hg). Funnels were covered by aluminum foil,
with two pinholes made to facilitate gas exchange (aerobic
system) and incubated at 35°C. After 2 weeks, mineral N was
recovered by leaching with a solution of 0.01 M CaCl2 and "minus
N" solution, followed by applying suction as described above.
Funnels were returned to the incubator for periods of 2,4,4,4,6
and 8 weeks (cumulative: 2,4,8,12,16,22 and 30 weeks) with
intermittent leachings of mineral N and restoration of optimal
soil water contents. Loss of water during incubation was
negligible.
Mineral nitrogen determination: After steam distillation of 20
ml of leachate with MgO and Devarda's alloy into H2B03 indicator
solution, NH4-N and N03-N were determined by titration using a
solution of 0.1 N H2S04 (Bremner, 1965b).
Calculations: Three models were used to describe the (N ) data of
this study:
1. The Exponential Model utilised the first-order kinetic
equation, describing the net N mineralization process in soil
with time (Stanford and Smith, 1972):
Nt = N0[(l-exp(-kt)]

(1)

where Nt is the cumulative N mineralized (ppm) with time (t=30)
in weeks, N0 is the potential N mineralization and K is the rate
constant of mineralization (units/week).
2. The Empirical Relationship suggested by Stanford et al (1974)
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Table 1. Classification, previous crop and properties of soil used.

No
soil

Classification

Previous
Crop

Texture*

Surface soil properties
Organic

PH

1:1

C

%
1
2
3
4
5
6
7
8
9
10
11

Typic Haploxeralfs

12
13
14

Typic Xerorthents
Distric
Lithic

15
16
17

Lithic Haploxerolls
Lithic Haploxerolls
Typic Haploxerolls

18

Entic Chromoxererts

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

Typic Xerochrepts

"
"
"
"
"
"
"
"
Lithic Rhodoxeralfs

"
"
"
"
"
••
«
H

"
»
t»

••
"
••
"
t»

•
M

••
'*
Calcic Xerochrepts

"
"
Distric Xerochrepts

"
"
"
Fluventic Xerochrepts
Lithic Xerochrepts

Alfisols
Olive trees
Uncultivated
Uncultivated
Wheat
Wheat
Wheat
Wheat
Wheat
Wheat
Forest trees
Forest trees
Entisols
Olive trees
Uncultivated
Wheat
Molisols
Uncultivated
Wheat
Olive trees
Vertisol
Uncultivated
Inceptisols
Wheat
Wheat
Olive trees
Wheat
Uncultivated
Wheat
Wheat
Wheat
Vines
Wheat
Wheat
Wheat
Wheat
Uncultivated
Wheat
Sugarbeet
Fruit trees
Wheat
Vegetables
Fruit trees
Uncultivated
Fruit trees
Uncultivated
Fruit trees
Uncultivated
Wheat
Uncultivated
Forest trees
Wheat
Forest trees
Forest trees

Total
N
X

C/N
ratio

SCL
SCL
SCL
L
SCL
SCL
SCL
SCL
SCL
CL
L

7.2
6.8
7.4
6.7
6.7
6.2
7.0
6.0
7.2
6.8
7.0

1.04
0.94
1.19
1.69
1.10
1.02
1.19
1.31
1.29
1.89
2.52

0.109
0.086
0.113
0.180
0.099
0.085
0.109
0.137
0.132
0.103
0.148

SCL
SiL
SL

7.4
5.0
6.2

0.85
0.72
1.31

0.076
0.081
0.093

11.1

SCL
CL
CL

7.4
7.3
7.3

0.55
1.62
0.90

0.061
0.182
0.075

9.0
8.9
12.0

SCL

7.3

1.33

0.118

11.2

SCL
SCL
SCL
SCL
SCL
CL
SCL
CL
CL

7.0
7.0
7.4
7.4
6.8
7.3
7.1
7.3
7.2
7.4
6.6
7.1
6.7
7.3
7.3
7.4
7.3
7.4
6.8
7.2
6.8
7.4
7.3
7.3
5.2
4.9
5.3
5.6
6.2
5.7
6.0

1.05
1.67
0.82
0.88
0.94
1.07
0.99
0.98
0.93
1.17
1.11
1.28
0.60
1.33
1.19
0.95
0.87
0.89
0.97
0.90
0.99
1.15
0.76
0.98
0.97
0.81
0.96
1.33
1.66
1.84
1.67

0.098
0.182
0.081
0.078
0.086
0.087
0.070
0.091
0.074
0.079
0.107
0.095
0.067
0.137
0.113
0.102
0.083
0.088
0.092
0.095
0.106
0.111
0.067
0.093
0.095
0.081
0.083
0.113
0.137
0.095
0.092

10.7

a
L
SL
SL
L
SCL
L
L
SiL
SCL
CL
SL
SL
SCL
L
SL
SL
SL
SL
CL
L
SL

SL= sandy loam; L=loam; SiL= silty loam; SCL= sandy clay loam; CL= clay loam
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9.5
10.9
10.5

9.4
11.1
12.0
10.9

9.6
9.8
18.3
17.0

8.8
14.0

9.2
10.1
11.2
10.9
12.3
14.1
10.8
12.6
14.8
10.4
13.4

9.0
9.7
10.5

9.3
10.4
10.1
10.5

9.5
9.3
10.4
11.3
10.5
12.2
10.0
11.6
11.8
12.1
12.4
18.2

developed from fitting 39 diverse soils into the regression of
Nt on t1/2, which is essentially linear. The slope of this
regression in turn is linearly related to N0 according to the
equation:
N

(2)

6.5 (ANt/At'")

where No is the N mineralization potential (ppm), Nt is the N
mineralized (cumulative) during a specified period of time (t)8 weeks.
3. The short-term incubation equation,
al (1974). The first order equation

proposed by Stanford et

log(N0-Nt) = log N0-Kt/2.303

(3)

is simplified as
No = N t /1-10- K t / 2 - 3 0 3

(4)

and f o r a 2-week p e r i o d of i n c u b a t i o n a t 35°C (K=0.054)
No = 9 . 7 7 Nt

(5)

Linear regression was used to calculate correlation coefficients
between parameters (Snedecor and Cochran, 1971).
RESULTS AND DISCUSSION
Nitrogen mineralization trends: Cumulative N mineralized at the
end of the 30-week incubation period for the 49 soils studied,
is shown in Fig. 1. The amounts of mineral N produced during the
incubation period ranged between 60.4 and 148.2 ppm with a mean
value of cumulative N mineralized 109.1 ppm of soil. They
followed the order: Entisols > Mollisols > Inceptisols >
Alfisols.
K n

.

I

L

11]4!(T)Hm

--

2T1U

Fig. 1. Cumulative amounts of N mineralized in the soils studied,
at the end of the 30-week incubation.
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The amount of N mineralized in a period of time is dependent on
temperature, available water, rate of oxygen replenishment, pH,
amount of plant residues and level of other nutrients (Bremner,
1965c, Stanford and Epstein, 1974, Farooqi et al, 1983). In this
study principal controlled factors were temperature and soil
water. The temperature of incubation, 35°C, generally is regarded
as being near optimum for nitrification but probably less than
optimum for ammonification, while water, oxygen supply and levels
of essential nutrients are considered to be near optimum for N
mineralization (Stanford and Smith, 1972). The pH of soils,
generally, was not affected by incubation (Table 2).It was
assumed that the size of the microorganisms was not a limiting
factor.
Cumulative N mineralized during the incubation period followed
the same general trend for all soils. The rate of mineralization
was rapid at the beginning, then declined with the length of the
incubation period (Fig. 2) . The cumulative N mineralized-time
curves, found with the soils studied, were of similar shape to
those obtained by other investigators (Stanford and Smith, 1972,
El-Gharous et al, 1990, Matar et al, 1991). The cumulative N
mineralized was linearly proportional to the square root of time,
t1/2, throughout the 30 weeks of intermittent incubations, with
all but a few soils (Fig. 3 ) .

1

4
•
o
«
hme elapsed ï\ weeks

a

x

Fig. 2. Cumulative N mineralized with time for selected Greek
soils.
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Fig. 3. Cumulative N mineralized for selected soils in relation
to square root of time (weeksui)
In some soils (nos 6,27,33,46) having low N mineralization rates
(ppm N/t1/2) , a tendency for the rates to decline with the time
of incubation was observed. On the other hand, with a few soils,
(nos 5,19,39) having mostly high mineralization rates, average
mineralization rates, during the first 4 weeks, were higher than
those attained in subsequent incubation periods. It was reported
that the degree of soil drying affects the N mineralization
during short periods (Harmsen and Van Schreven, 1955). The higher
mineralization rates found during the first month of incubation
in these soils may be due to the soil pretreatment (freezing and
drying) preceding incubation.
Nitrogen mineralization potentials (NQ) of soils: Table 2 shows
the values of potentially N mineralized, No, estimated by the
three different models. The first estimates of N0 were obtained
using the short-term incubation equation 5. The second
estimations were calculated from the empirical relationship of
equation 2, while the third from the exponential equation 3.
The N mineralization potential values, No, obtained by the
exponential equation, for 30-week incubation, ranged from 68166.9 ppm of soil, with an average of 12.9 ppm of air-dry soil,
and they followed the order Entisols > Mollisols > Inceptisols
> Alfisols. These values were within the range of the data
reported by other investigators (El Gharous et al, 1990, Matar
et al, 1991). The No values obtained by the short-term incubation
(2 weeks) incubation and the empirical equation (8 weeks) were
similar with an average of 132.6 and 129.5 ppm of soil,
respectively (Table 2) .
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Differences between values of N0 estimated using equations 1,2
and 5 were non significant and the coefficients of determination
r2 between No-values of exponential- empirical, exponentialshort-term and short term- empirical equations were 0.99, 0.82
and 0.80 respectively (Fig. 4,5,6). These high values are
evidence that the three models can be used in laboratory
incubation studies to estimate N0 for the soils of Greece. The
findings also confirm the empirical method suggested by Stanford
et al (1974) and shorter term incubations could be used with a
goood degree of precision to estimate No.
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Very small differences in K values were observed among the soils
studied, the mean K value being 0.0714 week"1. This average value
of K is above the overall average of 0.054 week"1 obtained by
Stanford and Smith (1972) who used the linear fit for the
regression of log (N0-Nt) on t for 39 soils, but it is very close
to the average K obtained by other investigators (Matar et al).
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Based on these results, the limited range of K values obtained,
suggests that most soils studied had similar rates of
mineralization at 35°C and at 60 mm Hg tension. This K value
indicates that at 35°C the remaining mineralizable N in soils
(N0-Nt) is released to the soil solution at an average rate of
7.14% per week in succeeding weeks of incubation.
Based on this K value found, the mean half time for
mineralization, t1/2, for the soils studied, was 9.7 weeks.
Active N fraction: The active N fraction of mineralized N (No/Nt)
where N is total N content, considered as the portion of plantavailable N for crop growth.
The values of active N fraction ranged between 6.2 and 23.4 %
when using the exponential equation. No differences were observed
between the values of active N fraction, when the N 0 was measured
by the three methods - short-term incubation, empirical and
exponential - the mean values being 14.0, 13.5 and 13.0%,
respectively. These values were of the same order, as those
reported by other investigators, with differing soils and
environmental conditions (Stanford and Smith, 1972, Campbell and
Souster, 1982, El Gharous et al, 1990, Matar et al, 1991). Upon
dividing the 49 soils into two groups based on total N content,
i.e. < 0.100 (30 soils) and > 0.100% (19 soils), corresponding
active N fractions ranged from 9.2-23.4% (average, 14.9%) and
from 6.1 to 14.8% (average,9.4%), respectively.
Nitrogen mineralization potential,N , in relation to soil
parameters: Upon dividing the soils into three groups based on
their pH (i.e. <6.5-7.0 and > 7.0), corresponding No were 124.9,
124.0 and 123.2 ppm of soil. No correlation was found between N0
and soil pH.
The correlation coefficient between N0 and soil organic C was
very poor. Organic C in these soils ranged from 0.76 to 2.52%.
A strong relationship between mineralized N and organic C might
have been expected (Harmsen and Van Schreven, 1955) . The weak
correlation found in these soils probably results because organic
C was not limiting for microbial activity in any of the soils and
rate of N release per unit C was greater in soils with low
organic C than those with high organic C.
There was no correlation between soil total N and N0. However,
upon dividing the soils into two groups <0.100% and >0.100% total
N, the corresponding values of No were 121.4% and 110.8%,
respectively. Our results were generally similar to those of
other investigators who found that mineralized N on incubation
was much the same even though the soils differed in organic C and
total N content (Ratherford and Suma, 1989), or who obtained a
low correlation between mineralized N and organic matter for
grassland soils (Beaton et al, 1960).
Texture is known to be an important factor affecting organic
matter content. Bremner (1965c) reported that total N increased
as texture became finer. However, the average quantities of No
were 126.6, 118.8, 124.2 and 121.3 ppm of soil for the moderately
coarse (SL), medium (L, SiL), moderately fine (SCL) and fine
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texture soils, respectively. The high N0 and N active fraction
found in the coarse-texture soils could be because such soils are
better aerated thus causing the organic matter to decompose
readily (Campbell and Souster, 1982) or because they tend to
erode more easily (Bisal and Hsieh, 1966). It was reported that
No and the active N fraction were greater in course-textuted
soils (Campbell and Souster, 1982, Herlihy, 1979).
The potentially mineralized N in the cultivated soils ranged from
68 to 166.9 ppm of soil, while in the uncultivated soils varied
from 90.7 to 156.5 ppm of soil. On the average it was higher in
the cultivated than in the uncultivated soils, 127.3 and 122.3
ppm of soil, respectively. Cultivation is known to enhance the
N-mineralization in soil (Powlson, 1980). The N0 in soils under
fruit trees was 114.2 ppm of soil, while in the forest soils 97.8
ppm of soil.
Cropping and fertilization practices, in affecting the net
balance of soil N, might also influence the proportion of total
N present in readily mineralizable forms (Stanford and Smith,
1972). For example, soils in rotation of wheat and clover showed
higher N0 (no 19) than did the continuous wheat soils (no 6) .
Adding N fertilizer to each crop of a sugarbeet-wheat rotation
(soil 34) resulted in a higher N0 than occurred with an
unfertilized rotation (soil 24) . The high N0 observed in soil 25,
may be due to the relatively high rates of N fertilizer applied
to wheat crop for several years. Soils subjected to intensive
cropping with little or no fertilizer applied show relatively low
fractions of potentially mineralizable N (Stanford and Smith,
1972) .
The low No observed in forest soils was in agreement with the
data reported by Marion et al (1981) who found that chaparral
soils contained considerably less N0 than typical agricultural
soils (generally > 100 ppm N0) . This is reflected also in the
active fraction of N - for forest soils, 7.0 to 12.7% (average,
9.4%) of the total N was potentially mineralized, while 6.5 to
24.0% (average, 14.3%) for agricultural soils. The possible
explanations for the low N0 in forest soils may be toxins
(allelopathic compounds) which inhibit mineralization or highly
resistant organic matter which may limit available energy for
microbial activity.
CONCLUSIONS
1. Cumulative net N mineralization, Nt, (60.4-148.2 ppm of soil,
was linearly related to the square root of time, t1/2, throughout
the 3 0-week incubation period, for most of the soils.
Mineralization was rapid during the initial course of incubation
and decreased slowly, with time.
2. Mineralization potentials, N0, estimated by the exponential
method ranged from 68 to 166.9 ppm of soil (average, 122.9 ppm
of soil) and they followed the order Entisols > Mollissols >
Inceptisols > Alfisols.
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3. Small differences in K values were observed among the soils
tested, the mean K value being 0.0714 week"1. The limited range
of K values obtained, suggested that most soils had similar rates
of mineralization at 35°C and at 60 mm Hg tension.
4. The average time required for half of N0 to mineralize under
conditions of incubation was 9.7 weeks.
5. The fraction of active N varied form 6.2 to 23.4%.
6. Differences between N0 values estimated by the exponential,
the empirical and the short-term incubation methods were not
significant, validating the relationship between them.
7. Use of short-term incubations can be used to estimate reliable
N0 in Greek soils, for assessing the N- supplying power of the
soils.
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Abstract.
Nitrogen status in containerized conifer seedlings
was diagnosed using the traditional Critical Value Approach
(CVA) and the multinutrient Compositional Nutrient Diagnosis
(CND) approach. CVA used raw nutrient concentrations, while
CND produced nutrient values as row-centred logratios. A rowcentred logratio is a log-transformed multinutrient ratio (e.g.
log Ck/G) defined as the concentration ratio between a known
component (Ck) and the geometric mean (G) of all tissue
components including a filling value (R) between 100% and the
concentration of known components.
Hence, CND adjusted a
nutrient level by correcting it for levels of other components
in the closed system of a tissue sample. Shoot compositional
data for spruce and pine seedlings were obtained from a
fertilizer experiment with three spruce species (N, P, K, Ca,
Mg, B, Zn, -»Fe, Mn, Cu, cellulose and lignin) , as well as from
A linear-plateau
the literature (N, P, K, Ca, Mg) .
relationship with well defined deficiency and excess zones was
shown between dry matter yield of conifer seedlings and CND N
row-centred logratio (VN) computed from N, P, K,.Ca, Mg and R.
The growth-N response curve was non-linear and showed a loop in
the excess zone. Critical and excessive VN levels were 0.25
and 0.80, respectively. VN values and differences of G values
among spruce species depended on the number of components used
to compute G. With five macronutrients, G was similar among
spruce species. Using 12 components, G differed significantly
among species.
The CND index approach could be further
improved using multivariate procedures.
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Introduction.
The chemical composition of individual plants
within a species vary according to variation in soil
conditions, especially soil fertility levels, over which that
species survives (2). In contrast with high-nutrient adapted
crops, low-nutrient-adapted plants such as conifer seedlings
could maintain substantial rates of nutrient accumulation
during pulses of high nutrient availability (7), hence
producing luxury consumption of those nutrients.
A functional relationship must be established between
plant composition and plant growth or quality for diagnosing
reliably nutrient imbalance in plants. Nutrient diagnosis is
often conducted by comparing tissue analytical results
expressed as percentages of dry matter (DM) with sufficiency or
luxury consumption ranges for optimum growth (19), a procedure
known as the Critical Value Approach (CVA). The underlying CVA
assumption of optimum levels of all nutrients but one often
does not hold (19), since individual nutrient levels in plant
tissues interact with a large spectrum of concentrations of
other nutrients. If both nutrient concentration and uptake are
determined, nutrient status in plants could be diagnosed by
Graphical Vector Analysis (GVA) (17). Since GVA is independent
of predetermined standards or critical values, selected
standards remain site-specific.
A concept of ionic balance in plants stated that optimal
growth is possible at a wide variation in concentration of the
individual
ionic species provided the organic
anion
concentration, as estimated by difference between cation (C)
and inorganic anion (A) species, is close to the value found
for optimal growth (21). The (C-A) concentrations associated
with high yields generally remains within a narrow range for a
given species but vary among plants and soil types (16).
However, nutrient imbalance such as low K/Ca ratios can affect
yield concomittantly to supra-normal concentrations of organic
anions (21). In addition, the ionic balance concept assumed
that nitrogen was supplied as nitrate only, which might not be
always the case in many cultivated or natural soils.
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The Diagnosis and Recommendation Integrated System (DRIS)
is a nutrient index approach for assessing nutrient imbalance
in plants from information on dual ratios (3,20). The use of
dual nutrient ratios instead of nutrient concentrations should
reduce the effects of nutrient interaction, dilution or
accumulation in plant tissues over time, which affect the
diagnostic efficiency of CVA (20). The DRIS calculation
procedure was simplified by using log-transformed nutrient
ratios (4,5).
A nutrient balance approach to nutrient diagnosis of tree
seedlings expressed nutrients relatively to nitrogen instead of
DM (9). Although each species would grow best at so-called
'optimal' multiratios, no variation about those optima was
presented for diagnostic purposes.
In addition, the
calculation procedure did not offer the possibility for
expressing a nutrient level relatively to nutrients other than
N, as was the case for DRIS.
Dual ratios were further expanded to multinutrient ratios
(13) using procedures for compositional data analysis (1). In
the Compositional Nutrient Diagnosis (CND) approach, a
functional definition of nutrient balance included not only
physiological concepts such as nutrient interactions, but also
a mathematical constraint of closed systems known as the
bounded-sum constraint.
The bounded-sum constraint is the
impossibility of altering any proportion of a whole without
altering one or more other proportions (1). Nutrient status
diagnosed by CND is corrected for interactions with other
nutrients and for the bounded-sum constraint. The correction
procedure produces multinutrient ratios and, after logtransformation, row-centred logratios. CND and DRIS indices
were found to be highly correlated to each other (14,15).
Since CND indices are fully compatible with principal component
analysis (PCA), the diagnostic procedure can be further reduced
dimensionnally, and conducted in a Euclidian space.
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The aim of this paper is to present CND and compare it to
the single-nutrient CVA approach for diagnosing nitrogen status
in conifer seedlings.
Rat ionale.
Plant dry matter is made
constrained or summing up to 100% as follows:

of

components

Sd = [(N, P, K,Ca, Mg, ...,R): N > 0, P > 0, K > 0, Ca > 0, Mg
>

0...,R>0;N+P+K+Ca+Mg+...+R=

100%]

(1)

where Sd is the tissue simplex for d components, 100% is the DM
basis, N, P, K, Ca, Mg, ... are concentrations of known
components, and R is the filling value (unknown components)
between 100% and the sum of nutrient concentrations.
A multinutrient ratio derived from S^ is an expression for
every plant component relatively to all other components. For
a simplex defined by N, P, K, Ca, Mg and R as above, the N
multinutrient ratio or N m n r is defined as follows:
Nmnr=(N/N)(N/P)(N/K)(N/Ca)(N/Mg)(N/R) = N6/(NxPxKxCaxMgxR). (2)
Multinutrient ratios such as p m n r , K mnr and others can be
computed
similarly
by replacing N 6 by P6 , K 6 , etc.
Multinutrient ratios are scale-invariant, since divisor
(NxPxKxCaxMgxR) is common to all nutrients.
Equation (2) can be redefined with no loss of information
by expressing a nutrient relatively to the geometric mean G of
all components defined as follows:
G = [NxPxKxCaxMgxR] d'6'

(3),

then extracting the sixth root of the nutrient itself.
The new expression for the multinutrient (e.g. N/G) is
log-transformed to generate a row-centred logratio as follows:
V N = In(N/G).

(4)
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Row-centred logratios are linearized (undistorted) estimates of
original concentration data (1).
Since the internal state of nutrient balance in plants
should be optimum for the most successful specimens (13),
nutrient norms are the means and SD's of row-centred logratios
of the high-yielding subpopulation of surveyed crops.
For
diagnosis of independent specimens, CND nutrient indices are
computed as follows (CND norms indicated by asterisks):
IN = (VN - VN*)/sN*.

(5)

The functional relationship between growth and a CND
nutrient index can be drawn similarly to the growth-nutrient
response curve (20) .
A linear combination of CND indices can be further
obtained by conducting PCA (correlation matrix, varimax
rotation) on row-centred logratio data from the high-yielding
subpopulation. Significant principal component (PC) loadings
(i.e. correlation coefficients between PC and row-centred
logratios) for CND indices are used to designate and interpret
independently each PC either as single nutrient axes like P,
nutrient
interaction
axes
like
K:Mg,
or
nutrient
dilution/accumulation axes like N:Ca (14,15). Using varimaxrotated PC's, nutrient relationships are maximized and
expressed as contrasts rather than ratios or products. As a
result of PC orthogonality, Euclidian geometry can be used to
assess nutrient imbalance with critical spherical or
hyperspherical bodies.
Materials
and
methods.
Seeds of black spruce
(Picea
mariana Mill. BSP), white spruce (P. glauca
(Moench) Voss) and
Norway spruce (P. abies
(L.) Karst.) were grown in a heated
commercial greenhouse near Rimouski, Quebec (48° 26' N, 68° 33'
W, altitude 50 to 100 m ) . Seeds were sown in mid-January in
trays of 50 mL IPL-67 containers filled with a sphagnum
peat:vermiculite (85:15, volume:volume) mix.
The amount of
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added N varied from 15.2 to 20.3 mg N seedling-1 (75:25 NH4N:N03-N), depending on spruce species. Frequency of fertilizer
application and N:P:K proportions differed along three regimes
intended to produce variation in nutrient concentration in the
shoot at high yield level.
In two fertigation regimes
scheduled to alternate with irrigation, N:P:K proportions were
100:110:117 and 100:74:100. In a constant-feed regime, N:P:K
proportion was 100:58:133. Nutrient proportions were achieved
using the commercial soluble fertilizers 10-52-10, 15-30-15,
15-15-30 and 20-20-20 supplemented with Ca, Mg and micronutrients.
During the first two weeks after seeding,
irrigation water only was applied. Thereafter, each seedling
was fed 4.5 mL of nutrient solution or irrigation water twice a
week .
During the season, electrical conductivity (EC) of
extracts of saturated substrates was 0.36-0.47 dS nr1, and pH
averaged 4.7. Those EC values were intermediate between those
used for growing seedlings of Scots pine, Lodgepole pine and
Norway spruce in hydroponics (10), and those found optimum (18)
for red pine seedlings grown in a sphagnum peat-vermiculite
mix. The pH of saturated substrates was within the usual range
for conifer seedlings grown in sphagnum peat (6). The NH4N:N03-N proportions averaged 4:96 to 7:93 in extracts of
saturated substrates, indicating ammonium sorption by the peatvermiculite substrate.
During the hardening period, 25 to 50 shoot subsamples
were harvested three times for standard mineral analyses (11).
Total N was analyzed by the standard micro-Kjeldahl method.
After dissolving the ashes (550°C, 4 h) in a 1 M HCl solution,
P, K, Ca, Mg, B, Zn, Fe, Mn and Cu were determined by plasma
emission spectroscopy (Spectra Span 6 model from Beekman
Company). The concentration of lignocellulosic materials was
determined by the acid-detergent-fiber procedure (8). Prior to
analysis, the shoots were dried at 70°C and ground to particles
< 1 mm. The statistical design was a split-plot in time with
two replications.
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Since the effects on seedling growth of fertilizer regimes
and of their interaction with spruce species were not
significant, yield and nutrient data were averaged over time
for each species. Our results were pooled with those on red
pine (17) and with optimum ratios defined for pine and spruce
seedlings (9). Yields of pine and spruce seedlings were
expressed as percentages relative to maximum yield for each
species. CND norms were derived from specimens producing at
least 90% of maximum yield. Critical or excessive levels of N
corresponding to a value of 90% of maximum yield were obtained
from the yield response curve.
Statistical analyses were
conducted using the Systat package (22).
Results
and discussion.
Values of N concentration, V N
computed from N, P, K, Ca and Mg concentrations, as well as
relative yield of conifer seedlings are presented in Table 1.
All N concentration values were within the generalized
sufficiency range for conifer seedlings (19). However, the
relative yield-N concentration curve was distorted toward the
low-yielding red pine seedlings fed -P (Figure la) . When N
concentration was diagnosed in isolation, the definition of a
toxic level was ambiguous due to the loop on the right-end side
of the curve.
Generalized CND norms for pine and spruce
seedlings were 0.556 as V^ mean and 0.157 as standard
deviation. V N values for spruce seedlings changed with the
number of known components included into the computation of
geometric mean. Including macronutrients only, geometric means
were 2.656, 2.657 and 2.660 for Picea glauca,
Picea mariana and
Picea abies,
respectively; standard error (SE) was 0.008. For
mineral components (macro- and micronutrients), geometric means
were -1.030, -0.964 and -0.989 for P. glauca,
P. mariana and P.
abies,
respectively; SE was 0.012.
For both mineral and
organic (lignocellulosic materials) components, geometric means
were -0.128, -0.075 and -0.092 for P. glauca,
P. mariana and P.
abies,
respectively; SE was 0.011.
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Table 1. Relative yield, N concentration in the shoot and logtransformed N multinutrient ratio for selected conifer
seedlings.
Speciesz

Pinus

resinosa

Treatment

Cm
-N
+N
-p
+p

-K
+K

Picea glauca
Picea mariana
Picea abies
Picea abies*
Pinus
svlvestris

vNx

Yields

N

%

g kg^1

100
71
75
47

0.596

95
94

25.6
15.4
34.3
26.9
24.8
27.9

98
100

24.8
23.8

100
100
100
100

21.0
19.8
20.5
20.5

0.508
0.500
0.387

vNw

--index value--

0.205
0.841
1.064
0.512
0.656

0.309
0.778
0.757

3.292
3.109
3.067

z

For P. resinosa,
Cm is complete regime, + or - are complete
regime enriched with or lacking indicated nutrients (17); for
and
P. glauca,
P. mariana and P. abies,
see text; for P. abiesx
P. sylvestris (9).
Percentage of maximum yield as dry matter weight.
xw
Row-centred
logratios
computed
from
macronutrients
(N,P,K,Ca,Mg) alone or including minor elements (B,Zn,Fe,Mn,Cu)
and organic (cellulose, lignin) components, respectively.
The growth-IN curve was trapezoidal with relatively abrupt
edges (Figure lb) . The distorsion shown in Figure la was
corrected in Figure lb by adjusting N concentration to P, K,
Ca, Mg and R proportions in the tissues. Critical and toxic V N
values corresponding to 90% of maximum yield were 0.26 and
0.83, respectively. The N concentration values corresponding
to the CND norm, critical level and excessive level were
approximately 25, 18 and 27 g N kg-1, respectively (Table 1).
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Such range was much narrower than the generalized sufficiency
range of 11 and 35 g N kg'1 for conifer seedlings (19). The
sufficiency range could be further reduced by considering that
VN values between the CND norm and the CND excessive level were
in the luxury consumption range. A sufficiency range between
18 and 25 g N kg-1 assessed from a limited number of data was
close to the optimum concentrations of 19 and 22 g N kg 1
determined independently for Pinus sylvestris
L., Picea
abies
(L.) Karst and Pinus concorta
Dougl. (10). On the other hand,
reported optimum ratios for spruce and pine seedlings (9)
produced V N values in the luxury consumption range as defined
above.
As expected, there was N excess in +N and N deficiency in
-N treatments. Seedlings receiving -p suffered from excessive
N accumulation relative to other nutrients (particularly P) .
The anion-cation charge balance must be maintained in roots and
the xylem (12). CND detected major nutrient imbalance probably
favoring N03-N uptake to balance electric charge in the cell in
a situation of P shortage and NH4-N sorption by sphagnum peat.
Thus, N excess and P deficiency in the shoot were a unique
consequence of plant adjustment to a specific root environment.
The addition of P fertilizers corrected N excess, thus
providing adequate nutrient balance in the seedlings. The P
deficiency could be corrected in part by reducing N
fertilization, since N rate regulates growth rate (10) and
plants adapted to infertile soils may grow slowly but
sustainingly where roots of adjacent plants do not compete (7).
The CND multinutrient approach improved the functional
definition of physiological states such as nutrient deficiency,
sufficiency range, luxury consumption and nutrient excess.
Row-centred logratio transformation produced linearized
variates freed from the bounded-sum constraint to 100% of
tissue components, and accounted for all possible interactions
among known components. Hence, N was found to be excessive
primarily in relation to P, although N level must also adjust
to smaller variations in K, Ca and Mg concentrations.
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Figure 1. Relationship between N status and yield of
containerized conifer seedlings.
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Concentration of tissue components in spruce seedlings are
presented in Table 2.
Table 2. Concentration of lignocellulosic
nutrients in spruce seedlings (P. = Picea).
Component

P. glauca

Cellulose
Lignin
N
P
K
Ca
Mg

203a
130a
23.8a
4.3a
21.2a
4.0b
1.1a
0.043b
0.033a
0.079a
0.133b
0.011a

B

Zn
Fe
Mn
Cu

P. mariana
g kg-1 z
187b
132a
21.0b
3.9b
20.9a
4.7ab
1.1a
0.054a
0.042a
0.076a
0.177a
0.011a

materials

P.

and

abies

208a
135a
19.8c
3.7b
21.4a
5.3a
1.2a
0.040c
0.040a
0.084a
0.185a
0.011a

z

Means followed by the same letter on each line are not
significantly different at the 0.05 level following Tukey's
test.

Black spruce seedlings contained significantly less
cellulosic materials than either white spruce or Norway spruce
seedlings. The results for row-centred logratios computed from
all known mineral and organic components
are presented in
Table 3. Mean comparisons for N, B and Zn differed between
Tables 2 and 3 due in part to variation in geometric means
among species. In contrast with the geometric mean computed
from macronutrients only, the geometric mean differed
significantly between Picea glauca and other species when all
tissue components were included in the computation procedure.
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Apparently, species specificity would show up more clearly and
nutrient adjustment would be more specific when more components
are included in the computation of G.
Table 3. Row-centred logratio values for tissue components of
spruce seedlings (P. = Picea).
Component

Cellulose
Lig nin
N
P
K
Ca
Mg
B
Zn
Fe
Mn
Cu
G ( all)*
G ( macro)v

P. abies

5.430a
4.913a
3.292a
1.580a
3.178a
1.496b
0.179a
-5.198a
-5.620b
-4.745a
-4.211b
-6.857a
-0.128b
2.656a

P. mariana
P.
2
row-centred logratio
5.304b
4.877a
3.109b
1.442b
3.109a
1.608ab
0.195a
-5.085a
-5.417a
-4.828a
-3.980a
-6.864a
-0.075a
2.657a

glauca

5.408a
4.878a
3.067b
1.410b
3.146a
1.721a
0.222a
-5.466b
-5.439a
-4.729a
-3.925a
-6.818a
-0.092a
2.660a

z

Means followed by the same letter on each line are not
significantly different at the 0.05 level following Tukey's
test.
yLog-transformed geometric mean of all components or of
macronutrients only.
It is anticipated that the larger the number of
defined components, the higher the precision of diagnosis. As
the number of components taken into consideration increases,
nutrient diagnosis will also become more complex. Multivariate
analyses will be required to reduce the number of dimensions

274

and facilitate the diagnosis. Since variates used by CND are
linearized, CND is fully compatible with principal component
analysis (PCA) and other multivariate procedures (13).

Conclusions.
1. Plant tissues form closed systems containing known and
unknown components summing up to 100% and interacting among
each other. CND is a diagnostic system taking into account the
bounded-sum constraint to 100% and multinutrient interactions.
2. CND uses new relative expressions for nutrients which
improved the shape of the yield-nutrient response curve as
compared to CVA. The value of the new expression depends on
the number of components determined in plant tissues.
3. With the CND approach, the concept of multinutrient
interactions
replaces the concept of dual
nutrient
interactions, since every nutrient must be related to a larger
or lesser degree to all other nutrients.
The calculation
procedure is simple and straightforward: first compute R and G,
then compute row-centered logratios.
4. As more information is acquired on tissue components of
conifer seedlings, CND nutrient indices should be combined into
principal components to simplify the interpretation of more
complex systems, as was shown for other plants.
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Evaluation of Dris in Pecan Tree in Mexico
M.D.C. Medina M.*, and E.D.J. Medina M.
Station. INIFAP. Torreón, Coahuila, México.

"La Laguna" Experimental

ABSTRACT. We utilized the Diagnosis and recommendation integrated
system (DRIS) to generate nutrient norms in pecan (Carya illinoensis)
based on observations from three regions in Mexico. This reserarch
had a duration of five years (1987-1991), and included a database of
670 observations.
The Nutrimental imbalance index (Nil), a limit which separates a
balanced and imbalanced population one from another, was 124. Yield
limit (25,35, 40, 50, 60, and 70 Kg/tree) was not critical to divide
the subpopulations from the DRIS norms, but the best yield limit was
obtained at 60 Kg/tree. Six sets of norms with different observation
numbers (100, 200, 297, 361, 393, and 484) predicted the behavior of
an independent experiment. The minimum number of observations was
100 and it is suggested for the calculation of preliminary norms.
DRIS norms from three regions in Mexico, 670 observations, predicted
the behavior of three experiments, therefore they can be used to
perform nutrient diagnoses. The sufficiency interval detected N as
deficient in three regions, DRIS did not. However, they coincided in
four deficient nutrients: Mn, B, Zn, and Cu. According to DRIS, Fe
deficiencies were present in two regions.
Nutrient deficiencies (Mn, Fe, Zn, B, and Cu) were detected from both
regional (297 observations) and three-region (670 observations) DRIS
norms at "La Comarca Lagunera" (a region located in north central
Mexico) only. Cultivars 'Western' and 'Wichita' had the lowest Nil,
which partly explained their adaptability to northern Mexico. There
were significant year effects for Nil, but no correlation was found
between Nil and annual yield (low or high ^-ield).
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INTRODUCTION. The traditional method to establish nutrient standards
is the critical value or the concentration of a nutrient that causes
a 5-10 % yield reduction (Ulrich and Hills, cited by Elwali and
Gascho, 1984). However Dow and Roberts (1982) mentioned that the
critical value is really a sufficiency interval related to some
growth
crop
characteristics.
This
method
has
the
following
disadvantages: a) does not consider nutrient interaction nor nutrient
balance (Summer and Boswell, 1981), b) critical levels are defined
for a determined sampling stage and specific tissue (Beaufils, 1973),
y c) critical values may vary with soil moisture level (Mengel and
Kirby, 1982).
The Diagnosis and Recommendation
Integrated
System
(DRIS),
developed by Beaufils (1973), classifies the nutrients required by
the plant based on their order of importance, considers their
interactions, their nutrient balance, detects relative excesses, and
diagnoses can be done in any developmental stage and in any leaf
position (Sumner, 1986).
DRIS norms are nutrient relationships which result in the mean
(x) of a high yielding
population. The DRIS index, Nutrient
Requirement Order (NRO), and Nutrient Imbalance Index (Nil) are
calculated from these norms (Walworth and Summer, 1987). Sweet cherry
trees with a high Nil didn't not produce high yields (Davee et al.,
1986).
In order to develop DRIS norms in a region, a representative
random sample of many sites is needed. The sites may be research or
experimental fields under different management and environmental
conditions. Data has to include anlyses from leaf samples and crop
yield (Sumner, 1986). Norms based on a large database are probably
better and more representative, because they involve great population
variability
(Letzsch,
1984).
Therefore, a few thousand
random
observations with a high yield limit are needed to divide the initial
population into two subpopulations of high and low yield, the high
subpopulation
containing at least 10 % of the high yielding
observations (Letzsch and Sumner, 1984).
DRIS norms have been obtained for some fruit trees with the
following observation numbers: orange= 3,161 (Beverly et al., 1984),
pineapple^ 1,185 (Angeles et al. , 1990), hazelnut= 624 (Alkoshab et
al. , 1988), mango= 625 (Schaffer et al., 1989), sweet cherry= 47 5
(Davee et al., 1986), apple= 281 (Parent and Garnger, 1989), avocado=
175 (Nufiez, 1987), and pecan tree in the U.S.= 3,000 (Beverly and
Worley, 1992).
The value limit used to divide the population into high and low
yielding groups is not so critical if high yielding data remain
normally distributed (Walworth and Sumner, 1987), because the mean
value (x) or DRIS norm remanins the same. Letzsch and Sumner (1984)
indicated that this limit value may be arbitrarily chosen, but in
practice is similar to yields routinely obtained by the best pecan
growers.
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The regional and national pecan tree average yield is 1 ton/ha,
the best orchards produce 2.0-2.5 ton/ha. However, the potential
yield of pecan tree at a region located in north-central Mexico
between the States of Coahuila and Durango, known as: "La Comarca
Lagunera" is 3.3 ton/ha (Medina, 1990), which corresponds to 48
Kg/tree with a population of 70 trees/ha.
Walworth et al. , (1986) compared ORIS norms in alfalfa in the
southwest U.S. (Georgia) from 3, 915 observations and in the midwest
U.S.
from 1,400 observations. They found that norm values were
similar except for Mg and B. Escano et al. (1981) compared two sets
of norms in corn which included 161 and more than 7,500 observations.
The ORIS diagnoses based in a limited set of data (161 observations)
were comparable to those from a large database. These results suggest
that, under a experiment were a crop shows yield and foliar
composition reponses to nutrient application, it would be possible to
utilize smaller databases to generate a set of norms for preliminary
diagnoses (Grove y Sumner, 1982).
Extensive sampling increasing sampling costs is required in
order to generate DRIS norms in fruit trees. Therefore', it is
necessary to define a minimal number of observations to develop
preliminary DRIS norms (while increasing the number of observations),
to make reliable nutrient diagnoses.
Differences
in
foliar
concentration
among
cultivars
and
rootstocks are obvious. However, despite rootstock effects, the
cultivar composition provides a reliable measurement of nutrient
needs (Righetti et al., 1990). In orange cv. Valencia DRIS reduced
but did not eliminate rootstock effect (Sumner, 1986).
There is a lack of direct realationship between DRIS and
production in 'Valencia' orange. Variation among years explained the
variation among nutrient concentration and DRIS indices. Alternate
bearing
did not
seem to affect both DRIS diagnosis and the
sufficiency interval (Beverly et al., 1984).
Davee et al. (1986) indicated that trees with a high Nil had low
yields because they cannot produce high yields. However, low Nil may
also result in low yields, when the cause of yield reduction is not
nutrient related.
This research was conducted from 1987 to 1991 and its objectives
were: 1) to develop DRIS norms for pecan tree in three regions of
Mexico, 2) to interpret foliar analyses in trees from orchards
located in the three regions, 3) to evaluate the effect of yield
limit when dividing DRIS norms into two subpopulations, 4) to
evaluate
eight
sets of DRIS
norms with
different number
of
observations, and 5) to evaluate cultivar, year or alternate bearing
effect in Nil of pecan tree.
MATERIALS AND METHODS. Thirty six orchards were sampled in 1987 in La
Comarca Lagunera region in order to develop regional DRIS norms for
pecan tree cv. Western. About eight to nine trees were sampled in one
hectare of each orchard, resulting in population of 297 tree
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observations from ten to twenty year-old trees. Planting distance was
12 x 12 m (70 trees/ha). The experimental unit consisted of one tree.
Foliar analyses of ten nutrients and yield data were taken (Medina,
1991) .
Foliar sampling consisted of 80 leaflets/tree. Two leaflets
were cut from the central part of each of kQ compound leaves located
in the middle of the shoot. The sampling period was from June 15, to
July 31. Total concentration of the following nutrients was analyzed:
N, P, K, Ca, Mg, Fe, Mn, Cu, Zn, and B. The analysis methods utilized
were: microkjeldahl (N) , colorimetric with ammonium molibdate (P) ,
colorimetric with curcumin (B), and atomic absorption (K, Ca, Mg, Fe,
Cu, Zn, and Mn) . Trees were harvested to determine yield (kg of
nut/tree).
DRIS norms were developed according to the methods proposed by
Beaufils (1973) and Sumner (1986). A yield limit of 35 Kg/tree (2450
kg/ha) was defined to separate the population into high and low
yielding subpopulations. En each subpopulaion the mean (x), standard
deviation (s.d.), variance (s2), and variation coefficient (c.v.)
were calculated (e.g. P (%), N (%), N/P, P/N, etc.). The variance of
nutrient relationships
( e.g., N/P, P/N, N.Ca, etc.) was also
estimated.
Variation in nutrient concentration from leaf age was considered
in ordert to select DRIS norms. In pecan tree N, P, K, Zn, and Cu
decrease, and Ca, Mg, Fe, and Mn increase as the leaf ages (Herrera
and Sullivan, 1982; Enriquez et al. , 1975-1979). Ratios (e.g., N/P,
Ca/Mg) were used when both concentrations in a nutrient relationship
increased or decreased as leaf age increased, and products (e.g.,
N.Ca) were used when the concentrations diverged as leaf age
increased (Sumner, 1986). Therefore, only twenty-one ratios were
selected, those which had the highest ratio of the variance (Letzsch,
1985). In both cases (ratios and products) the mean and coefficient
of variation
of the high yielding subpopulation was used as a
reference norm. A Fortran computer program created by Letzsch (1985)
and modified by Sanchez (1988) was used to calculate the norms.
The methodology used to calculate the DRIS indices and the order
of requirements was proposed by Beaufils (1973). A DRIS index is the
mean of all those functions from all ratios that contain a specific
nutrient. The nutrient is balanced when the DRIS index is cero
(Walworth and Sumner, 1987). When calculating the functions, the
nutrient in the numerator was assigned a positive value,, and the
nutrient in the denominator was given a negative value. The summation
of both positive and negative DRIS index of all nutrients from a
foliar sample should be cero, provided that only ratios are utilized
as norms. By ordaining the indices from the highest to the lowest
value the nutrient requirement order (NRO) is obtained. The Nil was
calculated adding the absolute values of DRIS indices in the sample.
A high Nil value represents a higher imbalance and therefore a low
yield
would
be
expected.
In
order
to
observe
the
previous
relationship, and to differentiate the balanced vs. imbalanced
populations a Nil vs. yield graph was plotted from 287 observations,
and a Nil limit value was calculated to separate both populations.
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The Nil limit was obtained by the addition of the mean and one
standard deviation of all Nil values (Davee et al. , 1986). The
percentage of trees with and without nutrient problems and those with
other type of problems (not identified) was calculated based on yield
and Nil values.
When products were used as norms, instead of ratios, the
following calculations were made: e.g., N.Ca = N(l/Ca) and 1/Ca was
redifined as a "new" nutrient (x) , the reciprocal value of Ca. The
next step was to calculate the indexes using N/X for both the unknown
sample and the norm, resulting in sign change of the index computed
for X (e.g., if X= -6, the Ca index = 6 ) . Then the indices will not
add up to zero, but still reflect a relative balance. A Basic
computer program was utilized to calculate DRIS indices when products
were used as norms (1988a).
To evaluate the predictive capacity of the regional norms in La
Comarca Lagunera (from 297 observations) they were tested with data
from an independent fertilization (N-P-K) experiment (Worley, 1974).
Once the norms were tested, they were used to calculate DRIX indices,
Nil, and NRO from 38 cv. Western bearing trees (from different
orchards, 1 tree/orchard) not included in the 297 trees sampled to
calculate the DRIS norms (Medina, 1991a). The foliar interpretation
(DRIS, Nil, NRO) was compared to the sufficiency interval from
Arizona, U.S. (Kilby and Mielke, 1982).
New foliar analyses and yield observations were obtained in 1988
and 1989. This increased the database from 297 to 484 observations
(393 from La Comarca Lagunera and 91 from northern Coahuila) . This
expanded database was used to generate new DRIS norms. Six yield
limits: 25, 35, 40, 50, 60, and 70 Kg/tree, were tested to divide the
new population into two subpopulations, the percentage of high
yielding observations were 66.7, 49.6, 39.2, 22.3, 11.8, and 5.9, for
each yield limit, respectively (Medina and Medina, 1992).
The six groups of norms (from six different yield limits) were
tested
on an
independent
experiment
that
included Mn
foliar
application in bearing pecan trees (Medina and Aguilar, 1990) to
verify if the yield limit affected the results.
Eight sets of DRIS norms were generated from the 484 database
which included different numbers of observations: 64, 91, 100, 200,
297, 361, 393, and 484, the high yielding observations in each DRIS
norms set were: 12.5, 8.8, 34.0, 14.0, 12.8, 12.7, 25.4, and. 22.3 %,
respectively (Medina and Medina, 1992a).
The eight sets of DRIS
norms were tested in an independent fertilization (N-P-K) experiment
(Worley, 1974), to verify if the diagnosis was different. Another
foliar interpretation was made with trees from northern Coahuila
using the norms obtained from 64 and 484 observations (Medina et al.,
1991a).
From 1987 to 1991 (5 years) a newly expanded database of 670
observations of foliar analysis and nut yield/tree of cv. Western was
accumulated from samplings and experiments in three regions: a) from
La Comarca Lagunera = 423 observations from 38 orchards, b) from
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southern Chihuahua (Jimenez, Delicias, and Aldama) = 156 observations
from 18 orchards, and c) northern Coahuila (Zaragoza and Allende) =
91 observations from 10 orchards (Medina et al., 1991).
New DRIS norms were generated with the 670 observations from the
three mentioned regions. To separate the population of high and low
yields the yield limit was 60 Kg/tree, which resulted in 68 high
yielding observations or 10.14 %, which was in agrement with the
value suggested by Letzsch and Sumner (1984). These norms were tested
in three independent experiments: 1) Fertilization with N-P-K
(Worley, 1984), 2) Application of Mn in bearing trees (Medina and
Aguilar, 1990), and 3) Application of Mn in developing trees (Medina
and Aguilar, 1986).
Once the norms were tested, they were used to calculate DRIS
indices, Nil, and NRO from 64 cv. Western bearing trees in the three
regions studied (La Comarca Lagunera= 38 trees, southern Chihuahua=
18 trees, and northern Coahuila = 8 trees). Trees belonged to
different orchards (1 tree/orchard), the trees were not included in
the 670 trees sampled to calculate the DRIS norms (Medinat et al. ,
1993). The foliar interpretation (DRIS, Nil, NRO) was compared to the
sufficiency interval from Arizona, U.S. (Kilby and Mielke. 1982).
The most deficient nutrients were taken from the left side of
the NRO (the first three). The percentages of trees with and without
nutrient problems and those with other type of problems (not
identified) were calculated based on yield and Nil values. The Nil
limit value was 124. Higher values than 124 represented nutrient
imbalanced trees that cannot produce high yields (Medina, 1991). The
yield limit between high and low yields was 3 5 Kg/tree.
Foliar interpretation was made on nutrient concentration of four
pecan tree cultivars (Western, Wichita, Choctaw, and Mohawk) for
period of four years, to evaluate the cultivar and alternate bearing
or year on Nil (Medina and Lagarda, 1992).
RESULTS AND DISCUSSION. The 297 DRIS norms from La Comarca Lagunera
predicted the results of an independent experiment and were utilized
for foliar interpretations. The realationship between Nil and yield
(287 observations) was plotted
(Figure 1). High yields were
associated to a Nil close to zero (region A ) . A Nil value
of 124
(truncated line), separated the imbalanced population with nutrient
problems (region B) from the balanced population (region A ) .
Trees with a Nil value higher than 124 (region B ) , due to
excessive and deficient nutrients, cannot produce high yields as
those in region A. However, low yielding trees were found in region
A, in spite of their low Nil, because yield reduction was not
nutrient related, as indicated by Davee et al. (1986). The data's
triangular pattern (Figure 1) could not be adjusted to a linear model
(r2 = 0.15), but agreed with previous results from sweet cherry
(Davee et al. , 1986), and avocado (Nunez, 1987).
About 49 % of the trees had no nutrient problems (high yield and
low Nil), 11 % had nutrient problems (low yield and high Nil), and
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Figure 1. Relationship between Nil and pecan tree
yield. Region A= nutrient factors do not
limit yield. Region B= nutrient imbalance
limits yield. ( N= 287). Comarca Lagunera.
1987.
the remaining 37 % had other problems (low yield and low Nil) (Table
1).
Table 1. Relationship between yield and Nutrimental
Imbalance Index (Nil) in pecan tree
cv Western. Comarca Lagunera. 1987.
Nutrient
problem
No
No
Si
Other
Total
High yield=
Low yield=
High Nll=
Low Nll=

Yield

Trees

Nil
N2

High
High
Low
Low

Low
High
High
Low

1^0
10
31
106
287

%
<k9
3
11
37
100

higher than 35 kg/tree.
lower than 3 5 kg/tree.
higher than 124.
lower than 12<i.

The foliar interpretation of 3 8 trees from La Comarca Lagunera,
based on norms from 297 observacions and considering the DRIS index
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intervals, indicated
that the nutrient
Mn>B>Cu>Zn>Fe=P>N>Ca>K>Mg (Table 2 ) .

requirement

order

was:

Table 2. DRIS indices intervals and requirement order in 3 8 pecan trees. Comarca
Lagunera. 198 7.
Nutrient

DRIS indices
interval

Mn
- 80 a + 23
B
- 72 A + 23
Cu
- 56 a + 33
Zn
- 37 a + 38
Fe
- 26 a + 12
P
- 26 a + 22
N
- 24 a + 23
Ca
- 23 a + 19
K
- 19 a + 18
Mg
- 16 a + 23
Requirements order: Mn>B>Cu>Zn>Fe=P>N>Ca>K>Mg'
These results agree with the NRO based on tree percentages.
However Cu was in third place, in agreement with the deficiency
detected (100 % of trees) from the sufficiency interval. According to
the sufficiency interval, the most defficient nutrients
(45 - 100 %
of the trees) were: Cu, Zn, Mg, N, B, Ca, and Mn (Table 3 ) . Both DRIS
and NRO coincided in detecting four deficient nutrients: Mn, B, Zn,
and Cu. The sufficiency interval did not detect Fe deficiency.
Table 3. Pecan tree most deficient in nutrients from two
foliar interpretation methods. Comarca Lagunera.
1987.
Deficient
nutrient
N
P

K

Ca
Mg
Fe
Mn
Zn
Cu
B
Requirements
order:
Tree %

D R I s*
Trees
N2
%
11
14
14
14
13
20
20
16
14
16

Sufficiency interval
Trees
%
N°
26
3
4
22
28
0
17
28
38
22

29
37
37
37
34
53
53
42
37
42

Mn= Fe>Z n>B
42;-53

68
8
10
58
74
0
45
74
100
58

Cu , Zn . Mg, N, B, Ca y Mn
45-100

* Norms from 297 observations.
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The six sets of DRIS norms, generated at different yield limit
values, predicted the behavior of the Mn experiment. Low values of
both DRIS index and Nil corresponded to the Mn treatment which
resulted in high yield response (1 000 ppm) (Table 4 ) . Therefore, the
yield limit value to generate the DRIS norms was not critical and
coincided with previous rsults by Walworth and Sumner (1987). The
best norms were obtained with a yield limit of 60 Kg/tree, which
contained 11.8 % of high yielding observations, in agreement to
Letzsch and Sumner (1984).
Table 4. Manganese effect on yield, Mn DRIS index, and Nutrimental
Imbalance Index (Nil), from six yield limits used to divide
the DRIS population, in pecan tree cv Western. 1989.
Treatment
Mn (ppm)

Yield
Kg/tree

Mn DRIS index*
Limit (kg/tree)
35 40 50 60 70

25

Nil
Limit (kg/tree)
35 40
50
60 70

-35 -37 -40 -47 -46 -26
6
5
5
4
6
9
9
8
8
7
9 12

87
35
42

94
36
45

25
0
1000
2000

20.3 C
28.5 A
22.5 A

101
40
47

114
50
58

106
52
59

76
55
62

* Norms from 484 observations.
Six out of eight sets, containing different observation numbers,
predicted the behavior of the N-P-K experiment: 100, 200, 297, 361,
393, and 484 observations. The lowest Nil had the highest yield (4520-37 of N-P-K) . Nil values were higher with norms from 64 and 91
observations. No relationship was observed between low Nil' and high
yield with 91 observations. Dignosis based on DRIS norms based on 64
and 484 observations were different at northern Coahuila pecan trees
(Medina et al. , 1991a). This suggested that the minimum number of
observations to generate DRIS norms was 100 (obtained from high
yielding orchards). These results agreed with previous findings
indicating that preliminary DRIS norms can be generated from small
(Grover and Sumner, 1982). Norms obtained
from 100
databases
observations had 34 % high yielding observations (more than 10 % ) , in
agreement to Letzsch and Sumner (Table 5 ) .
Table 5. N-P-K effect on yield and Nutrimental Imbalance Index (Nil)
from eight DRIS norms set in pecan tree cv Stuart. 1989.
Treatment
Kg/ha
N - P - K

Yield
Kg/tree

0 - 0
22 -10
45 -20
90 -39
134-59

55
54
79
65
66

are

- 0
- 19
- 37
- 74
-112

64
A
A
B
AB
AB

736
679
675
981
1360

Nutrimental Imbalance Index
Ob servat ion numbers
DRIS norms.
200
297
361
393 484
91
100
420
393
407
572
779

126
110
100
152
224

138
122
117
174
251

127
111
102
157
231

115
101
90
130
190

125
110
96
133
197

110
97
83
110
166

The DRIS norms, 670 observations, from three regions in Mexico
shown in Table 6. These are the reference values that were
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utilized to calculate the DRIS indices, NRO, and Nil of a foliar
sample. Forty-five nutrient relationships were obtained: 21 ratios
and 24 products.
Table 6. Reference values or norms used to calculate DRIS indices in
Pecan tree cv Western. 1991^-.
Nutrient
expresion^
K/P
P.Ca
P.Mg
P.Fe
P.Mn
Zn/P
Cu/P
B/P
N/P
K.Ca
K.Mg
K.Fe
K.Mn
K/Zn
Cu/K
B/K
K/N
Mg/Ca
Fe/Ca
Mn/Ca
Ca.Zn
Ca.Cu
Ca.B

Norm^
(x)
8.58
0.25
0.05
16.66
14.85
512.45
62.71
707.35
17.77
'2.03
0.45
147.17
120.50
0.02
7.86
96.86
0.48
0.22
71.12
58.84
123.08
15.24
182.44

CV.
(%)

Nutrient
expresion

31.16
40.08
23.34
38.34
62.74
55.45
31.26
34.82
16.38
31.93
38.88
58.00
59.42
52.35
42.22
63.76
31.72
31.55
43.03
46.82
53.61
36.51
53.86

Ca.N
Fe/Mg
Mn/Mg
Mg.Zn
Mg.Cu
Mg.B
Mg.N
Mn/Fe
Fe.Zn
Fe.Cu
Fe.B
Fe.N
Mn.Zn
Mn.Cu
Mn.B
Mn.N
Cu/Zn
B/Zn
N/Zn
B/Cu
N/Cu
B/N

Norm
(x)
4.41
321.57
284.09
26.99
3.30
38.23
0.92
0.90
8765.57
1049.08
12124.08
291.54
6851.10
887.42
10712.38
252.97
0.14
1.78
0.04
12.69
0.31
40.75

CV.
(%)
32.36
36.37
60.89
62.93
38.09
49.54
21.52
58.13
90.02
56.26
66.40
38.98
70.27
59.57
71.63
55.65
43.10
67.25
45.58
54.27
38.11
37.52

1. Observation number3 670 from three regions in Mexico.
2. Macronutrients expressed in % and micronutrients expressed in ppm
on a dry weigh basis.
3. Based on a high yielding population3 higher than 60 kg/tree.
The behavior of the N-P-K experiment was predicted when the DRIS
norms were tested (Table 7). The K index decreased from -4 to -2, the
N index from -8 to -6, yield stayed the same, and Nil decreased at
the 22-10-19 fertilization rate. Under the highest yielding
fertilization rate (45-20-37) the K index decreased from -2 to 3, and
the N index from -6 to -4. This indicated a yield response for both
nutrients, but comparatively higher for K. The highest yielding
fertilization rate had the lowest Nil, and
was significantly
different from fertilization rates 0-0-0 and 22-10-19 in nut Kg/tree.
This results agreed with Sumner (1986), who indicated that the norms
should detect an association between highest yielding fertilization
rate and significant yield response (Table 7).
Both DRIS (670 observations) and the sufficiency interval
methods detected the highest percentage of trees deficient in: Mg and
K in southern Chihuahua, and Mn in northern Coahuila. The sufficiency
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interval detected N as a deficient nutrient in the three regions
studied,
DRIS
did
not.
Both
methods
coincided
in
detecting
deficiencies in: a) Mn, Zn, Cu, and B in two regions, Comarca
Lagunera and northern Coahuila) , and b) Zn and Cu in all three
regions. According to DRIS Fe deficiencies were detected in Comarca
Lagunera and southern Chihuahua
(Table 8 ) . These micronutrient
deficiencies were expected because most soils in northern Mexico are
calcareous (high pH) and diminish micronutrient absorption by plants.
Table 7. N-P-K effect on pecan tree cv Stuart 1 , with DRIS (N= 670
observations) Comarca Lagunera. 1991.
Treatment
Kg/ha
N - P - K
0-0-0
22 -10- 19
45 -20- 37
90 -39- 74
134-59-112

N u t r i e n t s
%
N
P
K
Ca
2.0
-82
2.1
-6
2.1
-4
2.2
-2
2.2
-4

0.2
16
0.2
16
0.2
21
0.2
16
0.2
22

0.9
-fc
1.0
-2
1.1
3
1.2
6
1.2
9

1.5
-15
1.5
-15
1.6
-12
1.4
-19
1.6
-16

1. Worley (1974).
2. Nutrimental index.

Yield Nil
kg/tree

ppm
Mg 'Mn
0.3
-20
0.3
-14
0.3
-8
0.3
-21
1.0
-43

312
40
300
37
318
38
397
59
511
85

Requirement
order

55A

102

Mg>Ca>N>K>P>Mn

54A

90

Ca>Mg>N>K>P>Mn

79B

86

Ca>Mg>tf<K>P>Mn

65AB

123 Mg>Ca>N>K>P>Mn

66AB

178 Mg>Ca>N>K>P>Mn

NII= Nutrimental Imbalance Index.
* Significat at p < 0.05

Table 8. Percentage of pecan trees cv Western, with nutrient
deficiencies from two foliar interpretation methods
in three regions of México. 1991.
Nutrient

N
P
K
Ca
Mg

D e f i c i e n t
t r e e s
(%)
Comarca Lagunera
Southern Chihuahua
Northern Coahuila
S.I.
DRIS*
S.I.
DRIS
S.I.
DRIS

68
8
10
58
74
0
Fe
45
Mn
74
Zn
100
Cu
58
B
Order: Cu>Zn=Mg>
N>B =Ca>Mn
Tree % : 45-100

13
29
3
45
32
29
32
47
42
29
Zn>Ca >Cu>Mn
=Mg>F e=B
29- 47

3.1." Sufficiency interval.

50
0
89
0
83
0
17
78
56
0
K>Mg>Zn>
Cu>N
50-89

0
11
72
6
78
22
17
61
33
0
Mg>K>Zn>
Cu>Fe
22-78

87
0
50
0
62
0
100
75
100
75
Mn=Cu>N>
Zn=B
75-100

12
25
25
0
0
0
100
38
38
63
Mn>B>Cu
Zn>K=P
25-100

* Norms from 670 observations.
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Deficiencies in Mn, Fe, Zn, Cu, and B were detected from both
regional (297 observations) and the three-region (67 0 observations)
DRIS norms at La Comarca Lagunera.
The proportion of trees with nutrient problems were: Comarca
Lagunera = 13 %, southern Chihuahua = 44 %, and northern Coahuila =
50 % (Table 9). However, low yielding trees were found that had low
Nil: La Comarca Lagunera = 33 %, and southern Chihuahua = 44 %,
because of other problems, as mentioned by Davee et al. (1986).
Northern Coahuila had a Nil average of 290, southern Chihuahua
145, and La Comarca Lagunera 99. The limit value for Nil, presenting
severe imbalances, was 124 (Medina, 1991). Therefore, in northern
Coahuila and southern Chihuahua nutrient imbalance was higher,
suggeting lower yields in both regions as compared to La Comarca
Lagunera.
Table 9. Relationship between yield and Nutrimental Imbalance Index
(Nil) in pecan tree cv Western in three regions of Mexico.
1991.
Nutrient
problem

No
No
Yes
Other
Total

High yield=
Low yield=
High NII=
Low MII=

Yield
Kg/tree

High
High
Low
Low

Nil

Low
High
High
Low

Com Lag unera

Southern
Chihuahua

Northern
Coahuila

N2

%

N£

%

N2

%

14
2
4
10
30

47
6
13
33

0
11
44
44

0
3
3
0
6

0
50
50
0

0
2
8
8
18

higher than 3 5 kg/tree.
lower than 3 5 kg/tree.
higher than 124.
lower than 124.

Cultivars Western and Wichita had the lowest Nil (87 and 109),
contributing to explain their adaptability and high yield, as
suggested by Davee et al. (1986), in northern Mexico (Table 10).
Western (producer) and Wichita (pollen source) are the most planted
nut cultivars in Mexico. Despite the lack of significant cultivar
effects on Nil, cultivars Choctaw and Mohawk had Nil values (126 and
135) higher than 124 (limit), associated to low yields (Medina,
1991), which may explain their low adaptation to northern Mexico.
Significant effects were observed among years for Nil. Nil was
higher in 1985 and 1986 than in 1984 and 1987. Both high Nil and low
Nil were associated to high and low yield when regional (La Comarca
Lagunera) alternate bearing was considered. These results were
similar to those obtained by Beverly et al. (1984) in orange. Two
years presented similar results to those from Davee et al. (1986):
in 1986 a high Nil was associated to low yields, and in 1987 a low
Nil was related to high yields. In 1984 a low Nil associated to low
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yield indicated that the problem was other than nutrient related
(Table 10).
Table 10. Cultivar and year effects on Nutrimental Imbalance Index
(Nil) in pecan tree. Comarca Lagunera. 1991.
Cultivar
Western
Wichita
Choctaw
Mohawk

Nil (1)
87
109
126
135
N.S.

(1)= 4-year average
(2)= 4-cultivar average

Years

Yield

1984
1985
1986
1987

Low
High
Low
High

* L.S.D. at

Nil (2)
73 B
128 A
156 A
88 B
*
20

p<0.05

CONCLUSIONS. 1) the Nil limit that separated the balanced and
imbalanced populations was 124. 2) yield limits used to dalculate
DRIS norms were not very critical, and the best one was 64 Kg/tree,
3) six sets of DRIS norms predicted the results of an independent
experiment, and a minimum of 100 observations was suggested to
calculate preliminary norms, 4) DRIS norms based on 670 observations
from three regions in Mexico predicted the behavior of htree
independent experiments and may be used for nutrient diagnoses, 5)
the DRIS and sufficiency interval methods had discrepancies (N and
Fe) and similarities (Mn, B, Zn, and Cu) in detecting nutrient
deficiencies in all three regions, 6) nutrient deficiencies (Mn, Fe,
Zn, B, and Cu) were detected from both regional (297 observations)
and three-region (670 observations) DRIS norms at La Comarca Lagunera
only, 7) cultivars Western and Wichita had the lowest Nil which
explains their adaptability to northern Mexico, and 8) significant
differences were observed for Nil among years, but no correlation was
found between Nil and yield per year.
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Soil Sampling in No-Tillage Cropping
E.E. Schulte, Department of Soil Science
University of Wisconsin, Madison, WI 53706 U.S.A.

Abstract
Soils are variable by nature. Activities of man, especially band application of fertilizer,
have amplified both areal and vertical variability. The reliability of chemical soil tests depends
on the number of cores comprising the composite sample, number of composite samples per
field or area, uniformity of sampling depth in relation to the depth for which the chemical tests
were calibrated, and sampling pattern. Recommendations for sampling no-tillage fields depend
on the purpose of sampling and degree of accuracy required. Some recommendations are
suggested for routine soil testing purposes. More intensive sampling is needed for research or
variable rate fertilizer application recommendations.
Introduction
Soils are variable by nature, and activities of man, including fertilization and tillage, add to
this inherent heterogeneity. Manure is rarely spread uniformly across a field, and fertilizer
applied in bands increases spatial variability. Combines do not discharge threshed crop residue
uniformly over the soil surface, nor do grazing livestock. Thorough tillage tends to homogenize
the plow layer to some extent. However, reduced tillage, no-tillage cropping in particular,
introduces vertical stratification of nutrients as an additional component of spatial variability.
James and Wells (1) discuss natural and human sources of soil variability. The former includes
soil forming processes, erosion, slope and aspect. Man-made variability results from tillage,
land leveling, drainage, and fertilizer application, to name a few.
How, then, should fields in no-tillage cropping be sampled for chemical soil testing and
fertilizer recommendations? There have been several studies of the effects of fertilizer banding
and tillage on spatial variability and nutrient stratification but little research on the optimum
number of individual cores and composite samples or optimum sampling depth for no-till
farming. This paper reviews some of the pertinent literature on the subject. Some suggestions
are made for sampling no-till fields with the hope of stimulating discussion on the topic rather
than proposing these as final recommendations.
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Spatial Variability
The practice of banding fertilizer to reduce chemical fixation of added phosphorus and
potassium or to provide a "starter" effect in cold soils has resulted in considerable variability in
soil test levels over short distances. Soil test variability was studied in three Wisconsin fields
having different histories of soil management (2). Field A was a "uniform" high fertility field
used for crop production at the University of Wisconsin Arlington Experiment Station. Field B
was a well-fertilized field with varying topography and erosion. Field C was a low-fertility field
on a private farm that appeared to be very uniform.These fields were sampled intensively to
assess variability in pH, organic matter, phosphorus and potassium. Individual cores taken to a
depth of 18 cm were analyzed according to the procedures given by Dahnke (3).
The coefficients of variability for phosphorus and potassium were several times higher than
that of soil pH, presumably because of the variability introduced by banded fertilizer (Table 1).
Variability was independent of apparent uniformity or previous management. Similar results
were obtained by Keogh and Maples (4) in Arkansas and Randall (5) in several Minnesota soils.
Several investigators have stressed the importance of residual phosphorus bands in contributing
to soil variability ( 6, 7, 8).
Table 1. Mean, standard deviation, and coefficient of variability for soil J H , phosphorus,
and potassium at three sites differing in management and apparent uniformity (2).

Site n

Size of
Soil DH
field
Mean SD
CV
ha
%

Phosphorus
Mean SD
CV
- mg kg'%

Potassium
Mean SD
CV
%
- mg kg 1 -

A
B
C

8.1
5.1
6.6

52
78
6.7

242
102
112

324
264
270

6.6
6.0
7.2

0.30
0.37
0.51
Mean

4.6
6.2

11
6.0

25
40
3.8

48
52
55
52

76
40
35

32
40
31
34

In addition to horizontal variability, reduced tillage results in vertical stratification of
nutrients because of limited mixing. When secondary tillage is used with a moldboard plow,
considerable mixing of the plow layer was possible. In no-tillage cropping, nutrients absorbed
by the roots and translocated to the plant tops remain on the soil surface if not removed by
harvest. Some mixing is caused by faunal activity such as that of earthworms, insects, and
burrowing mammals.
Stratification of phosphorus and potassium in no-tillage plots is shown clearly in the data of
Table 2 (9). Broadcast applications of 151+62+71 and row applications of 9+27+36 (kg
N+P 2 O 5 +K 2 0) per ha were applied annually. Similar stratification of phosphorus and potassium
was noted by Ellis and Howse (10), Fink and Wesley (11), Griffith et al. (12), Shear and
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Moschler (13), and Triplett and Van Doren (14). Total extractable phosphorus and potassium in
the top 30 cm of soil is usually somewhat higher with no-tillage, possibly because of less
fixation of these element when not incorporated.
Seasonal Variability
Chemical soil properties vary seasonally as well as spatially (15). Several early investigators
(16, 17, 18) have reported a decrease in soil pH during the summer months. In some instances,
a variation of as much as 1.0 pH unit occurred during the year. Baver (19) attributed the
decrease in pH to the accumulation of soluble salts. He found that soil pH decreased from May
to September and then returned to nearly the original level by the next spring. Burd and Martin
(20) and Bell and Thornton (21), on the other hand, found little change in pH during similar
sampling periods.
Bell and Thornton (21) found that phosphorus and potassium tended to decrease slightly as
the growing season progressed. This is reasonable and can be attributed to crop uptake. Fine et
al. (22) showed that freezing and thawing of
Table 2. Influence of tillage on distribution of
soils resulted in substantial increases in soil
soil phosphorus and potassium after four
K.
and eight years (9).
De Gaubeka (2) sampled 17 different
soil series at monthly intervals from SeptemMoldboard plow
No-tillage
ber of one year to July of the next. Samples
Depth
4v
8v
4v
were taken to a depth of 18 cm within the
8y
«oil P mg kg"1 same 1 m2 area at each site each month.
cm
The sites were located along field borders or
in alfalfa fields undisturbed by tillage.
34
0-5
54
28
69
Frozen
soils were sampled with a special
34
29
5-10
24
43
auger
designed
for the purpose, featuring a
33
10-15
32
15
22
foot-jack to insure penetration. Variations in
24
15-22
35
17
8
soil phosphorus ranged from 4 to 11 mg kg',
12
23-30
22
4
12
potassium from 5 to 21 mg kg 1 .
«oil K mg kg 1 Soil phosphorus and potassium increased
0-5
160
135
270
300
from September to December and January,
135
125
5-10
130
175
then decreased to the original level (Figure
10-15
125
135
100
105
1). In most soils, there was little difference
15-22
120
130
90
95
in phosphorus and potassium between fall
22-30
100
125
85
100
(September, October, November) and spring
(March, April, May).
When fertilizer is applied annually, more seasonal variation can be expected. Lockman and
Molloy (23) sampled six fields to which 0, 32, 61, 86 and 140 kg P ha 1 and 0, 101, 181, 193,
and 277 kg K ha-i were applied in March or April each year. The fields were plowed and
planted to corn (Zea mays, L.) each year after application of fertilizer. Grain only was
harvested. The fields were sampled monthly for 38 months. In this study, soil phosphorus was
highest in May and June after fertilizer application and then gradually dropped to the lowest
levels in October-February (Figure 2). Soil potassium decreased from May to a September low
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Figure 1. Variation in soil
t e s t P and K with t i m e .
Soil P, m g / k g

Figure 2. Variation in soil
test P and K with t i m e .

Soil K, m g / k g

Soil P, m g / k g
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M soil P

^

Soil K, m g / k g

Month
soil K

M

De Gaubeka (1969)

Soil

p

^

Sojl K

Lockman and Molloy, 1984

at corn maturity, then increased gradually (Figure 2). Some increase in potassium during
December-March could be expected as a result of release by freezing.
Soil pH was less variable than phosphorus or potassium (Figure 3). De Gaubeka (2)
concluded that most of the variability in the soils he studied could be explained by normal
spatial variability. In the study by Lockman and Molloy (23), soil pH was lowest in May and
June after fertilization, then gradually increased to its highest level in February-March (Figure
3).
Monthly changes in soil test calcium and magnesium were generally small, and coefficients
of variability were low (Table 3). Organic matter tended to reach a peak in February-March,
then decrease gradually through the year. There was little monthly variation in boron, copper,
sulfur or zinc (Table 3).
Reliability of Sampling
Several authors have used geostatistical methods employing semivariograms and kriging to
measure spatial variability in fields.This approach is useful when data are spatially dependent;
that is, the properties of a sample from a given location are related to the values of its
neighbors. This is usually the case when there are nutrient gradients in the field. In such cases,
individual samples are not spatially dependent, and classical statistical techniques are not valid
(24). Spatially-dependent variables can be treated through the theory of regionalized variables
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Figure 3. Variation in soil
pH with t i m e .
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Table 3. Monthly variations in soil organic
matter, calcium, magnesium, sulfur,
boron, and copper (23)
Organic
Month matter Ca
%

Mg

May
June
July
Aug
Sep
Oct
Nov
Dec
Jan
Feb
Mar
Apr

464
466
467
466
455
449
448
457
471
474
476
472

5.1
5.2
5.1
4.9
4.9
4.8
4.9
4.8
5.0
5.4
5.4
5.1

2486
2550
2520
2510
2470
2465
2420
2460
2435
2485
2510
2515

S
•ngkg -l

14
12
10
10
11
11
14
14
14
13
14
14

B

Cu

.

0.42
0.45
0.44
0.41
0.39
0.38
0.37
0.37
0.39
0.41
0.41
0.40

16
16
15
15
15
15
16
16
17
17
16
16

developed by Matherton (25). The procedure (25) involves computation and interpretation of
semi-variograms which show the degree of spatial dependence between samples along a given
direction. The variogram information is used in a process known as kriging (after D.G. Krige
(26), who did much of the pioneer work) to give unbiased estimates of interpolated values.
This approach was used by Assmus et al. (27) to detect spatial relationships of phosphorus
levels within three South Dakota fields and, thereby, improve phosphorus fertilizer
recommendations. West et al. (28) studied the magnitude and extent of nutrient enrichment near
water sources in Iowa pastures using the kriging technique on 0.44-ha plots sampled in a grid
pattern. The results showed a zone of enrichment within 20 m of the water source that should
either be avoided or sampled separately. Diaz et al. (29) used semi-variograms and kriging to
show that ditch and road spoils were two of the main factors influencing variability of soil pH,
phosphorus, copper, iron, and manganese in four Florida Everglades muck soils. Hajrasuliha et
al. (30) used similar geostatistical methods to study the spatial variability of salinity in three
large sites in Iran (150, 440, 455 ha). The authors point out that semivariances calculated from
observations made over time instead of space can be used to determine how often a field should
be sampled. The relationship between two sets of variables, such as yield and soil phosphorus,
can also be examined by geostatistical methods to determine whether spatial relationships exist.
Geostatistical procedures are useful research tools for evaluating sources of variability and
designing sampling schemes for specific fields. However, more samples are required than are
likely to be taken in routine sampling schemes. The number of samples per field and number of
cores or borings needed to make up a composite sample will depend on field variability and
accuracy desired. For the fields studied by De Gaubeka (2), limits of accuracy for pH, organic
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matter, phosphorus and potassium were determined for intensive sampling and sampling
according to procedures recommended by the University of Wisconsin (1 composite of 5 cores
per 2 ha). Calculations were based on the variance components attributed to sites and borings,
according to Snedecor (31):
l a . = to05(Vs/s + vb/b),/2, where
l.a. = limit of accuracy,
V s = component of mean square attributed to sites,
Vb = component of mean square attributed to borings,
s = number of sites,
b = number of borings, and
to 05 = t-value at the 95 % confidence level
Field A, sampled according to University of Wisconsin recommendations, would give a pH
value accurate to ± 0.26, organic matter ± 10.6 g kg 1 , phosphorus ± 20 mg kg', and
potassium ± 50 mg kg' (Table 4). The accuracy for fields B and C is not much better. De
Gaubeka calculated the number of composite samples consisting of 5 or 20 cores each that
would be required to measure pH to ± 0.2 pH unit, organic matter to ± 10 g kg 1 , phosphorus
to ± 10 mg kg ', and potassium to ± 20 mg kg 1 . With a confidence level of p = 0.05, field A
Table 4. Limits of accuracy for soil pH, organic matter (OM), phosphorus,
and potassium in three fields sampled by intensive and recommended
procedures (De Gaubeka, 1969).
Intensive sampling Recommended sampling
Absolute ± % of Absolute
± %of
mean
value mean
value

Soil test
variable

Mean

pH
OM, g kg-1
P, mg kg-1
K, mg kg-1

Field A ("uniform," high
6.6
0.09
1.3
45
3.5
7.8
52
6
11.4
242
16

fertility)
0.26
10.6
20
50

3.9
24
37
21

pH
OM, g kg-1
P, mg kg-1
K, mg kg-1

Field B ("non-uniform," high fertility)
6.0
0.07
1.2
0.32
5.3
18
1.2
6.7
5.3
15
24
78
8
10.3
36
102
8
7.8
37
18

PH
OM, g kg-1
P, mg kg-1
K, mg kg-1

Field C ("uniform," low fertility)
7.2
0.20
2.7
0.50
64
3.4
5.3
5.3
6
1
15
3
112
12
10
32
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6.9
14
46
28

(8.1 ha) would require 7 samples for pH, 5 for organic matter, 15 for phosphorus, and 26 for
potassium if each sample consisted of 5 cores (Table 5). The number of samples required can be
reduced by taking more cores per composite sample, but the amount of sample reduction is
small. Field A, for example, required 15 samples of 5 cores or 12 samples of 20 cores to
measure phosphorus with a limit of accuracy of 10 mg kg 1 . The number of samples can be
reduced also by lowering one's expectations, either by lowering the expected accuracy or the
level of confidence with which one operates (Table 5). Being satisfied with a 10% probability
of error instead of 5% reduces the number of samples needed by about 30%. Field B, for
example, requires 13 samples of 20 cores for a potassium accuracy of 20 mg kg-1 at p = 0.05
but only 9 samples at p = 0.10. If one is satisfied with an accuracy of 20 mg kg ' for potassium
instead of 10 mg kg', the number of samples needed is reduced to [A. Similar results were
obtained by Diaz et al. (29) with four Florida Everglades muck fields.
The number of samples required from a given field will depend on the purpose of the soil
test and the variability of the most critical analysis. In field A, for example, soil phosphorus and
potassium are well above the response range, so less accuracy is needed. Soil pH, on the other
hand, is borderline for alfalfa (Medicago sativa) production, and an accuracy of 0.2 pH unit or
better might be desired.
Table 5. Numbers of composite samples consisting of 5 or 20 cores required for specified limits
of accuracy in three fields at p = 0.05 and 0.10 (2).
Soil test
variable

Limit of
accuracv

Field size,ha
pH

0.2
0.4
5
10
10
20
10
20

OM, g kg-'
P, mg kg 1
K

pH
OM, g kg'
P, mg kg-'
K, mg kg"1

0.2
10
10
20

5 cores Der composite
Field A
Field B
Field C
p = 0.05
5.1
8.1
6.6
7
14
27
2
4
7
5
14
18
1
4
5
15
55
1
4
14
1
103
55
41
14
26
10
p =0.10
5
7
18
1
2
3
37
1
8
17
9
7

20 cores per composite
Field A
Field B
Field C
8.1
6
2
17
4
12
3
71
18

5.1
10
2
4
1
51
13
52
13

36
9

4
3
8
13

7
1
36
9

17
2
1
6

6.6
25
6
12
3
1

Keogh and Maples (4) studied chemical soil test variability in ten alluvial soils of eastern
Arkansas and calculated the number of samples required to represent fields of 2 to 16 ha. Each
field was divided into 30-m grids, and a composite sample of six cores was taken to 15 cm at
each grid intersection. The number of sampling sites varied from 127 to 174 per field.
Individual samples and composites made by drawing aliquots from different numbers of
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individual samples from a field were analyzed for pH, organic matter, phosphorus, potassium,
and calcium. The "allowable variation" was calculated for different numbers of composite
samples in a given field by comparing the mean for all samples ± the 95 % confidence interval
with the mean of the composite sample to which was added + the standard deviation of a lab
control sample similar to the soil being tested. If the ranges of the two values overlapped, the
number of individuals in the calculated composite was considered adequate to represent the field
for that test. In nine of the ten fields studied, phosphorus set the number of samples required
because of its greater variability compared with the other analyses. A reduction in the size of the
field did not give a comparable reduction in soil test variability as measured by coefficients of
variation. The numbers of samples needed for the allowable variation used in their study was:
Field
No. of samples
These sampling intensities may be needed for research pursize
required
poses but are much higher than currently recommended for
ha
routine soil testing.
16
25
8
20
4
15
2
10
Sampling No-Tillage Fields
Sampling pattern. Mahler (8) compared three methods of sampling four reduced tillage
fields in Idaho that received banded fertilizer for analysis of phosphorus and potassium. In his
sytematic procedure, eight equally-spaced cores were taken perpindicular to the band row,
beginning in the edge of a fertilizer band and ending at the edge of an adjacent band. The
second method, controlled sampling, was similar to the third, completely random, except that
no samples were taken in or over a fertilizer band. The sytematic and random methods gave
nearly identical results for phosphorus or potassium. Phosphorus results were about 35% higher
and potassium 14% higher than controlled sampling. He preferred random sampling because it
does not require knowledge of the direction, depth, or spacing of previous fertilizer bands, nor
is skilled labor required as with systematic sampling. The controlled method does not include
the contribution of fertilizer bands to available phosphorus and potassium supplies.
Kitchen et al. (7) recommended sampling fertilizer bands in proportion to their prominence
in the field when the location of the bands is known. Where bands are spaced 76 cm apart, one
core should be taken in the band for every 20 between bands. For 30-cm band spacings, one
core out of eight should come from the band. When the location of bands is unknown, they
recommend paired sampling in which the first sample is collected completely at random and a
second 50% of the band spacing from the first and perpindicular to the band direction. Soil test
P, highest in the center of the band, dropped exponentially with distance, according to the
equation:
y = ae_bx + c, where
y = soil test P,
x = lateral distance from the band,
a, b = curve-fitting constants, and
c = soil test phosphorus when unaffected by the band.
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Residual phosphorus fertilizer could not be detected beyond 6 cm from the band.
Friesen and Blair (32) compared whole paddock zig-zag, stratified paddock zig-zag, and
cluster sampling of two Australian sheep pastures with grid sampling to evaluate soil pH,
phosphorus and potassium. Grid samples consisted of two composite samples of five cores taken
within a 5 m by 5 m square about the points of a grid approximately 50 m by 75 m. Whole
paddock zig-zag samples were taken by four separate samplers along independent zig-zag paths
encompassing the entire paddock, each composite sample being comprised of 40 cores. In the
stratified paddock zig-zag sampling scheme, each paddock was subdivided into three
approximately equal areas based on observable topographic and vegetative features. Each
subdivision or stratum was sampled along four independent zig-zag paths. For cluster sampling,
a 10 m by 10 m "monitor plot" in each of the three strata was sampled by taking three
independent composite samples of 10 randomly collected cores.
Soil test means were not significantly different among the different methods, but sampling
cost efficiency was greatest for cluster sampling. Efficiency was evaluated by considering the
cost of sampling. The optimal number of paths or plots and replicates and costs for each method
(Table 6) revealed that it is more efficient to sample more paths than to take more replicates
along the same path in zig-zag sampling. The number of paths required to characterize the mean
within a specified variance was usually greater than the number of cluster plots, as was the total
number of composite samples.
Table 6. Efficiencies of zig-zag path and cluster plot sampling and comparative costs of
obtaining paddock means within a preassigned variance such that the standard
deviation was 10% of the sample mean. (32).
Zig-zag paths
Cluster plots
No. of No. of No. of Cost of
Soil
No. of No. of No. of Cost of
paths
samples sampling paths
reps samples sampling
test
reps
Low P Paddock
13
1
13
117
8
1
24
Bray-1 P
8
2
2
4
26
1
12
14
Avail. K
12
1
1
Soil pH
2
2
13
1
1
3
High P Paddock
Bray-1 P
5
1
5
45
7
1
7
21
10
65
1
1
5
2
1
Avail. K
3
1
1
2
2
13
1
1
3
Soil pH
A promising new technology for measuring spatial variability is on-the-go yield measurement. Combines equipped with load cells, data recorders, and geoposition indicators can
provide data for mapping the yield of a field in small increments. Crop yield and quality are
usually the ultimate reasons for soil chemical testing. The many factors influencing yield and
quality are integrated into their measurement. A yield map will not identify these factors, but it
can serve as the basis for sampling and field inspection. If soil testing does not identify the
reasons for low (or high) yields, other factors such as water holding capacity, depth to hardpan,
drainage, etc. should be investigated.
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Sampling intensity. The number of samples per ha needed to characterize soil chemical
properties in no-tillage cropping is as large or larger than with moldboard plowing or reduced
tillage. Variability will be as great or greater because there is no tillage to mix previously
applied nutrients, especially those applied in bands, or nutrients left on the surface in crop or
animal residue. This discussion pertains to routine sampling for grower fertilizer
recommendations rather than research applications to characterize soil variability.
James and Wells (1) suggest that fields where fertilizer has been applied in bands will have
appreciable variability between points separated by 0.05 to 2 m (meso-variation). In such soils,
the bulk soil population is interlaced with a population of compact bands spaced at regular
intervals. Both need to be sampled in proportion to their areal coverage. The authors state that
the number of cores needed to evaluate soil fertility in these soils will depend on:
1. Distance between fertilizer bands.
2. Width of the fertilizer bands.
3. Diameter of the sampling tool.
4. Mean and standard deviation within the bands.
5. Mean and standard deviation between the bands.
Paired sampling described by Kitchen et al. (7) could help reduce the number of samples
required. With known band positions, they suggest that the number (n) of between-band samples
needed for each in-band sample should be: n = 8(band spacing in cm)/30 cm.
Data of De Gaubeka (2) showed that there was little improvement in reliability of sample
means when more than 10 cores were included in a composite sample. An exception (that he did
not test) might be fields with widely-spaced fertilizer bands containing high rates of phosphorus
or potassium. The Cooperative Extension Service in many states recommends 10 to 30 cores per
composite sample (33). When this many cores are taken, they must be crushed and mixed
thoroughly and a subsample taken for routine laboratory analysis. Most routine soil testing
laboratories place soil samples in drying boxes upon receipt. These boxes hold about 0.5 kg of
soil. Any extra soil is usually discarded, with little or no mixing prior to filling the drying
container.
Sampling intensity recommendations in the North Central state range from one composite of
five cores per 2 ha to one composite of 20 cores per 16 ha. In the past, it was challenging to
convince growers to take more than one composite sample per field, regardless of size, because
only one grade of fertilizer would be applied. Commonly, one blend of fertilizer would be
spread over all fields of the same crop on a given farm because fertilizer dealers considered it
too costly to make up different blends for each field. Recommendations from the several fields
were averaged for a single fertilizer blend.
Recently, there has been a surge of interest in variable rate spreading technology, which
requires intensive grid sampling to characterize nutrient distribution across a field. This
technology is evolving. Typically, fields are sampled using grid spacings of 50 to 100 m or one
sample per 0.25 to 1 ha.
Sampling depth. Calibration of soil tests in the field has been carried out primarily in
moldboard plowed plots sampled to the depth of plowing. Until these tests are calibrated for notillage fields and different depths, samples should be taken to the former plow depth, usually 15
to 20 cm. Stratification of nutrients in no-tillage cropping makes attention to depth of sampling
important. If the plow layer was more-or-less homogenized by tillage, sampling anywhere
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within the plow layer would be acceptable. When nutrients are concentrated near the surface, a
2-cm error in estimating sampling depth is more serious when sampling 10 cm deep than when
sampling to 20 cm. Therefore, it is better to continue to sample to the former depth of plowing
until no-tillage fields are calibrated at other depths.
Burlein and Johnson (34) recommend sampling to 20 cm for no-tillage fields in Ohio.
Surface residue is pushed aside before sampling. They also recommend sampling the top 2.5 cm
of soil for analysis of pH only when nitrogen fertilizer is broadcast without incorporation.
Indiana recommends sampling to 20 cm but splitting the sample into two 10-cm layers to
ascertain the extent of nutrient layering (35). Recommendations are based on a 20-cm sample. If
stratification of phosphorus and potassium is appreciable, deep (10-20 cm) injection of fertilizer
is recommended. When nitrogen is applied to the soil surface, splitting the sample at 0 to 5 and
5 to 20 cm is advised. Wisconsin recommends sampling no-tillage fields to the former depth of
plowing, taking one composite sample of five cores per 2 ha or less. (36). Wells et al. (37)
advise that sampling to a depth of 10 cm is sufficient because "sampling to greater depths ...
will only dilute the sample, resulting in heavier fertilizer recommendations."
Conclusions
Soil sampling in no-tillage crop production should follow the same principles as used in
tilled fields. Where fertilizer has been banded, special care should be taken to ensure that bands
and the area between bands are sampled proportionally. For routine analysis, sample to the
former depth of plowing until no-tillage fields are calibrated at other depths. Take a minimum
of seven cores per composite sample and at least one composite sample per 2 ha. Where
nitrogen has been applied on the soil surface, sample the top 2 or 5 cm of soil for pH analysis.
The above recommendations are intended as suggestions for discussion. Follow local
recommendations whenever possible. Sampling for variable rate spreading involves more
intensive sampling but also provides valuable data on spatial variability.
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Abstract. Ustorthents (Red soils) in 12 hectare'of Maheswaram
watershed of Andhra Pradesh (Hyderabad) have shallow depth,
solum 0.22-1.01 in, moderately slow to rapid apparent hydraulic
conductivity.
poor available
water storage
capacity,low
organic matter content and bulk density varying from optimum
to high for the surface and subsurface soils. The individual
correlation coefficients 'r' between physical properties and
sorghum (CSH-5) grain yield
were highly significant and
significant only
for the bulk
density of surface
and
subsurface soils, respectively.
The Physical Index, which
integrated the effect of pertinent physical properties of soil
was also highly significantly and positively correlated with
the sorghum grain yield.
Introduction.
The Physical degradation of soils by erosion,
aggregate dispersion, soil compaction and water logging are
associated with intensive mechanical manipulation by tillage
implements, rainfall of high intensities and depletion of
organic
matter
by
oxidation
under semi-arid
tropical
conditions.
The adoption of conservation practices such as
crop rotation .conservation tillage and recycling of animal
manures and
crop residues slow
down the
degradation
processO).
The production potential of a coarse textured red
soil underlain
with sandy
clay loam, Ustorthents,
was
estimated for sorghum crop by the use of a modified 'Physical
Index
Materials and Methods.
This study was conducted in Maheswaram
watershed of Andhra Pradesh, Hyderabad.
It is situated
between 17 05' and 17 15' North latitude and 78' 25' and 78
38' East longitude with a
mean height of about
590 meters
above mean sea level.' It lies in a semi-arid agroclimatic
sone with an average annual rainfall of 770 mm.
The soil
be Jongs to Order Entisols and Great soil group 'Ustorthents',
solum
depth
varies
from
0.22
to
1.01
m,
surface
layer (
. Sand/loamy sand/sandy loam) depth from 0.06 to 0.55 m
and subsurface layer(3andy clay loam) depth from 0.15 to 0.88
m. The soil slope varies from 1 to 3% and water table remains
at a depth greater than 10 meters during the year.
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Horizonwise disturbed and undisturbed soil samples were
collected from 51 locations in 12
hectare for detailed
analysis. The undisturbed soil samples 70 mm in diameter and
80 mm in length were used for the determination of bulk
density and saturated hydraulic conductivity and undisturbed
samples 50 mm in diameter and 20 mm in length were used for
the determination
of non-capillary pore space and water
retention characteristics. Soil texture was determined by the
Hydrometer method and organic matter by the standard chemical
method.
The Physical Index *Pl' was calculated for each
location by taking product of the rating of eight pertinent
physical properties of soil as in equation 1.
PI = A.B.C.D.E.F.G.H.

(1)

where A is the soil depth (m) , B the bulk density (Mg m-3), C
the available water storage capacity (mm per unit solum
depth), D the apparent hydraulic conductivity
(um sec -1), E
t iie aggregation in terms of organic matter (%'), F the nonnapiHary pore space (%), G the ground water table depth (in)
and H the slope (%).
An
appropriate weightage assigned to each component
varied from one for the optimum range to a fraction for the
others
for the calculation of Physical Index
(1). The
rating system used earlier (2) was slightly modified for
sorghum, optimum bulk density range was considered to be 1.401.60 Mg m-3 in place of 1.50-1.70 Mg m-3 for coarse textured
soils and i.30-1.50 Mg
m-3 in place of 1.40-1.60 Mg m-3 for
medium textured soils. In addition the weightage for the bulk
density greater than the maximum of the optimum range was
reduced by 0.05 from 1.00 for each 0.05 Mg m-3 increase in the
bulk density.
Sorghum (CSH-5) was cultivated during rainy season with
the recommended dose of fertiliser under rainfed conditions.
Results and Discussion.
The bulk density of the coarse
textured surface soil varied from 1.42 to 1.75 Mg m-3 and the
mean value 1.55 Mg m-3 was within the optimum range for
sorghum crop growth, however, the values greater than the
maximum of the optimum range were recorded for a few locations
(Table 1). The bulk density of the medium textured subsurface
soil'Sandy
clay loam) varied from 1.43 to 1.69 Mg
m-3 and
the mean value indicating a high mechanical impedance layer at
a number of 1ocations.
The AWSC (Available water storage capacity) varied from
23.1 to 70.4 mm with a mean of 43.3 mm, indicating poor water
holding capacity of the soil profiles for crop growth.
The
organic matter content of the soil varied from very low (0.149
%
for surface and 0.205% for subsurface) to low (0.815% for
surface and 0.880% for subsurface) indicating poor stability
of aggregate under the impact of raindrops, resulting in clay
dispersion and temporary surface sealing
The
saturated
hydraulic
conductivity
varied
from
moderately s l o w , 3.6-6.2 um sec-1 to rapid, 72.0-89.1 um sec-1
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Table 1:

Statistical analysis for physical properties of
Maheswaran watershed.

Statist ical
parameters

Bulk
density
Mg m -3

Ks
-1 K a
-1
um sec
um sec

AWSC _.
mm Sd

OC
(%)

(a) Surface soil
Range

1.42-

3.6-

7.7-

23.1-

0.149-

1.75

89.1

75.8

70.4

0.815

Mean

1.55

44.6

31.4

43.3

0.489

S

0.07

20.2

15.1

12.1

0.186

cv(%)

4.39

45.4

48.1

27.8

38.1

(b) Sub sur face soi 1
Range

1.43-

6.2-

0.205-

1.69

72.0

0.880

Mean

1.58

31.0

0.550

S

0.05

17.7

0.199

3.11

57.0

35.9

CV

(%)

Ks = Saturated hydraulic conductivity
Ka = Apparent hydraulic conductivity = L/(El./k.)/ where L is
the a total solum depth and K. and 1. are the saturated
^
^
l
l
hydraulic conductivity and length of ith layer of solum.
AWSC = Available water storage capacity of soil = water
retention between 10 kPa and 1500 kPa for sand and 33 kPa and
1500 kPa for others.
OC = Organic carbon
S = Standard deviation
Sd = Solum depth.
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for surface and subsurface soils and the apparent hydraulic
conductivity for the solum varied from moderately slow, 7.7 urn
sec -1 to rapid 75.8 urn sec-1 .
The regression and correlation analysis between physical
properties and sorghum grain yield showed that the individual
correlation coefficients 'r
were highly
significant and
significant for the bulk density of surface and subsurface
soils, respectively (Table 2). The bulk density greater than
1,55 Mg m-3 for the surface coarse textured soil and subsurface
medium
textured soil
reduced the
sorghum
grain yield
significantly.
The
soil
depth,
apparent
hydraulic
conductivity, available water storage capacity of the solum
and organic carbon though affected the physical condition of
the soil for crop growth but were not significantly correlated
with the sorghum grain yield. The Physical Index, which took
into account the composition and constraint of each soil layer
in the profile and integrated the effect of pertinent physical
properties of the soil was highly significantly and positively
correlated with the sorghum grain yield
The Physical.
Index of the soil calculated by the use of
modified rating system varied from 0.33 to 0.56 and the
sorghunu CSH-'i) grain yield varied from 2.2 to 4.6 t ha-1
<Figure 1;.
The sorghum grain yield was highly significantly
and positively correlated with the Physical Index(r = 0.668 ) .
An average sorghunuCSH-5) grain yield of 2.4 t ha-1 was
having PI of
obtained on Ustorthents less than 0.30 m deep
Ü.33-0.42; 3.ii t 1-13-1 on 0.50-1.00 in deep soils having PI 0.420.51, and greater than 4.0 t ha-1 on 0.50-1.00 m deep soils
The grain yield of sorghum (CSHhaving PI greater than 51.
5), a coarse grain cereal. was maximum at PI=0.60, 75% of
maximum at PI-0.50, 60% of maximum at PI=0.40 and 50% of
maximum at fl=0.30. An approximately 45°< of the variations in
sorghum grain yield (r2-0.446) could be explained by the
Linear dependance on the Physical Index and the remaining 55%
must be due to other factors influencing the crop growth.
Literature Cited
1. ilupta, K.P. 1986. Criteria for Physical rating of soils
in relation to crop peroduction. XIII Congress of
the Int. Sop. Soil Sci. Hamburg, Trans. 69-70.
2. Gupta. K.P. and I.P. Abrol, 1992. A study of some tillage
practices for sustainable crop production in India.
Soil & Tillage Res. (In Press).
3. Hornick, S.B. and J.F.Parr, 1987. Restoring the
productivity of marginal soils with organic
amendments. Amer. J. Alternative Agri.2(2):64-88.
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Table

2:

Correlation
coefficients
between
properties and sorghum grain yield.

Parameters

Correlat ion
coefficients
'r '

physical

Sign ificance
level

Bilk density vs grain yield
(a) Surface

(-) 0.525

(b) Sub surface

(-) 0.342

Apparent Hydraulic
conductivity vs
grain yield

(-)

0.128

NS

Soil depth vs grain
yield

(+) 0.161

NS

Organic carbon
vs grain yield

(+) 0.176

NS

Available water storage
capacity vs grain yield

(+) 0.179

NS

Physical Index vs grain yield

(+) 0.668

(surface)

Tabulated statistically significant values of 'r' for 49 df
at 5% = 0.2761 , 2% = 0 . 3 2 5 K * ) , 1% = 0.3577 (**)
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GLOBAL ADVANCES OF SULPHUR RESEARCH IN
SOILS AND PLANT NUTRITION

Changes in agricultural practices and efforts to improve environmental quality
have led to increasing sulphur deficiencies in crops affecting yield and
quality. A net negative balance for sulphur is present in an increasing number
of soils as a result of changes in fertilizer materials, increased crop removal,
and global reductions in sulphur dioxide emissions. Consequently, researchers,
farm advisors, policy-makers, the fertilizer industry and farmers are paying
increased attention to sulphur as its deficiencies in agriculture worldwide
become more prominent. This half-day symposium addresses much of the recent
developments regarding the soil's contribution of sulphur for crop growth and
the need for sulphur supplementation to meet growing food production
demands.
The interest in the role of sulphur in agricultural production will continue to
increase with The Sulphur Institute projecting an annual global deficit of 11.1
million tons of sulphur inputs in 2010.
Eight speakers discuss various
components involving sulphur contribution from soils, its role in the plant, and
specific applications to improve crop production and quality. The symposium
presents the component of soil-sulphur and its utilization in harmony with
nature, the theme of the 15th International Congress of Soil Science, and
addresses when and where additions are necessary to improve crop production and
quality.
This symposium is sponsored by the membership of The Sulphur Institute. The
Sulphur Institute is a non-profit international organization involved in various
components of sulphur use including the dissemination of information on the
importance of sulphur in plant and animal nutrition, the use of sulphur and
sulphur compounds as soil amendments, the technology, use and marketing of
sulphur-containing fertilizers, and other aspects of sulphur in agriculture.
Anyone interested in learning more about sulphur in agriculture is encouraged to
contact The Sulphur Institute at: 1140 Connecticut Avenue, NW: Suite 612;
Washington, DC 20036, USA; Telephone: (202)331 -9660, Facsimile: (202)293-2940.
The Sulphur Institute would also like to extend appreciation to the
International Maize and Wheat Improvement Center and IMC Fertilizer, Inc. for
their financial support.

314

Soil and Crop Responses to Sulphur Application in
Mexican Agriculture
Roberto Nunez Escobar. Centro de Edafologia, Colegio de Postgraduados,
56230 Chapingo, Méx.; México.
Abstract. Important deposits of elemental sulphur are being exploited in the Tehuantepec
isthmus of México. Sulphur is also an important by product of the fuel refining industry. S0 2
emissions cause contamination in large cities and industrial areas. Available sulphur is relatively
abundant in those Mexican soils located in the Northern arid lands. In spite of all these facts,
application of sulphur or sulphur compounds to agricultural lands is a common and profitable
practice for different purposes, such as reclamation of sodic soils or improvement of the
availability of phosphorus or micronutrients. In calcareous and/or moderately basic soils,
additions of elemental sulphur or use of sulphur containing fertilizers often increase crop yields
by increasing availability of phosphorus, iron and/or zinc. In slightly acid andosols additions of
elemental sulphur to ground phosphate rock improves phosphorus supply. Use of sulphur
containing nitrogen fertilizers in slightly or moderately acid soils commonly improves crop
yields possibly by promoting microbial activity and organic matter decomposition.
Introduction. México has been traditionally a net exporter of elemental sulphur. During 1991,
1 028 482 tons of sulphur were exported to the United States, versus 401,206 tons imported
from this country and Canada during the same year. In 1992, 895 000 tons of sulphur were
exported to the USA, and 241,921 tons were imported the same year from the USA and
Canada (ADIFAL, 1993) Important amounts of sulphur are applied annually to the agricultural
soils of México via fertilizers. The most important sulphur-containing fertilizers used are
ammonium sulphate (AS), single superphosphate (SSP) and potassium sulphate (PS) During
1992, 1254 000 tons of AS, 129,000 tons of SSP and 36 000 tons of PS were consumed;
amounting to a total of 322 500 tons of sulphur; however this consumption was 20% less than
that of 1991. On the other hand, urea consumption increased 16.6%, from 1045 to 1219
thousand tons, from 1991 to 1992 (ADIFAL, 1993). The states of Michoacan, Jalisco, México
and Guanajuato, located in the central part of the country, were the main consumers of these
low grade fertilizers. In general, the use of sulphur containing fertilizers is prefered by farmers,
particularly by those working in calcareous and alcaline soils of arid and semi-arid regions and
anhydrous ammonia is inclining the preference of farmers in recent years. For high-income
crops, such as vegetables and fruit crops, a new generation of so-called hiperacid fluid
fertilizers are being produced; they consist of adducts of urea and sulphuric or phosphoric acid.
Small plants of these products are located in the states of Jalisco, Sinaloa, Tamaulipas and
Coahuila. This paper summarizes the most important research findings on application of
sulphur and sulphur containing products todifferent soils and crops of México with different
purposes, as soil amendments, pH modifiers, or sulphur as a plant nutrient.
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Sulphur Content of Mexican Soils. The sulphur content of soils in México is directly
associated with climate and volcanic activity. The soils in the neovolcanic axis that runs from
the Gulf of México in Southern Veracruz to the Pacific coast in Jalisco and Nayarit, roughly
along parallel 19° contain sulphur from deposition of volcanic activity; whereas soils in the
semi-arid and arid regions in the Northern part of the country contain high amounts of calcium
sulphate Grande (1978) points out that more than 60% of the Mexican territory is under arid
or semi-arid climate, and reports gypsic and calcogypsic soils in an area of 16 000 km2 to the
South of the Chihuahua desert, mainly in the State of San Luis Potosi. Therefore, sulphur
deficiencies may more probably be found in leached soils of the humid areas of the
Southeastern part of the country.Ojeda (1980) analyzed the sulphur content of about 14 000
soil samples from 29 Mexican states and reports the data of Table 1. The extracting solution
used was 1.25 N ammonium acetate. If the critical S concentration of 30 mg Kg"1, defined by
Johnson and Fixen (1990) is applied to that data, the states with sufficient soil sulphur result to
be Chis, Dgo, DF, Mex, NL, Oax, Pue, Ver and Zac. The minimal values, below 10 mg kg-1
were found in Ags, BCS, Camp, Nay, Q. Roo and Tab. The geographical distribution of these
states has no correlation with the location of the volcanic axis or the arid zone of the country;
indicating that other factors, such as soil management, specially previous fertilizer applications,
have direct effect on soil sulphur content.
Fraga and Cajuste (1981) analyzed the sulphur content of 15 soils derived from volcanic
activity from the Sierra Tarasca, Michoacan state. The extracting solution was 2N acetic acid
with 500 ppm phosphorus. The values obtained ranged from 4.80 to 17.87 mg S per kg of soil,
which according to the limits of Johnson and Fixen (1990) correspond to sulphur deficiency
The authors found also an important capacity for sulphur fixation in these soils, highly
correlated with the amount of sulphur applied. The organic matter content in these soils ranged
from 4.73 to 18.08%, values commonly found in Andosols, and it is intimately associated to the
allophanic clays, responsible for phosphorus and sulphur fixation.
Rodriguez (1989) reports the sulphur content of seven soil orders in Tabasco (Table 2), in the
humid tropical region of the South East Sulphur contents are low in general, specially in
ultisols and ferralsols; the highest values are found in some samples of vertisols, luvisols and
rendzinas. The findings contrast with the expectations, since the main deposits of natural gas
are found in this State and important amounts of sulphur dioxide are released to the atmosphere
in the area.
Industrial and transport activities are also important sulphur sources to the soil, through the
atmosphere, although they do not normally fall in agricultural soils. In the metropolitan area of
México city 2.5 million vehicles consume about 17 million fuel liters daily, of which about four
million liters is diesel containing not less than 0.4% weight of sulphur (Bravo Alvarez, 1987).
To reduce S0 2 emissions to the atmosphere, a new brand of purified diesel, called DIESELSIN, is being produced since 1993.
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Table 1. Sulphur content (mg S per kg soil) of soils from 29 Mexican states (Ojeda, 1980).
State

Aguascalientes
Baja Calif. Sur
Campeche
Chiapas
Chihuahua
Coahuila
Colima
Distrito Federal
Durango
Guanajuato
Guerrero
Hidalgo
Jalisco
México
Michoacan
Morelos
Nayarit
Nuevo León
Oaxaca
Puebla
Queretaro
Quintana Roo
San Luis Potosi
Sinaloa
Tabasco
Tamaulipas
Tlaxcala
Veracruz
Zacatecas

Abrev.

Ags
BCS
Camp
Chis
Chih
Coah
Col
DF
Dgo
Gto
Gro
Hgo
Jal
Mex
Mich
Mor
Nay
NL
Oax
Pue
Qro
QRoo
SLP
Sin
Tab
Tamps
Tlax
Ver
Zac

number of
municipalities samples
9
2
5
30
16
17
9
24
14
26
38
45
52
89
60
30
8
12
59
63
11
4
25
5
19
20
42
105
16
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464
48
35
445
260
681
68
194
761
989
370
475
414
1056
867
611
114
397
601
825
290
36
313
103
126
344
302
2584
150

mean soil S content
(mgkg- 1 )
2.2
3.9
9.2
82.4
13.6
20.4
13.4
36.2
46.3
28.7
14.3
12.8
21.9
60.4
19.3
23.6
9.6
69,2
64.0
34.4
13.8
6.7
28.9
2.8
2.9
19.8
11.0
45.2
49 8

Table 2

Means and ranges of sulphur content in nine soil orders of Tabasco State (Rodriguez,
1989).
S0 4 content (mg kg-1)

Soil order

Ultisols
Vertisols
Luvisols
Alfisols
Regosols
Rendzinas
Ferralsols

Mean

range

6.5
12.6
14.2
10.0
966
16.33
4.0

4-10
4-52
1-64
3-15
3-15
4-59
2-6

Sulphur in the Reclamation of Alkali Soils. More than one million hectares of irrigated lands
in México are affected by excess sodium and/or salinity. Important soil reclamation programs
have been carried out, based on waterlogging and drainage, with or without application of soil
amendments such as organic manures, gypsum, polysulphides, sulphuric acid or elemental
sulphur. Fernandez-Gonzalez (1981) reports his experiences developed in the Colegio de
Postgraduados testing different sulphur products in the reclamation of sodic soils from
Texcoco, Méx., Rio Bravo, Tamps., Mexicali B.C. and Guasave, Sin Gypsum rates ranged
from 10 to 56 ton ha-1; sulphuric acid was applied at a rate of 3000 1 ha-1 and calcium
poly sulphide at 200 1 ha-1. Applications of gypsum and sulphuric acid improved hydraulic
conductivity and reduced electrical conductivity more efficiently than elemental sulphur.
Gypsum resulted more adequate because of its manageability and lower price.
Sulphur in Nitrogen Fertilizers. Numerous experiments have been carried out in various
regions of México, comparing different nitrogen fertilizers in several crops. One of the first
experiments of this type was conducted in a clay, slightly basic soil of Coahuila State in the
winter 1962-63, assessing yields of irrigated wheat fertilized with urea, ammonium sulphate,
ammonium nitrate or ammonium nitric sulphate (Puente et al, 1963-64). Grain yields ranged
between 2.43 and 2.65 Mg ha-1, without statistical differences among nitrogen sources.
Similarly, anhydrous ammonia or ammonium sulphate was applied to irrigated wheat growing
in a vertisol with pH 7.8 in Northwestern México (Torres and Alvarado, 1979); grain yield with
ammonium sulphate was 462 kg ha-1 higher than that obtained with anhydrous ammonia,
however, this difference did not reach statistical significance at the 5% probability level soils of
13 localities of Puebla and Tlaxcala states, did not show yield differences when fertilized with
urea or ammonium sulphate at planting time, at a rate of 75 kg N ha 1 (Aveldafio, 1975);
however, Maldonado (1981) reports differences among nitrogen sources in three experiments
with non-irrigated oats grown in clay loams with pH 6.2 of Hidalgo state. The highest yields
(1468 kg ha-1) were obtained with the application of ammonium sulphate and diammonium
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phosphate; intermediate yields (1358 kg ha-') were gotten with ammonium sulphate and simple
superphosphate and the lowest yields (1118 kg ha"1) were obtained with the sulphur-free
fertilizers ammonium nitrate and triple superphosphate. The same author reports the results of
eight potato experiments conducted in Tlaxcala and México states, in sandy to clay loams with
pH 5.7 to 6.2. Invariably, potato yields obtained with the application of ammonim sulphate and
single superphosphate surpassed those obtained when the N and P sources were sulphur-free
urea, ammonium nitrate and triple superphosphate. A mean yield difference of 6.5 Mg ha-1 was
found in favor of the S-containing fertilizers.
Reports in the general literature show superiority of ammonium sulphate over urea or
ammonium nitrate when used in sulphur- deficient soils or in soils with basic pH where certain
microelements such as iron or zinc are not in a readily available form. In the Bajio region of
México (States of Guanajuato and parts of Michoacan and Jalisco) soils with the above
condition are commonly found. Studies conducted in such soils (Diaz de León, 1989) have
reported higher sorghum yields when fertilized with nitrogen fertilizers of acid reaction such as
ammonium nitrate, ammonium sulphate or the equimolar adduct urea-sulphuric acid, when
compared versus the application of urea or aqua-ammonia, as it is shown in Figure 1.
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Figure 1. Grain yields of sorghum fertilized with five different nitrogen fertilizers in Cortazar,
Gto. (Diaz de León, 1989).

In Ciudad Serdan, Puebla, Soils with slightly basic pH are commonly found where maize plants
show zinc deficiencies which are accentuated after an urea application; this does not happen
when ammonium sulphate is applied. Satisfactory results were also obtained in these soils by
applying powdered elemental sulphur mixed with urea (Castro, 1978).
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The fertilizer firm Fertilizantes Mexicanos, S.A. established 53 observation sites on corn fields
in 17 states during 1979, evaluating the effect of gypsum or elemental sulphur added as a
complement to the nitrogen fertilizers ammonium nitrate, urea or ammonium sulphate
(Fertimex, 1979). No response to sulphur was observed in Durango and Veracruz, but in
Colima and Jalisco a mean yield increment of 519 kg corn grain per hectare was obtained with
the application of 50 kg sulphur per hectare.
Occasionally, the superiority of ammonium sulphate over urea has also been observed in soils of
acid reaction, as it was the case of upland rice in the lower Papaloapan river in Southeastern
México, where De la Garza (1979) obtained 300 kg ha-' more rice yield applying ammonium
sulphate instead of urea in a soil with pH 5.3. Similarly, Leyva (1976) obtained maize yields
10% higher when using ammonium sulphate instead of urea, as a mean of six experiments of
non-irrigated maize grown on residual soil moisture to the Northwest of México state (Table
3). These soils are influenced by volcanic activity and have pH values between 5.1 and 6.1.
The possible explanation to this behavior may be the stimulus of the sulphate ion on the
microbial activity responsible of the organic matter mineralization, releasing more available
nutrients for the plants, as it was reported by Zapata and Munévar (1986) for an andisol of
Colombia.
There are some special circumstances under which the use of ammonium sulphate may result
dissadvantageous compared with other less acid-forming nitrogen fertilizers. This happens in
acid, low buffered soils where the consistent applications of high rates of ammonium sulphate
have acidified the soil to inconvenient levels; some claims of this phenomenon have been
reported for acid soils of Chiapas, México and Jalisco State. This problem, however, is easily
overcome with an appropriate liming program.
Contreras (1990) obtained higher maize yields when applying ammonium nitrate instead of
ammonium sulphate in calcareous soils of the Northern area of Ciudad Serdah, Puebla, Valley.
This result is attributed to a higher ammonia volatilization from ammonium sulphate than from
ammonium nitrate, because of the much lower solubility of the calcium sulphate formed,
compared to that of calcium nitrate (Fenn and Kissel, 1973). To reduce ammonia volatilization
losses, the general recommendation for all nitrogen fertilizers is its incorporation into the soil.
Ammonia volatilization was higher when using urea than ammonium sulphate applied to
calcareous soils of Nuevo León State (Sanchez, 1989).
Sulphur in Phosphorus Fertilizers. Some field experiments have been carried out in México
comparing low grade NP fertilizers (ammonium sulphate and single superphosphate) versus
high grade, sulphur free NP fertilizers (urea and triple superphosphate or DAP). Agronomic
results in favor of low-grade fertilizers are found when there is a tendency for micronutrient
deficiencies, as it was discussed in the previous section. Under normal conditions the
agronomic behavior of both sources are similar and the decision to use a given N and P source
depends on availability, price and management costs. In México single superphosphate is
commercialized in a powdered form which is difficult to handle; besides, the relatively low
nutrient content increases transport and application costs.
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Table 3. Grain yields (kg ha-1) of maize fertilized with two nitrogen sources in México State
(Leyva, 1976).
Location

Ammonium
Sulphate
-

R. Xant,
LI. Grande
S.F. Cuamango
El Llano
B. Morelos
El Pastor
Means

Urea

LSD
5%

C.V.
%

16.4
9.4
22.7
10.5
8.2
13.5

kg ha-1

4153
5973
4518
5792
3141
3712

3228
5517
3898
5311
3274
3788

710
611
549
741
421
783

4548

4171

259

Martinez (1979) obtained the same corn grain yield when applying 17.5 kg P ha-1 in the form of
single or triple superphosphate in four experimental sites at the North of Tlaxcala and South of
Puebla States during two years; however, if has to be pointed out that the P fertilization was
accompanied with 130 kg N ha 1 in the form of ammonium sulphate.
Andosols of the Sierra Tarasca have two important nutritional problems, phosphorus deficiency
and aluminum toxicity. In trying to overcome these problems, some amendments have been
tested in their interaction with the phosphorus fertilizers. Pena et al. (1971) working in these
Andosols, found a depressive effect of gypsum on maize yields, when it was added to
diammonium phosphate (DAP); this effect was attributed to a possible higher release of
aluminum induced by gypsum. Addition of elemental sulphur to DAP did not affect crop
yields.
In calcareous soils, phosphorus availability is an important nutritional problem; pH abatement is
one of the strategies to studied the effects of three sulphur rates (0, 4 and 8 grams per kg of
soil), three cattle manure rates (0, 5 and 15 grams per kg of soil) and two phosphorus rates (0
and 150 mg P per kg of soil) in two calcareous sandy clay loam soils of Tamaulipas State,
México, with pH values of 8.0 and 8.1 When sorghum plants were planted after 8 incubation
days, dry matter yields were consistently increased with the manure and/or phosphate
applications; however, they were consistently reduced with the sulphur applications The
author explains the negative effect of sulphur in terms of the high rates used and also because
of the possible formation of toxic intermediate compounds such as thiosulphates during sulphur
oxidation, as it was found by Nor and Tabatabai (1976) These results illustrate the importance
of not exceeding the sulphur rate and also of allowing sufficient time after sulphur application
for a complete sulphur oxidation in the soil before planting.
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Reynoso (1978) worked with three soils of different pH from the Mixteca Alta, Oaxaca. The
barley crop growing in the acid soil (pH 5.9) suffered yield reduction with the application of
elemental sulphur or sulphuric acid, but the application of these sulphur sources to the other
two slightly basic soils (pH 7.6 and 7.3) reduced soil pH by as much as one unit and increased
crop yields as well as iron and zinc availability. The effect of elemental sulphur was slower but
more long lasting than that of sulphuric acid.
Surphur in Phosphate Rock. The most important phosphate rock deposits of México are
found in the Baja California peninsula; after concentration to 30% P2O5 by flotation and
grinding to-100 mesh U.S. Standard, this material presents a natural reactivity sufficiently high
to be used as a phosphorus source for plants grown on soils with pH below 6.0. The
agronomic efficiency of this material is lower than that of readily soluble phosphate fertilizers,
but its main attraction is the price per kg of phosphorus, which is below 30% of that in
superphosphates or ammonium phosphates.
One of the means to improve the relative agronomic efficiency (RAE) of phosphate rock is by
mixing it with elemental sulphur. RAE is expressed in terms of the percent phosphorus taken
up by the plant from BCPR, when compared with the amount of P absorbed from triple
superphosphate. Rye grass has been the indicator plant in greenhouse trials and maize in field
trials, except otherwise indicated. Several field and greenhouse studies have been carried out
assessing the improvement of the RAE from Baja California phosphate rock (BCPR) when
mixed with elemental sulphur. Alvarez et at. (1981) in a pot trial increased the RAE of BCPR
from 54.9 to 61.0% in an andosol with pH 5.5 and from 55.7% to 81.5% in an ultisol of pH
5.4, when 150 mg S Kg"1 soil was added to the soil. More striking response was obtained by
Guzman et al. (1980) in an ocric andosol where no response was found to soil was added.
These same authors obtained from BCPR a higher amount of P absorbed by the plant, than
from TSP (RAE = 112.2%) in a mollic andosol with pH 7.0, when the above-mentioned
amount of sulphur was added to the soil. No response to BCPR was found when no sulphur
was added to this neutral soil.
Sanchez et al (1990) working with cassava grown in greenhouse, found a RAE of BCPR of
only 26.2% when applied alone, but this value was raised to 104% when 50 mg S Kg-1 soil was
added to the soil, mixed with the phosphate rock, thus equalizing the efficiency of triple
superphosphate.
Nunez et al. (1986) in a field experiment in an andosol of Sierra Tarasca with pH 5.7, raised the
RAE of BCPR from 52.6 to 67.0% by adding 40 kg ha"1 of elemental sulphur mixed with the
rock. Pastrana et al (1983) in a field experiment with African star grass (Cynodon
plectostachyus) grown in an ultisol of Tabasco (pH 5.4), found a RAE increment of only 5 8%,
from 59.7 to 65.5% when sulphur was added to the rock phosphate. Direct application of
phosphate rock is not yet a common practice in Mexican agriculture, however there are plans
to promote its use on acid soils, where thesefindingsmay have useful application
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Conclusion. The beneficial effect of sulphur additions to the soil in most trials reflects the
importance of this element as a complement of the normal fertilizer practice on those soils
where some micronutrient deficiencies are common. The effect on phosphorus availability is
important when a low soluble P source is applied. In most cases it is not possible to isolate the
direct nutritional effect of sulphur, from its effect on the availability of other nutrients.
However, the research findings already available can be applied in the generation of more
profitable fertilizer management practices on different agrosistems in México.
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Probability of Economic Maize Yield Response to Sulfur
Fertilization in Central America
H.J. Barreto* and W.R. Raun. CIMMYT International Maize and Wheat
Improvement Center, Apdo postal 6-641. CP 06600. Mexico D. F. Mexico.
Abstract. Maize grain yield response to sulfur (S) fertilization was evaluated in 46 experiments
conducted over a period of three years in representative maize-growing regions in six countries
of Central America . The objectives were 1) to evaluate the magnitude and variability of maize
yield response to S fertilization across different crop production environments and 2) to
characterize the probability of obtaining economic maize yield response to S (20 kg S/ha as
gypsum) as affected by maize yield potential and levels of phosphorus (P) fertilization under a
constant N level of 100 kg N/ha. Using stability analysis, additive effects of P and S on grain
yield were demonstrated across a wide range of yield levels (1.0-6.5 t/ha). In the absence of P
fertilizer maize yield (averaged over locations) increased 0.30 t/ha as a result of S fertilization
demonstrating a small positive regional response. However, in the presence of P fertilizer S
yield responses were 0.10, 0.09 and 0.05 t/ha for 13, 26, and 39 kg P/ ha. Reliability analysis
was used to calculate the normal probability that S-containing treatments will outperform the
OS check. Averaged across locations, probabilities of outperforming the OS check treatment
were 0.69, 0.56,0.56 and 0.54 for treatments receiving 0, 13, 26,and 39 kg P/ha. When the
cost of fertilizer S and its application were accounted for, the probability of observing S
responses decreased to 0.66, 0.53, 0.53 and 0.51 for the same P rates. These results showed
that using gypsum in the presence of 100 kg N/ha offered the greatest probability of observing
an economic maize yield response to S fertilization across environments.
Introduction. In the Central America and Caribbean region, nitrogen and phosphorus account
for most of the fertilizer nutrients used in maize production. However, increased incidence of
sulfur (S) deficiencies in soils where maize is grown is due in part to inappropriate crop residue
management practices, increasing use of S-free fertilizers, and substitution of urea for
ammonium sulfate as the nitrogen source of choice for maize production (1,2,3). Burning of
crop residues, soil erosion, decreasing soil organic matter, increased yields through the use of
improved germplasm, nitrogen and phosphorus fertilization, are all management factors that,
when compounded over the years, augment the probability that S may be limiting maize yield
potential throughout the region (3,9). Some chemical characteristics of tropical soils have also
been shown to affect sulfur availability to plants (7).
Continuous crop production on these soils, paiticularly those with low organic matter content,
greatly increases demands on the native S pool, which, if not replenished, will eventually affect
expression of genotype yield potential. There are reports where this nutrient has affected
economic yield response and in some cases limiting response to other production factors
(9,10). Nevertheless, there is scarce experimental information on the experimental magnitude
and variability of maize yield response to soil additions of gypsum (20-40 kg S/ha as
CaS04«2H20) as a source of S in the presence of varying amounts of other fertilizer nutrients
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(e.g. P and N). This information is fundamental to making judicious economic decisions
regarding efficient fertilization management in maize production. The objectives of this
research were 1) to evaluate the magnitude and variability of maize yield response to S
fertilization across different crop production environments and 2) to characterize the
probability of obtaining economic maize yield responses to S as affected by maize yield
potential and levels of phosphorus (P) fertilization under a constant N level.
Materials and Methods. A regional evaluation of maize yield response to P and S fertilization
was undertaken between 1989-1991 by CIMMYT's Regional Maize Network for Central
America and the Caribbean. Forty six trials were implemented in collaboration with national
program scientists in the following countries: Guatemala (19 sites), Panama (10), El Salvador
(7), Nicaragua (3), Honduras (6) and Costa Rica (1). The experiments included treatment
comparisons designed to evaluate monocropped maize grain yield response to additions of 20
kg S/ha as gypsum at varying P fertilizer rates (0, 13, 26 and 39 kg P/ha as triple super
phosphate band applied). The design was a randomized complete block with three replications.
Nitrogen fertilization for all sites was approximately 100 kg N/ha as urea. The maize cultivar
used for each experiment was the best available genotype in each country for the specific
environment (hybrids or open pollinated varieties). Experimental units comprised four-to-six
rows of 5.5 m. Net harvested plot area for yield at all locations was between 10-20 m^.
Because of differences in row width at different locations, planted densities ranged from
45,000 to 65,000 plants/ha. Weeds were controlled with preemergence herbicides and manual
weeding. Soil samples (0-20 cm depth) from each site were analyzed for pH, soil organic
matter and base levels (Ca and Mg). Other characteristics measured at each site included slope,
rainfall, elevation and tillage method.
An analysis of variance was performed on grain yield, and the standard error of the difference
between any two treatment means (Sj) was calculated for each experiment. A frequency
distribution was constructed for the sample of 46 Sj values across locations. Yield response
to S fertilization was evaluated as the yield differential (d) between two treatment means (with
and without S fertilization) at varying P rates. Regional S response was evaluated using
stability analysis (8) against the environment yield (EY). Environment yield was defined as the
average yield for all experimental plots at a given site.
Reliability analysis was performed on P-S treatments compared to the check without S (5). For
each treatment comparison a standarized probability of response (RNi) for [(d/Sj) > 0] was
calculated. For each site, the value of Sj was used as the denominator for calculating the
reliability of response to S fertilization. A modification of the method was used to assess the
economic probability of response to S when both the cost of fertilizer and its application are
accounted for. Economic reliability was calculated for the ratio [(d-c)/S(j] for each P-S
treatment versus the check. Consequently, the value of d was reduced proportionately to the
costs (c, expressed in maize yield units) of S fertilizer. The value of ERNi represents the
normal probability of observing a yield increase that will, at least, compensate for the costs of
the fertilizer and its application.
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Results and Discussion.
Maize grain yield response to S fertilization. Maize grain yields were generally superior
when N and S were both applied as compared to N applications alone. Stability analysis
indicated that S response in the absence of P fertilization was additive across maize yields
ranging from 1 to 6.5 t/ha. In the presence of P fertilizer (26 kg P/ha), the response was still
additive, but of lesser magnitude. Linear regression on EY indicated absence of cross-over
interaction between P and S treatments over the range of environment yields tested (Fig 1). In
the absence of P fertilizer, maize yield (averaged over locations) increased 0.30 t/ha as a result
of S fertilization, demonstrating a small positive regional response. However, in the presence
of P fertilizer, S yield responses were 0.10, 0.09 and 0.05 t/ha for 13, 26, and 39 kg P/ ha.
Linear correlation between EY and S response and EY and Sj were both non-significant,
indicating that regional response to S and estimates of experimental precision were unrelated
to yield potential. This lack of correlation with EY suggests that neither P or S were the most
limiting factors, and that other local environmental factors were controlling yield potential.
However, linear correlations between EY and other measured environment factors (e.g.
rainfall, soil pH, soil organic matter, tillage and slope) were all non-significant.
Probability of S response across environments. While the magnitude of observed maize
yield responses to S fertilization was small, it demonstrated consistency of effect across
environments, as illustrated with stability analysis. However, it is difficult to detect these small
differences (at the 5% level on a per site basis) under the observed levels of random variability
(e.g. average S^= 0.47 t/ha). The frequency distribution of Sj values over locations is
presented in Figure 2. The mean value of S<j (0.48 t/ha) would impose (on the average) a
requirement to observe grain yield responses per site of about twice this value in order to
declare them statistically different at P(<0.05) level. Experimental evidence from the region
suggests that the likelihood of observing consistent yield gains of more than 10% from the
mean is extremely low for a crop production factor such as sulfur fertilization. Therefore,
traditional methods of analysis may underestimate the need for S fertilization in the region due
to the low precision of yield estimates.
Reliability against a check (RNi) is a statistical measure that weighs both the magnitude and
variability of response across environments (4). In the absence of treatment x environment
interaction, reliability analysis was used to calculate the probability that S treatments will
outperform the OS check, assuming that the population of treatment differences is normally
distributed. The statistical expectations of observing a differential grain yield response greater
than zero as a result of S fertilization were 0.69, 0.56, 0.56 and 0.54 for rates of 0, 13, 26, and
39 kg P/ha as triple super phosphate band applied. These values indicated that the normal
probability of observing a positive yield differential due to S was highest in the absence of P
fertilizer and was decreased in its presence.
Fig. 3. illustrates the relationship between the observed magnitude of yield response and
reliability for all treatments evaluated. The adjusted linear-plateau model suggests that
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reliability of response to S fertilization was linearly related to the observed yield difference
between two treatments (S vs OS). The inflexion point (Xc= 0.47 t/ha) indicates the minimum
yield difference that should be observed (per trial) to obtain the highest reliability of response
toS.
At current price ratios in the region, 2 kg of maize are equivalent to 1 kg of gypsum-S (9).
Therefore, a grain yield increase of only 40 kg/ha would be sufficient to pay for 20 kg/ha of S
fertilizer. Accounting for the cost of S fertilizer and its application decreased the reliability of S
response to 0.66, 0.53, 0.53 and 0.51 for rates of 0, 13, 26, and 39 kg P/ha . In Guatemala,
gypsum has shown to be a cost-effective S fertilizer source (10). In addition, new industrial
processes to add sulfur to commonly used fertilizers (e.g. triple super phosphate) have also
shown promise (2).
Development of a production recommendation for S fertilization. Much literature exists on
the use of statistical tools for quantifying genotype x environment interactions and developing
genotype recommendations across production environments with different yield levels (4).
However, relatively little use of these tools has been made in agronomic work (8). Extending
and validating these methods has proven useful for developing crop management
recommendations (6,8,9).
Average yield gains due to S (0.3 t/ha in the absence of P fertilizer) represent around 7.5%
from a mean of 4 t/ha, which in general exceed the expectations for annual yield gains reported
in most maize breeding programs throughout the region. Nevertheless, new cultivars are
commonly incorporated into the production recommendations on the basis of expected yield
gains of less than 3% (from the mean) against a check cultivar. The question is how much yield
gain do we have to demostrate before sulfur fertilization is incorporated into current maize
production recommendations for the region? We could wait until the nutrient has become
limiting enough that the magnitude of experimental yield gains meet the statistical expectations
imposed by the current levels of experimental precision. Alternatively, the consistency of
additive effects of P and S fertilization demonstrated in this work and the use of reliability
analysis provide the basic criteria for incorporating S into current maize management
recommendations.
Finally, there is a growing need for additional criteria to better target S fertilization for maize
production. The use of conservation tillage, increasing soil organic matter, and soil testing are
often cited as key factors leading to efficient S management (2). Fig. 4 illustrates the observed
relationship between the magnitude of S yield response and soil organic matter for treatments
without P fertilizer. This relationship suggests that soils with organic matter below 2% have a
greater probability of showing economic responses to S fertilization. These results indicate that
soils where maize is grown in Central America will generally respond economically to
applications of gypsum (20-40 kg S/ha) in the presence of N fertilizer. This offers an important
opportunity to increase yield potential in an economic manner across all environments. This
information is useful in developing fertilizer policies that require a minimum amount of sulfur
in common fertilizers used for maize production.
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Sulfur Problems in Crops and Soils of Central America
E. Bornemisza, Centro de Investigaciones Agronómicas, Universidad de Costa
Rica, San José Costa Rica.
Introduction. The deficiency of S was reported in the sixties for various soils of Central
America (Muller (1967), Hardy and Bazan (1968), Fitts (1970). Since then many field
experiments and laboratory investigations have confirmed this problem for all six countries
forming Central America and Panama. In this paper the results of experiments from the
different countries are summarized.
Panama
Experiments of Bazan (1977), Acosta (1977), Cordero (1987) and Name (1984) have shown
responses to S application for crops as varied as sugar cane, corn and pastures. The
deficiences were identified on Ultisols, Oxisols and Alfisols. It was found also that
moderate SO4 applications of 20 to 50 kg ha-1 corrected the problems.
Costa Rica
The deficiencies were recorded mostly for the lowlands so on the Pacific as the Atlantic
t(regions. Many soils were studied as reported by Perez and Oelslighe (1975) Bornemisza et
al, (1978). Work was reported on the critical limits for foliar S proposing 8 mg L-l using an
500 mgL-l Ca phosphate extracting solution. For horticultural crops like cauliflower
,, responses to very high levels of S were reported by Jimenez & Cordero (1988). The
. importance 'of the contribution of organic S was shown by Granados (1972).
Nicaragua.
Acosta (1978) has reported good field responses for many soils from Nicaragua for sugar
cane, corn, cotton, coffee and upland rice. Work by Kass et al (1984) also indicated
responses for corn and sorghum on a Vertisol and a Mollisol.
Honduras.
•Deficiencies for banana were indicated for La Ceiba region by Beaton (1966). In
experiments in the seventies Acosta (1977) indentified S deficiencies and suggested this
element for fertilizers to be used for cotton, coffee, corn and upland rice.
El Salvador.
Deficiencies were reported since the sixties by Muller (1965) and Espinoza (1968) Acosta
a (1977) in later work recommended that sulfate applications should be fractioned and that
this element should be used for corn, cotton, coffee, upland rice and pastures under
intensive management. Salazar (1982) reported yield increases for 3 of the five soil series
studied from the corn producing area.
Guatemala
This country is characterized by a very large variation of its soils. A number of them are low
in S as reported by Acosta (1978) and Fitts (1970). In a greenhouse study of 25 soils by
Ranero (1974) ten were S deficient and 50 kg ha-1 S corrected the deficiency. Based on
field experiments using sulfate, Acosta (1977) recommended the use of 65 to a 100 kg ha-1
!of SO4 to be applied fractioned and as a part of the N-P-K fertilizers
Bibliography
Acosta, R. (1977) Respuesta al azufre en suelos de America Central: En Memorias
5°Congreso Latinoam. de la Ciencia del Suelo, Medellin, Colombia.pp 136-137.
Acosta, R. (1978) Respuesta al azufre en suelos de America Central. Inf.poligrafiado
FERTICA, San José, Costa Rica, 26 p.
333

Bazan, R. (1977) Fertilidad de algunos suelos "caneros" del Itsmo Centroamericano, III
Suelos de Panama En: 3° Congr. Latinoamericano sobre fertilizantes. p35 El Salvador.
Beaton, J.D. (1966) sulfur requirements of cereals, tree fruits, vegetables and other crops.
Soil Sci.101 (4) 267-282.
Bornemisza, E; Castillo, F.A. y Balcazar A.A. (1978) Disponibilidad de azufre en suelos de la
Vertiente Pacifico de Costa Rica. Agron. Costarricense 2(2) 137-145.
Cordero, A. (1987) Sexto informe de actividades. Asesor de suelos IDIAP. Informe mimeo.
Univ. de Rutgers p. 30.
Espinoza, F.M. (1968) Efecto de diferentes fuentes de nitrógeno en la composición foliar y
producción de cafetos jóvenes en un suelo latosol arcillo-rojizo. Inst. Salvadodreno de
Inv. de café Bol. Inf. No. 20 p.20 Fitts J.W. (1970) Sulphur deficiency in Latin America.
Sulphur Inst.. J. 6(2)14-16.
Granados, M. (1972). Mineralization del azufre en suelos bajo cultivo del cacao. Tesis M.S.
CIEL-IICA, Turrialba, 82p.
Hardy, F. y Bazan, R. (1966). Sulfur deficiency in Turrialba soils. IICA-CTEL, Mimeo Rep. I.
Turrialba, p. 9.
Jimenez, E. y Cordero, A. (1988). Respuesta a la coliflor (Brassica oleracea var. botrutis) a la
fertilization con P, B y S en un Typic Hydrandept de Fraijanes, Costa Rica. En:
Resümenes. Reunion Anual No. 34 PCCMCA, San José, p. 110.
Kass, D.C.L., Reyes, J. y Arias, R. (1984). Respuesta del maiz y sorgo cultivados en asocio a
la aplicación de S, K, P y Zn en la region Noroeste de Nicaragua. En: Resümenes
Reunion Anual No. 30, PCCMCA, Managua.
Muller, L.E. (1965). Deficiencia de azufre en algunos suelos de Centro America. Turrialba
15(3) 208-215.
Name, B. (1984). Las areas de investigation pecuaria, suelos su manejo y metodologia de
evaluation de la fertilidad. En: Memoria 1° Congr. Internac. sobre Colección, Evaluation
de Germoplasma y Producción de Semillas Forrajeras Tropicales, IDIAP, Panama, p. 219235.
Perez, A. y Oelsligh, D.D.(1975) Comparación de diferentes extractantes de azufre en suelos
de Costa Rica, Turrialba. 25(3): 232 238.
Ranero, J.R. (1974). Estudio de correlación de un método analitico para determinación de S
y de la respuesta a la aplicación de este elemento en 25 suelos de Guatemala. Tesis Ing.
Agr. Univ. de San Carlos, Guatemala, p. 38.
Salazar, J.R. (1981). Efecto indicador del azufre en maiz al aplicar dos fuentes nitrogenadas
en cinco series de suelos de El Salvador. Min. Agr. y Ganaderia, CENTA. Bol. Tec. 8-81,
p. 35.

334

Contribution of Sulphur Research on Rice Production in
Southeast Asia
C.P. Mamaril, Cooperative DEPAGRI-IRRI Program, Jl. Merdeka 147
P.O. Box 205, Bog or 16002, Indonesia
Introduction. Rice is the staple food for more than half of the
world's population which is predicted to reach eight billion by
the year 2020.
While population is increasing at a phenomenal
rate, land area grown to rice is not increasing correspondingly.
As of 1990, the total harvested rice area in the world was 145.8
million hectares, out of which 37.3 million hectare or 25.6% are
located in Southeast Asia (IRRI, 1991).
The region has a
population
of 440 million or 14.2% of the
global population
(World Resources Institute, 1990). To meet the demand of rapidly
increasing population in the region, which is growing on the
average rate of 2.16 percent (World Res. Inst. 1990) more
irrigation systems have been established, adoption of improved
high yielding cultivars (HYV), increase use of production inputs
and increase cropping intensity.
Crop intensification and increased yields especially rice, have
significantly increased the offtake of nutrients from the soil.
In some of the countries in the region particularly Indonesia and
Malaysia, relatively high rates of the 3 fertilizer nutrients, N,
P, and K are being applied by rice farmers. For example, it is
not uncommon to encounter rice farmers in Java, Indonesia who are
applying more than 300 kg of urea/ha . Whenever there is an
imbalance between offtake and inputs of nutrients, it may lead to
a
decline
in soil
fertility
and
increase
incidence of
deficiencies
of certain plant nutrients including sulphur and
zinc.
Recent statistics indicate that percentage increase in rice
yields in many of the Southeast Asian countries has declined
during the past decade (1981-1990) compared to the period of
1951-1980 (IRRI 1991). Yet the fertilizer consumption per hectare
continue to increase.
The plateauing of yield could be
attributed to nutrient imbalance, i.e. deficiency of nutrients
other than N, P and K.
In recent years sulphur deficiency in rice has been increasingly
reported. The first report of S deficiency in wet land rice was
probably that of Sen (1938). Subsequently Aiyar (1945) reported
S deficiency on rice in India.
In mid 1970's in Indonesia, a
rice disease called "mentek" was later confirmed to be due to S
deficiency (Ismunadji, et.al. 1975). Probably the reason why S
deficiency has not been observed in rice until recently is
because fertilizers commonly applied earlier contained S.
Lately, however, high analysis, S-free fertilizers such as urea
and triple superphosphate (TSP) have been widely used.
Use of
high yielding rice varieties, increased cropping intensity,
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decreased use of S-containing pesticides and fungicides, greater
control of SO2 emissions in industrial areas, decrease recycling
of biomass and declining reserves in soil sulphur also have
contributed to the increased occurrence of S deficiency (Jones,
et. al. 1982; Morris, 1987; Morris, 1988).
In order to sustain an increase rate of rice production, it is
essential that greater attention should be given to balanced
nutrient management including sulphur and other essential
nutrients besides N, P, and K. This paper will briefly summarize
investigations undertaken in Southeast Asia on sulphur as related
to rice production.
Sulphur Content in Soil. Sulphur exist in soils in both inorganic
and organic forms and their proportion vary widely depending on
soil type, pH, organic matter content, clay mineralogy, depth in
soil profile and drainage status.
In most soils, inorganic sulphur accounts for only a small
fraction of the total S (Bohn, et. al. 1986). Furthermore, the
same authors also stated that the major form of inorganic S in
the soil is inorganic sulfate both that in the soil solution and
that adsorbed on clay surfaces; these two fractions are readily
available to plants. Considerable seasonal fluctuation in the
concentration of water soluble sulfate in surface soils is
observed
due
to
the
effect
of
seasonal
conditions
on
mineralization of organic S, leaching of soluble sulfate, and
sulfate uptake by plants (Tabatabai, 1982). Amount of adsorbed
sulfate is dependent on the predominant type of clay in the soil,
pH and the presence of cations and anions.
In humid tropical
regions like in Southeast Asia where soils are highly weathered
and dominated by Fe and Al oxides and 1:1 clays, the amount of
adsorbed sulfate could be significant.
The organic S pool in soil has been classified according to their
reactivity to reducing agents (Williams, 975; Tabatabai, 1982 and
Freney, 1986) namely; 1) HI reducible organic S, 2) the Raneynickel reducible sulphur, and 3) carbon-bonded S. The first group
comprised largely of ester sulfates. The second is a subfraction of C-bonded sulphur. Carbon bonded sulphur is not
converted to inorganic sulfate by hot acids or alkali.
This
fraction can be estimated by taking the difference between the
total soil sulphur and that reduced to hydrogen sulfide by
hydroiodic acid (Tabatabai 1982).
Total S and Ca(H2P04)2 extractable S in rice soils of the
Southeast Asian region is quite variable (Table l ) . In Indonesia,
total S ranges from 20-149 ppm, and 10-63 ppm extractable S
(Ismunadji, 1990); Philippines 21-1274 ppm total S and nil-705
ppm Ca(H2P0 4 ) 2 extractable S (Islam and Ponnamperuma, 1982;
Reyes, et.al. 1985; Gaddi and Mamaril, 1989; Xie and Mamaril,
1993) in Thailand, 24-311 total S and 3-49 calcium phosphate
extractable s
(Kurmarohita, 1973; Parkpian, et.al.
1991).
Moreover, in Indonesia, based on a survey reported by Adiningsih
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using 0.01 M Ca(H2P04)2
around 10 ppm.

extracting

solution

is

consistently

Variation in S response of rice even in apparently deficient
soils could be attributed to the other natural sources of S such
as rainfall, irrigation water and SO2 content of the atmosphere.
Yoshida (1981) summarized reports on S content of rivers and
irrigation waters in different parts of the world which range
from 0.2 to 4.7 ppm S with a world average of 4.1 ppm S. Among
the countries in Southeast Asia, Indonesia, Philippines and
Thailand were included in the summary of Yoshida (1981).
The
values in these countries ranged from 0.9 to 3.9 ppm. Ismunadji
(1989) reported that 44 percent of irrigation water sampled in
Java contain less than 2 ppm S. Yoshida and Chaudry (1972) claim
that 2.7 ppm of S in irrigation water is sufficient to supply the
need of a rice crop with the assumption that a crop will require
100 cm of water until maturity.
In terms of S deposition through rainfall, Lefroy et.al. (1982)
reported that the amount ranging from 0.4 to 2.9 S m_ 2 a_ 1 is
being contributed by rain in some of the rice growing countries
in the region. Thus, in areas receiving relatively high rainfall
containing fairly good amount of S, deficiency of S is not likely
to be observed.
Mamaril and Momuat (1979) reported varying response to applied S
among rice cultivars. Table 4 shows the relative response of 15
rice cultivars that were evaluated in a S deficient field. The
S treated plots receive 80 kg S ha" . The results show that some
traditional and modern varieties are relatively more tolerant to
low sulphur in soils.
This character is not related to yield
potential as manifested by IR20 and IR24 which were one of the
highest yielders and yet only showed a response of 6 and 9
percent, respectively.
The role of water management and soil physical properties on the
availability of S to rice can not be ignored. Sulphur undergoes
transformation from available to unavailable form depending on
the redox potential of the soil which is in turn affected by soil
moisture regime. Xie and Mamaril (1993) reported that the
transformation of S0 4 -S to HI reducible S and C-bonded S was
43.4 and 38.0 higher, respectively, in continuously flooded
condition than at field capacity moisture regimes after 60 days
from the time the sulfur fertilizer was applied. Likewise, water
infiltration rate will also determine the amount of S that may be
retained at the root zone during the growing period. This may
explain the more frequent occurrence of
S deficiency in light
textured soils.
Several reports show marked response under field conditions were
obtained in different parts of the region. In South Sulawesi
Indonesia, Blair et.al. (1979a) reported that in 18 out of 28
sites, response to added S was as high as 278 percent with an
average grain yield response of 19 percent.
In two sites in
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et.al. (1990), out of 3.1 million ha of cultivated land covered
by the survey, 1.6 million ha contained less than 10 ppm of
calcium phosphate extractable S.
Based on ten lowland rice soils of the Philippines that were
fractionated to determine the different forms of S, 86 percent of
the total S was in the organic form, of which 54 percent was
carbon-bonded, 32 percent ester-SC>4 and only 4 percent was S04-S
(Gaddi and Mamaril, 89).
Sulphur and Plant Growth.
Sulphur is involved directly or
indirectly in many plant processes. Cysteine and methionine are
the most important S containing amino acids which are building
blocks of protein in plants. Likewise S is also a constituent of
Coenzyme A and the vitamins biotin and thiamine. Therefore, S
deficiency results in an inhibition in protein synthesis and
consequently the quality of the plant products. Moreover, non-S
containing amino acids, asparagine glutanine and arginine
accumulates in S deficient plant which leads to low levels of
sugar as a result of poor photosynthetic activity of chlorotic S
deficient plants.
Ismunadji and Miyake (1978) found that rice grown in a S
deficient soil in the greenhouse had a lower methionine content
in grain than that grown with sufficient S. On the other hand
Juliano et.al
(1987) determined, using
X-ray
florescence
spectrometry method, the cysteine plus methionine levels in
protein of brown rice produced in S deficient soils in
Bangladesh, Indonesia and the Philippines and reported that the
cysteine and methionine levels in protein of rice grown in the
control plots were normal and comparable to treated plots in the
field experiments in Bangladesh and Indonesia. Low cysteine plus
methionine levels in protein were observed in pot experiments in
brown rice with N:S ratios of 16 and 25. This suggest that S
animo acid levels in protein of rice is affected onlv when there
is excessive N uptake.
Sulphur-deficient rice plants in the field show general yellowing
of all leaves, stunted growth, reduced tillering, delayed
flowering and high percentage of unfilled grains.
Pronounced
elongation of roots is another symptom of S-deficient plants in
culture solution (Yoshida and Chaudhry, 1979). Except in extreme
deficiency, yellowing does not occur uniforml throughout the
field and is usually evident during the early stages of growth,
i.e., between 2 weeks after transplanting and maximum tillering
(Jones, et.al. 1982). At about maximum tillering, yellowing may
disappear and the plants tend to recover and become greener but
the number of tillers remain reduced.

Sulphur Uptake and Critical2 -Levels in Rice Plant.

Plants mainly absorb

S in the form of SO4
from the soil.
However, there is a
considerable amount of evidence to show that plants can also
utilize
atmospheric SO2 (Mengel and Kirby, 1987).
The
components of the S pool in the soil that supplies the rice plant
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using 0.01 M Ca(H 2 P0 4 ) 2
around 10 ppm.

extracting

solution

is

consistently

Variation in S response of rice even in apparently deficient
soils could be attributed to the other natural sources of S such
as rainfall, irrigation water and S0 2 content of the atmosphere.
Yoshida (1981) summarized reports on S content of rivers and
irrigation waters in different parts of the world which range
from 0.2 to 4.7 ppm S with a world average of 4.1 ppm S. Among
the countries in Southeast Asia, Indonesia, Philippines and
Thailand were included in the summary of Yoshida (1981).
The
values in these countries ranged from 0.9 to 3.9 ppm. Ismunadji
(1989) reported that 44 percent of irrigation water sampled in
Java contain less than 2 ppm S. Yoshida and Chaudry (1972) claim
that 2.7 ppm of S in irrigation water is sufficient to supply the
need of a rice crop with the assumption that a crop will require
100 cm of water until maturity.
In terms of S deposition through rainfall, Lefroy et.al. (1982)
reported that the amount ranging from 0.4 to 2.9 S m_ 2 a_ 1 is
being contributed by rain in some of the rice growing countries
in the region. Thus, in areas receiving relatively high rainfall
containing fairly good amount of S, deficiency of S is not likely
to be observed.
Mamaril and Momuat (1979) reported varying response to applied S
among rice cultivars. Table 4 shows the relative response of 15
rice cultivars that were evaluated in a s deficient field. The
S treated plots receive 80 kg S ha" 1 . The results show that some
traditional and modern varieties are relatively more tolerant to
low sulphur in soils.
This character is not related to yield
potential as manifested by IR20 and IR24 which were one of the
highest yielders and yet only showed a response of 6 and 9
percent, respectively.
The role of water management and soil physical properties on the
availability of S to rice can not be ignored. Sulphur undergoes
transformation from available to unavailable form depending on
the redox potential of the soil which is in turn affected by soil
moisture regime. Xie and Mamaril (1993) reported that the
transformation of S0 4 2 - -S to HI reducible S and C-bonded S was
43.4 and 38.0 higher, respectively, in continuously flooded
condition than at field capacity moisture regimes after 60 days
from the time the sulfur fertilizer was applied. Likewise, water
infiltration rate will also determine the amount of S that may be
retained at the root zone during the growing period. This may
explain the more frequent occurrence of
S deficiency in light
textured soils.
Several reports show marked response under field conditions were
obtained in different parts of the region. In South Sulawesi
Indonesia, Blair et.al. (1979a) reported that in 18 out of 28
sites, response to added S was as high as 278 percent with an
average grain yield response of 19 percent.
In two sites in
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Indonesia, under the sulphur network coordinated by FAO, an
average increase of 1.0 t ha
was obtained (FAO, 1989).
In a
recent study conducted in Central Java, Indonesia under a rainfed
lowland condition and on a sandy loam, application of 2 0 kg S
ha
from ammonium sulfate increased yield on the average of 0.55
t ha
over a 3-year period (Table 5) (Mamaril et.al. unpublished
data).
This yield increase was attained using ammonium sulfate
and applied during the early stage of the crop.
However,
response to S on the same field was only observed during the
second crop of rice which was transplanted under submerged
condition (Table 5 ) . The first crop of rice was direct seeded on
dry soil.
In two sites in the Philippines, response of rice to S were 0.55
and 2.60 t h a - 1 at the rate of 0 kg S ha
or and increase of 14
and 96 percent, respectively (Mamaril and Gonzales, 1988).

Sulphur Fertilizer Management in Flooded Rice.

As mentioned earlier,

the magnitude of sulphur response is also influenced by S
fertilizer management such as source, rate, time and method of
application.
Inasmuch as plants mainly absorb SO4 -S, materials containing
this form of sulphur should be equally effective.
Materials
containing other forms of S should likewise be effective as long
as prevailing soil conditions favors the transformation of the
sulphur into S0 4 2 - -S form especially during the early growth
stage of the rice plant. Several field studies have shown that
ammonium sulfate (AS) and gypsum (GS) were equally effective S
sources (Blair, et.al. 1979b; Mamaril and Gonzales, 1988; Mamaril
and Gonzales, 1989; FAO, 1989). The effectiveness of elemental S
(S°) and other materials containing S° when compared to S0 4 2 ~-s
containing materials was somewhat inconsistent.
Blair et.al.
(1979b), Mamaril and Gonzales (1988, 1989) have reported that S°
was equally effective as AS but S benonite, which contain S° ,
was ineffective. Moreover, when S° was applied 20 days before
rather than at transplanting, its effectiveness declined (Blair,
et.al. 1979b).
Elemental sulphur was likewise not as effective
as AS in an experiment conducted recently in Central Java,
Indonesia (Mamaril, et.al. unpublished data). Ammonium sulfate
yielded about 5.4 percent more than S° (Table 5 ) . On the other
hand, another S° containing material urea S (US) was observed to
be as effective, if not better, as AS both in the greenhouse
using 11 Philippine soils as well as in the field (Mamaril and
Gonzales, 1988).
In several reports reviewed, the rates of 20 to 30 kg S h a - 1 gave
the best yield
(FAO, 1989; Mamaril and Gonzales, 1988).
Considering that for every ton of grain yield, an average of 2.3
kg S ha
(see Table 2) is taken up by rice crop, and if the
average S derived from applied fertilizer is 17 percent and the
average percent utilization of fertilizer S is about 10 percent
(Cacnio and Mamaril, 1991; Xie and Mamaril, 1993), then the 20 kg
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S h a - 1 should be sufficient to meet the demand of a rice crop
yielding 5 tons of grain.
Inasmuch as S affects tillering of the rice crop, it is essential
that fertilizer S should be applied at early stage of growth and
before maximum tillering stage.
A study was conducted in the
Philippines where 3 different times of application on two rice
cultivars varying in maturity were evaluated (Mamaril et.al.
1991). Table 6 shows that for the early maturing IR66, applying
S° 30 days after transplanting (DT) did not produce any benefit.
However, when GS was applied even at 30 DT, marked S response was
obtained. For the medium late maturing cultivar, IR82229-2-2-22, applying either S° or GS as late as 30 DT, still gave a
response to S. For the latter variety, 30 DT is still between
active tillering to maximum tillering. In a similar experiment
carried out during the past three years, in Central Java,
Indonesia, using only one cultivar, IR64, an early maturing
cultivars (110 days) applying AS at 35 DT produced grain yield
the same as the zero S treatment (Mamaril, et.al. unpublished
data). Applying AS as late as 20 DT still produced higher yield
than the control (Table 7) .
Unlike N, S fertilizer should be applied on the surface in ordar
to obtain higher efficiency of fertilization. When SO4 -S is
applied at the reduced layer of a submerged paddy soil, it may be
reduced to sulfide and precipitated by heavy metals like Fe thus
making it less available to the rice plant. S applied at the
reduced soil layer could be volatilized as H2S. Likewise if S°
were incorporated or applied at the reduced zone, it will not be
readily oxidized and become available to the plant. Blair (1987)
showed that incorporation of fine powdered S° into flooded soil
was not as effective as surface application in increasing dry
matter yield and S uptake in the 5 rice varieties tested (Table
8) . In a similar study conducted in a rainfed rice system in
Ubon, Thailand, recovery of fertilizer S by the rice crop tended
to be greater from S° source than from the sulfate sources and
also greater from the broadcast on dry soil before flooding and
transplanting than from broadcast and incorporated into flooded
soil prior to transplanting (Friesen 1990). The results suggest
that S and N sources should not be combined and applied in the
same manner in flooded rice soils in order to obtain high
efficiency of utilization of both nutrients especially when the
soil is highly reduced.
In brief the above results suggest that S0 4 2 ~-S containing
materials are equally effective and that S° containing materials
could likewise be used when conditions favor the transformation
of the S° into S0 4 2 ~-S form. The rate of 20 kg S h a - 1 is
sufficient to support a rice crop with yield of about 5 t ha .
Sulphur fertilizers should be applied any time from just before
transplanting up to maximum tillering but preferably not later
than active tillering.
Higher S utilization efficiency can be
obtained if broadcast on the surface of flooded soil.
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Impact of Sulphur Research in Rice Production.

As a consequence of

the numerous S studies in Indonesia, the Government included in
its rice production package recommended
to farmers, the
application of a certain amount of AS to supply a portion of the
N required by the rice crop plus S.
Because of the awareness
that S deficiency could be a potential problem in rice
production, many rice growing countries in the region remain to
use some S-containing fertilizer such as a variety of complete
fertilizers as well as single super phosphate instead of shifting
totally to high analysis single fertilizer such as urea, triple
super phosphate (TSP) and muriate of potash (KC1).
Future Challenges.
Despite the numerous studies conducted on
sulfur in flooded rice soils such as the transformation and
behavior of S in soil, there are still some issues which require
investigations. Identifying areas where S deficiency may occur
or potentially deficient through relatively simple means such as
soil testing is important.
Improvement of commonly used soil
test methods to determine sulphur status should be undertaken.
Recently it has been reported that S extracted with 0.25 M KC1
heated at 40°C gave better correlation with yield than the
commonly used 0.01 M Ca(H2P0 4 ) 2 extractant (Blair, personal
communication). This method should be widely evaluated especially
in various rice ecologies.
In certain soils or environments, S response in rice is only
observed in one crop season rather than the entire year. This
phonemona should be investigated in order that appropriate
management package could be developed.
Because of increasing population pressure and decreasing land
area for agricultural production, many countries are encouraging
intensive and diversified farming.
Under such condition,
secondary upland crops are rotated with rice. It is important to
understand the dynamics of the essential nutrients in the soil
including S under such environment and production system in order
to develop soil fertility and fertilizer management strategies
appropriate for the different crops in rotation.
Interactions of S and other nutrients like Zn, K, and P should
receive more attention especially as these other nutrients are
being rapidly depleted under intensified cropping.
Several investigations have reported the S contribution of
natural sources such as rainfall and irrigation to the rice
environment. However, there is a limited information on how much
of the S from these sources are actually utilized by the crop.
This information is important in establishing S balance and in
determining the proper amount of S to apply.

342

Literature Cited.
Adiningsih, J. Sri, D. Santoso and M. Sudjadi. 1990. The status
of N, P, K and S of lowland rice soils in Java. In "Proc.
of a Seminar on Sulfur Fertilizer Policy for Lowland and
Upland Rice Cropping Systems in Indonesia". Blair, G.J. and
Rod Lefroy, Editors - ACIAR Proc. No. 29.
Aiyar, S.P. 1945. A chlorosis of paddy (Oryza sativa L.) due to
sulfate deficiency. Current Sci. (India) 14:1-11.
Blair, G.J., C.P. Mamaril, Pengerang Umar A, E.O. Momuat, and
Christine Momuat. 1979. Sulfur nutrition of rice. I.A
Survey of soils of South Sulawesi, Indonesia. Agron. J.
71:374-477.
Blair, G.J., E.O. Momuat and C.P. Mamaril. 1979b. Sulfur
nutrition of rice. II. Effect of source and rate of S on
growth and yield under flooded conditions. Agron. J.
71:477-480.
Blair, G.J. 1987. Nitrogen-sulfur interactions in rice.
Pp 195-203 in Efficiency of Nitrogen Fertilizer for Rice.
International Rice Research Institute, Los Banos,
Philippines.
Bohn, H.L., Barrow, N.J., Rajan, S.S.S. and Parfitt, R.L. 1986.
Reactions of inorganic sulfur in soils. In 'Sulfur in
Agriculture' (Ed. M.A. Jabatabai). pp 233-249. Agronomy
Series No. 27. ASA-CSSA-SSSA, Madison, WS, USA.
Cacnio, Victoria N. and C.P. Mamaril. 1990. Influence of preplanting moisture regime and two sulfur sources on growth,
yield and sulfur uptake of rice, The Nucleus 28:1-2.
Freney, J.R. 1986. Analytical methods for determining sulphur in
soils and plants. Proceedings of the International Symposium
on Sulphur in Agricultural Soils, pp 67-84. Eds. S. Portch
and S.G. Hussain, Bangladesh Agricultural Research Council,
Dhaka, Bangladesh and The Sulphur Institute, Washington
D.C., USA.
Food and Agriculture Organization (FAO). 1989. The Sulphur
Newsletter No. 4. Fertilizer and Plant Nutrition Service,
FAO, Rome.
Friesen, D.K. 1990. Agronomic effectiveness of alternative S
fertilizers - IFDC's experience. Pp. 107-114 in Proceedings
of a Seminar on Sulfur Fertilizer Policy for Lowland and
Upland Rice Cropping Systems in Indonesia, Ed. G.J. Blair
and R.D.B. Lefroy. ACIAR Proceedings No. 29, Australia.

343

Gaddi, V.Q. and C.P. Mamaril 1989. Soil sulphur fractions as
indices of plant available sulfur in selected wetland rice
soils in the Philippines. Paper presented during the 5th
Annual Meeting of the Federation of Crop Science Societies
of the Philippines, Apr. 16-29, 1989. Iloilo City.
IRRI. 1991. World Rice Statistics. 1990. International Rice
Research Institute, Los Banos, Philippines.
Ishizuka and Tanaka. 1960. Inorganic nutrition of rice plant.
IV. Effect of Ca, Mg and S levels in culture solutions on
yields and chemical composition of the plant (Abstract).
Soil Sci. Plant Nutri. 5(4):196.
Islam, M.M. and F.N. Ponnamperuma 1982. Soil and plant tests
for available sulfur in wetland rice soils. Plant and soil
68:97-113.
Ismunadji, M., I. Zulkarnaini and M. Miyake. 1975. Sulphur
deficiency in lowland rice in Java. Contr. Centr. Res. Inst.
Agric. Bogor No. 14.
Ismunadji, M., and M. Miyake. 1978. Sulphur application and
amino acid content of brown rice. JARQ 12(3):180-182.
Ismunadji, M. Sulfur research on rice in Indonesia. Pp 87-90
of the Proceedings of a Seminar on Sulfur Fertilizer Policy
for Lowland and Upland Rice Cropping Systems in Indonesia.
ACIAR Proceedings No. 29, Australia.
Jones, U.S., J.C. Katyal, C.P. Mamaril and C.S. Park. 1982.
Wetland rice-nutrient deficiencies other than nitrogen.
Pp 327-378 in Rice Research Strategies for the Future.
International Rice Research Institute, Los Banos,
Philippines.
Kanwar, J.S. and M.S. Muhudar. 1986. Fertilizer Sulfur and Food
Production. Martinus Nijhoff/Dr. W. Junk. Publishers,
Dordrecht, The Netherlands.
Kurmarohita, K. 1973. The distribution, nature and availability
of sulfur in soils of Thailand. Ph.D. Thesis, University of
Illinois, U.S.A.
Lefroy, R.D.B., C.P. Mamaril, G.J. Blair and Phoebe B. Gonzales.
1992. Sulphur cycling in rice wetlands. Pp 179-3 00 in
Sulphur Cycling on The Continents: Wetlands, Terrestrial
Ecosystems and Associated water Bodies. Ed. R.W. Howarth,
J.W.B. Stewart and M.V. Ivanov. SCOPE 48, John Wiley & Sons
Ltd., England.

344

Mamaril, C.P. and E.0. Momuat. 1979. Sulfur deficiency in wetland
rice soils of South Sulawesi, Indonesia. Paper presented
during the Int'1 Rice Res. Conference held on 16-20 April,
1979. IRRI, Los Banos, Philippines.
Mamaril, C.P. and Phoebe B. Gonzales 1988. Response of lowland
rice to S in the Philippines. Pp 72-76 in the Proceedings
ofthe International Symposium on Sulphur for Korean
Agriculture. Korean Society of Soil Science and Fertilizer,
Seoul, Korea and The Sulphur Institute, Washington D.C.,
U.S.A.
Mamaril, C.P. and Phoebe B. Gonzales. 1989. Agronomic
effectiveness of S sources for lowland rice. Pp 115-119 in
Proceedings of a Seminar on Sulfur Fertilizer Policy for
Lowland and Upland Rice Cropping Systems in Indonesia.
Ed. G.J. Blair and R.D.B. Lefroy. ACIAR Proceedings No. 29,
Australia.
Mamaril, C.P., Phoebe B. Gonzales and Victoria N. Cacnio. 1991.
Sulfur management in lowland rice. Paper presented during
the International Symposium on the Role of Sulphur,
Magnesium and Micronutrients in Balanced Plant Nutrition
held at Chengdu, Sichuan, PROC on April 3-10, 1991.
Mengel, K and E.A. Kirkby. 1987. Principles of Plant Nutrition.
4th Edition. International Potash Institute, Bern,
Switzerland.
Morris, R.J. 1987. The importance and need for sulphur in crop
production in Asia and the Pacific Region. Pp 4-11 in
Proceedings of the Symposium on Fertilizer Sulphur
Requirements and Source in Developing Countries of Asia
and the Pacific. FADINAP, FAO, TSI and ACIAR.
Morris, R.J. 1988. Sulphur - the fourth major plant nutrient.
Pp 9-16 in the Proceedings of the International Symposium
on Sulphur for Korean Agriculture. Korean Society of Soil
Science, Seoul, Korea and The Sulphur Institute, Washington,
D.C., U.S.A.
Osiname, O.A. and B.T. Kang. 1975. Response of rice to sulfur
application under upland conditions. Commun. Soil Sci.
Plant Anal. 6:585-598.
Parkpian, P., W. Cholitkul and S. Chaiwanakupt. 1991. Sulphur
in the agriculture of Thailand Sulphur Agric. 15:28-33.
Reyes, I.C., R.R. Villapando, R.T. Rosales, P.B. Gonzales, and
C.P. Mamaril. 1985. Sulfur studies in some Philippine
wetland rice soils. IRRI Saturday Seminar Paper. August 1,
1985. IRRI, Los Banos, Philippines.

345

Sen, A.T. 1938. Further experiments on the occurrence of
depressed yellow patch of paddy in the Mandalay farm; Burma
Department of Agriculture Report 1937-1938.
Suzuki, A. 1977. Influence of sulphur nutrition in some aspects
of amino acid metabolism and diagnosis of sulfur deficiency
of crop plants. Bull. Natl. Inst. Agric. Sci. 1329:49-106.
Tabatabai, M.A. 1982. Sulfur. In 'Methods of Soil Analysis,
part 2. Chemical and Microbiological Properties'. Edited
by A.L. Page, R.H. Miller and D.R. Keeney. Pp 501-538.
Agronomy Series No. 9, ASA-SSSA, Madison, WS, USA.
Tandon, H.L.S. 1989. Secondary and micronutrient recommendation
for soil and crops - A Guidebook, FDCO, New Delhi, India.
Wang-Keun Oh. 1988. Plant response to sulphur application.
Pp 118-13 0 in Proceedings of the International Symposium
on Sulphur for Korean Agriculture. Korean Society of Soil
Science and Fertilizer, Seoul, Korea and The Sulphur
Institute, Washington, D.C., U.S.A.
Williams, C.H. 1975. The chemical nature of sulphur compounds
in soils. In 'Sulphur in Australasian Agriculture'
pp 31-39. Ed. K.D. McLacklan. Sydney Univ. Press.
Sydney, NSW, Australia.
World Resources Institute. 1990. The World Resources 1990-91:
A guide to the global environment. Oxford University Press,
New York.
Xie, Liangshang and C.P. Mamaril. 1993. Transformation of
labelled ammonium sulfate and elemental sulphur in lowland
rice soils. Scientia Agric. Sinica (in press), Chinese
Academy of Agric. Sciences, Beijing, China.
Yoshida, S. and M.R. Chaudhry. 1972. Sulfur Nutrition of Rice.
IRRI Saturday Seminar (March 1 ) .
Yoshida, S. and M.R. Chaudhry. 1979. Sulfur nutrition of rice.
Soil sci. Plant Nutr. 25(1):121-134.
Yoshida, S. 1981. Fundamentals of rice crop science,
International Rice Research Institute, Los Banos,
Philippines.

346

Table 1. Range of sulphur content of some Southeast Asian rice soils.
Country

No. of
sites

Indonesia
Philippines

Thailand

Total S
Available S
ppm

9

1 0 - 63

4 4 - 149

142
10
3
30

nil -705
8-99
1 - 16
2-150

21 -1274
1 0 7 - 432
81 - 310
1 6 7 - 626

*

1 0 - 49
3-41

5 7 - 302
24 - 281

3

References
Ismunadji, 1990
Reyes, et.al., 1985
Gaddi and Mamaril, 1989
Xieand Mamaril, 1993
Islam and Ponnamperuma,
1982
Kurmarohita, 1973
Parkpian, et.al., 1991

* Samples were taken from 6 regions of Thailand
Table 2. Total sulphur uptake by the rice plant
Country

Yield Total S uptake
tha"1
tha-1

S remmoved
per ton yield

References

Brazil

4.0

9.0

2.25

Kanwar and Muduhar (1986)

Philippines'

8.7

14.7

1.69

Yoshida(1981)

Philippines b

6.1

16.8

2.75

Yoshida(1981)

Korea

6.0

10.0

1.67

Wang-KeunOh(1988)

Indonesiac

4.9

11.5

2.34

Mamaril, et.al. (unpublised
data)

Indonesia d

3.1

7.8

2.52

Mamaril, et.al. (unpublised
data)

India

3.0

9.0

3.00

Tandon(1989)

Average

5.1

11.3

2.32

'Variety IR8
Variety Peta

b

c
d

Directed seeded IR64 on dry soil, average of 3 seasons
Transplanted on minimum tilled wetland, average of 3 seasons
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Table 3. Critical levels of S in the rice plant
Critical level
(% total S)

Plant part

Grwoth
stage

Straw
Straw
Straw
Straw
Leaves and culms
Leaves and culms
Leave blades
Straw
Shoot
Straw
Grain

Tillering
Flowering
Harvest
Maturity
Tillering
Maturity
Flowering
Maturity
Tillering (8WT)
Harvest
Harvest

* Dryland rice

0.16
0.07
0.06
0.068
0.10
0.05
0.15"
0.10"
0.11
0.055
0.065

References
Yoshida and Chaudry (1979)
Yoshida and Chaudry (1979)
Yoshida and Chaudry (1979)
Ishizuka and Tanaka (1960)
Suzuki (1977)
Suzuki (1977)
Osiname and Kang (1975)
Osiname and Kang (1975)
Islam and Ponnamperuma (1982)
Islam and Ponnamperuma (1982)
Islam and Ponnamperuma (1982)

WT = weeks after transplanting

Table 4. Varietal differences in response to applied sulfur in low sulfur wetland
rice soil of South Sulawesi, Indonesia (Mamaril and Momuat, 1979)
Origin
Varietal/lines
Grain Yield, gm/hill v

+S
1 . Starbonnet Ace. 26178
2 . Norin 37 Ace. 2556
3 . Banda*
4 .IR30
5 .IR28
6 . Mudgo
7 .B462c-Pn-1-3
8 .C4-63
9 . Remaja y
10. IR34
11. Pulu Balong 3/
12. IR20
13. IR2307-233-3
14. Ase lelleng v
15. IR2755-E 4 -5-12-2

U.S
U.S
Indonesia
IRRI
IRRI
India
Indonesia
Philippines
Indonesia
IRRI
Indonesia
IRRI
IRRI
Indonesia
IRRI

61.7
52.6
79.8
73.7
60.8
53.6
66.0
67.4
57.5
74.2
36.1
75.7
62.1
50.4
56.2

-S
17.2
17.7
33.4
40.6
34.5
32.2
41.5
54.0
52.6
67.9
33.8
71.1
61.1
50.9
58.2

Relative response2'
359
297
239
182
176
166
159
125
109
109
107
106
102
99
96

Average of 16 hills
Note: S response of rice in an experiment
Relative response = + S / - S x 100
immediately adjacent was 130 percent
Traditional varieties
yield increase when 80 kg S ha - 1 was
applied, var. IR30.
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Table 5. Average response of direct seeded and transplanted rice to two sulphur
sources and two rates under rainfed lowland condition over a 3-year
period at Jakenan, C. Java, Indonesia.
Treatment
S source

S-rate
kg ha - 1

Control

Direct seeded
Grain yield
| Straw yield
tha-1

Transplanted
Grain yield | Straw yield
tha-1

5.12 '

7.30 *

2.75 "

3.87 "

AS

20
40

4.67 '
4.74 "

6.84 '
7.04 '

3.30 '
3.36 '

4.74 '
4.82 '

S°

20
40

5.13'
5.00 '

7.18'
6.75 '

3.19 *
3.14 '"

4.51 ""
4.42 *

Table 6. Effect of time of S application on the grain yield of 2 rice cultivars of
varying maturity. 1988 DS Batangas, Philippines (Mamaril, et.al., 1991)
Time of application
Grain yield, t h a - 1
Elemental S
Gypsum
IR66
Control
Bl at transplanting
TDat15DT
TD at 30 DT

7.5 "c
8.3'
3.6 d

3.6"
7.3°
8.0'"
7.8 "bc

IR8222-9-2-2-2-2
Control
Bl at transplanting
TDat15DT
TD at 30 DT

4.8"
7.2'
6.8'
6.8'

7.1 '
6.9'
7.0'

Treatment means within cultivar having a common letter are not significantly
different at 5% level by DMRT.
Bl = broadcast and incorporated
TD = topdressed
DT = days after transplanting
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Table 7. Effects of S sources at the rate of 20 kg S ha J and time of application on
the grain yield of IR64 as second crop in Jakenan, C. Java, Indonesia,
DS 1990/1991.
Time of application

Grain yield, t ha '
Ammonium sulfate

Elemental S

2.75 de

Control
5 DT

3.21 c

3.35 be

TD at 20 DT

3.75 a

2.95 cde

TD at 35 DT

2.64 e

3.12 ^

TD at

Treatment means having a common letter are not significantly different
at 5% level by DMRT
TD = topdressed
DT = days after transplanting

Table 8. Yield of rice fertilized with elemental S applied to the surface or mixed
with the soil at a rate of 20 kg ha - 1 (S. Samosir unpublished data cited
by Blair, 1987)
Variety

Yield (g/pot)
Surface applied

IR20
IR2755
B4-62
IR26
Mudgo

6.80
5.33
7.95
6.40
11.29

Mixed
2.85
3.79
4.50
2.41
7.18
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The Development of the KC1-40 Sulfur Soil Test
Graeme J. Blair*, Rod D.B. Lefroy, Nathana Chinoim and Geoffrey C.
Anderson. Department of Agronomy and Soil Science, University of New England,
Armidale, N.S.W. 2351, Australia.
Abstract. Sulfur exists in the soil in a number of inorganic and organic forms some of which are
directly available to plants, but others require transformation to plant available forms. These pools
of sulfur vary within soils, over time, and between soils, in terms of their size, immediate
availability and longer term availability for plant growth. It appears that soil sulfur tests have met
with limited success since the extractants do not access the different pools of sulfur in the same
proportions as plants.
Eight techniques for extracting soils sulfur were evaluated in 18 pasture soils by comparing the
relationship between the S test value and the relative response of pasture to applied S. Extraction
in 0.25M KC1 at 40°C (KC1-40) was found to correlate well with pasture response (r2 = 0.73) and
result in a significant improvement over the more widely used extraction with mono calcium
phosphate (r2 = 0.47). Comparison of these two extractants in a further 30 pasture soils confirmed
the superiority of the KC1-40 test.
Extraction of soil S from a pot trial in which rice was grown, under non-flooded conditions, with
an application of 35S labelled gypsum showed that the specific activity of the KC1-40 extract was
closest to the specific activity of the plant, compared to 5 other soil S extractants. This indicates
the plant and the KC1-40 test were accessing S from the same, or very similar, soil S pools. These
results were confirmed with ryegrass grown in 35S labelled soil. The KC1-40 S tests extracts S
from the soil solution, the adsorbed sulfate pool and a readily available portion of the organic S
pool in approximately the same proportions as the plant.
Introduction. Soil S and S dynamics. Sulfur (S) occurs in soils in both organic and inorganic
forms but the proportion of organic to inorganic S may vary widely according to the soil type pH,
drainage status, organic matter content, mineralogical composition and depth in the profile (54,
24).
The C:N:S ratio of soils varies widely from 147:10:1.4 for soils from Northern Scotland,
121:10:1.17 and 155:10:1.4 for pasture and podzolic soils of Australia, 130:10:1.3 for grassland
soils of New Zealand, 114:10:1.5 and 145:10:1.01 for Minnesota and Oregon soils. There is a
closer correlation between total N and organic S in soils than between organic C and organic S
(48, 6, 40). This close N:S ratio suggests similarities in the cycling of N and S within the soilplant system (7).
In most surface soils, inorganic sulfur accounts for only a small fraction of the total S (15). In
general, tropical soils have lower levels of sulfate in the soil solution compared to temperate soils
(8) and the subsurface layers usually contain more sulfate and are capable of adsorbing more than
the surface layers (21). Sulfate may occur in soils as water soluble salts, adsorbed to soil colloids
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or as insoluble forms (e.g. CaS0 4 ; Fe and Al-sulfate) (54). The concentration of sulfate in the soil
has been observed to vary throughout the year (3, 28).
Considerable fluctuation in the concentration of water-soluble sulfate in surface soils is observed
due to the effect of seasonal conditions on mineralisation of organic S, leaching of soluble sulfate
and sulfate uptake by plants (47). Tabatabai (47) also reported that the application of fertilisers
and the sulfate content of rain and irrigation waters may affect the concentration of water-soluble
sulfate in soils. The amount of S accessible to plants is determined by the soil soluble sulfate
concentration, and the supply of S to this pool from either organic matter via the microbial pool or
directly from fertiliser, animal residues, or atmospheric inputs (9).
Sulfate is adsorbed by hydrous oxides of Fe and Al and by the edges of aluminosilicate clay
particles (18, 31) and soils vary widely in their capacity to adsorb sulfate. In some soils, sulfate
adsorption plays an important part in the retention of sulfate against leaching, but others possess
no or little sulfate adsorption capacity. Bloom (13) found that sulfate was also adsorbed onto
organic matter, probably onto (Al, Fe) - humus complexes.
Organic sulfur accounts for >95% of the total S in the most soils from humid and semi-humid
regions (47, 24). Factors that affect the organic matter content of soil also influences the amount
of both total and organic S in these soils (46). Freney et al. (27) reported that amino acid sulfur
accounted for 21 and 30% of the total organic sulfur in two podzolic soils in Australian, and
approximately 60% of the amino acid sulfate was cystine sulfur. Scott et al. (44) found that the S
containing amino acids accounted for 11 to 15% of the total S in several Scottish soils.
Characterisation of the soil organic sulfur pools has been achieved by the use of chemical
extraction techniques. Freney (24) used a sequential process to characterise the organic sulfur
complexes in soils and a grouping of organic sulfur compounds based on the reactivity of organic
sulfur with certain reducing agents has been made (54,47, 25), These are:
a) Organic sulfur that is reduced to hydrogen sulfide (H2S) by hydriodic acid. This sulfur is not
bonded directly to carbon and is believed to be largely in the form of ester sulfate (e.g.
phenolic sulfate).
b) Organic sulfur that is reduced to inorganic sulfide by Raney nickel and that seems to consist
almost entirely of amino acid sulfur (e.g. cysteine and methionine).
c) Organic sulfur that is not reduced by either hydriodic acid or Raney nickel. This fraction is
assumed to consist of sulfur bonded directly to carbon, but not recoverable by current
methods used for estimation of carbon bonded sulfur.
Sulfur transformations in soils. The transformation of sulfur in soils results both from microbial
activity (26, 46) and chemical processes (14). Mineralisation and immobilisation occur
simultaneously in soils wherever organic debris is undergoing microbiological decomposition (38,
39). Saggar et al. (43) found that inorganic sulfate was mostly immobilised into the fulvic acid
fraction after 64 day incubation, and that the transformation of immobilised sulfur into the more
resistant humic acids and humin fractions occurred in long term incubation studies. Freney (23)
suggested that ester sulfates readily became available to plants and Shedley (45) obtained direct
evidence of this from 35S studies.
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The oxidation process is of considerable importance, because the ultimate source of S in soil is
sulfate, and many S fertilisers are based on the reduced form of S. In general, elemental sulfur,
sulfide and several other inorganic S compounds can be oxidised slowly in soils by a purely
chemical process (53), whilst microbiological oxidation by various groups of photosynthetic,
autotrophic and heterotrophic bacteria, fungi and actinomycete is much more rapid under
favourable conditions (5).
Soil testing for S status. The S cycle in soil includes different sized pools, with different flow
rates between the pools (49), as discussed earlier. Determination of the S needs by soil testing is
complicated by the various forms by which S is held in the soil (8).
Soil testing to determine S status has met with variable success (8, 33, 11) and the results are often
inconsistent (36). Numerous methods of soil sulfur testing have been reported by many
investigators and there is no general agreement as to which estimate best defines a soil's sulfur
supply (41, 51). These analytical methods for soil sulfur testing have been reviewed by Freney
(24), Blanchar (12) and Anderson et al. (2).
The poor performance of soil S testing is related to the inability of the extractants to estimate
organic sulfur forms that can be mineralised, and hence they underestimate the soil sulfate
supplying capacity. On the other hand some extractants may extract more organic S than that
which may become available to the plant, and hence they overestimate the size of the available S
pool.
It was hypothesised that the ideal soil S test can measure the sulfate in solution, estimate the
adsorbed sulfate which is available for plant uptake and also estimate that portion of the actively
turning over organic sulfur component in the soil that will become available to the plant. Gianello
and Bremner (29, 30) used a heated KC1 extract to determine available N in soils and because of
the general similarities between N and S mineralization this appeared an appropriate method to
evaluate S.
Material and Methods. Field calibration and verification studies. Soil samples (0-7.5 cm) and
yield data were obtained from 18 field based pasture experiments in northern New South Wales,
Australia. The sites had a broad range of parent materials and fertiliser histories, ranging from no
fertiliser in the three years prior to experimentation up to 157 kg S ha-1 over a 10 year period (10).
The samples were air dried in a glasshouse and ground to pass a 2 mm sieve. They were stored in
a dry condition for up to two years prior to their use. Soil samples from an additional 30 pasture
trials throughout southern Australia (some 0-7.5 cm and some 0.-10 cm) were used in a
verification study.
Soil S was measured by the following extraction techniques:
i) measurement of sulfur in soil solution by extraction with water (1:5, w:v) (22).
ii) measurement of sulfur in soil solution plus adsorbed sulfur by 0.01 M Ca(H2P04)2 (1:5, w:v)
(4).
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iii) measurement of sulfur in soil solution, adsorbed sulfur and a portion of organic sulfur by
either heated 0.25 M KCl (modified, 29) or 0.5 M NaHC0 3 (34).
For the heated KCl extracts, 3 g of soil were weighed into glass screw top vials and 20 mL of
0.25M KCl added compared to 2M KCl in Gianello and Bremner (29, 30). The vial was tightly
capped and heated in an oven at temperatures of either 100, 80, 40 or 25°C for 3 hours instead of
4 hours by Gianello and Bremner (29, 30). Reducing the concentration to 0.25M KCl and time to
3 hours was found, in a preliminary experiment, to be more appropriate. An additional treatment,
where the soil was shaken at 25°C for 16 hours was also included. The extracts were filtered and
5 analysed by ICP-AES.
All extractants were used in the calibration study but only the methods which used Ca (H2 P0 4 ) 2
(MCP) and KCl at 40°C (KC1-40) were used in the verification study.
Glasshouse studies. In the first experiment soil samples were collected from a study in which 35S
labelled sources and different fertiliser placement S were compared over two consecutive rice
crops grown in the same pot under flooded or non-flooded conditions (17). The soil used was an
Aquic Haplustalf which was responsive to S and data from the 35S labelled gypsum fertilised, nonflooded soil are presented here.
Soil samples were first extracted by the same techniques listed above and the extracts analysed for
S by ICP-AES, and for 35 S, by liquid scintillation counting. The concentration of HI reducible S
(HI-S) present in the original soil and that remaining in the soil after chemical extraction was
determined by the method of Dean (20). The % of HI reducible S removed by the different
extractants was determined as: [(HI-S before extraction - HI-S after extraction)/HI-S before
extraction] x 100.
In the second glasshouse experiment the same soil was used and radish, corn and ryegrass grown.
The soil was extracted with a range of extractants (19) but only the data for the KC1-40 and MCP
extracts are presented here. S in the extracts was divided into the S originally present as sulfate in
the extract, organic S in the soil that was mineralized during extraction, soluble organic S in the
extract and the amount of HI reducible S that was removed by the extract (19). The S
concentration and specific activity in each of these fractions was determined.
When a labelled sulfate fertiliser is added to a soil the 35S enters the inorganic and organic S pools.
There is initially a rapid increase in the specific activity (SA • ratio of labelled to unlabelled S) of
the soil solution, which declines over time as the labelled sulfate enters a number of pools, as
unlabelled sulfate is released from these pools and as sulfate is taken up by the plant. Similarly,
the SA in the plant increases and then decreases as the SA of the soil pool decreases. When the
SA of the plant is initially high, only a small amount of S and dry matter has accumulated. The
SA of the plant declines as more S and dry matter accumulate.
The ratio of the SA of the plant at harvest to SA of the extracted soil pools, termed the specific
activity ratio (SAR = SA of the plant / SA of the soil extract) gives an indication as to whether the
plant has been using sulfur from the same pool/s as removed by the extractant. An SAR value of 1
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indicates that the soil S pool extracted by the plant and that removed by the extractant is similar or
the extractant and the plant are drawing sulfur from the same soil pool/s.
Results. Field calibration study. In the 18 pasture soils, the mean concentration of S in the
various extractants increased in the order: KC1-25°C < MCP = KC1-40 = KC1-16 hr < H 2 0 <
KC1-80°C < KC1-100°C < NaHC03. As the extraction temperature with KC1 was increased from
25°C to 100°C the amount of S extracted significantly increased from a mean of 5.4 |Xg S g"1 soil
to 15.6 ug S g"1 soil. The highest coefficient of determination (r2) was 0.73 for the relationship
between % maximum dry matter yield from the 18 pasture soils and the soil test value for the
different methods was in the KC1-40 extract (Table 1). Increasing the temperature of the KC1
extractant to 100°C resulted in a decrease in the r2 value to 0.51. A r2 value of only 0.47 was
recorded for the MCP extract and the relationship was not significant with water or KC1-25°C. It
was not possible to fit a Mitscherlich curve to the NaHC03 data, so a linear relationship with a
very low r2 (0.04) was fitted (Table 1).
Verification study. The soil sulfur test values and relative yield data from a further 30 pasture
trials are presented, along with the original data, in Figure 1. The relationship between %
maximum yield and KC1-40 extractable S did not change significantly, but the relationship with
the MCP extractable S was altered. A higher correlation between soil S test level and %
maximum yield was found with the KC1-40 test than the MCP test. The r2 of the verification
study was less than in the calibration study in both the KC1-40 and MCP methods (Table 2). The
data from these sites also changed the soil S test value at 90% maximum yield from 6.5 to 6.4 ^g
S g"1 for the KC1-40 method and from 7.1 to 7.8 Hg S g"1 for the MCP method (Table 2).
Table 1. Coefficient of determination (r2) for the relationship between extractable sulfur and %
of maximum yield and the critical soil test values for different S soil tests on 18 pasture
soils from northern New South Wales.
Sulfur extraction method

Coefficient of
determination1

Water
0.01MCa(H,PO„),(MCP)
0.25M KC1 heated at 100°C
0.25M KC1 heated at 80°C
0.25M KC1 heated at 40°C
0.25M KC1 heated at 25°C
0.25M KC1 shaking for 16 h at 25°C
0.5M NaHCO,

0.45
0.47*
0.51*
0.54*
0.73*:
0.30
0.48
0.043

'* P < 0.05 and ** P < 0.01, with n = 18.
Soil S test level atY = 90% maximum yield.
3
Linear regression.

2
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Critical level2
8.4
7.1
19.1
12.4
6.5
6.6
6.7

KCH40

MCP

120
100 80
w

>

60
40
20

Original SIIDS r' -

5

10

15

20

Original Sites r ! - 0.47

0.73

25 0

1

Extractable S (|±g g~ soil)

Figure 1.

5

10

15

20

25

Extractable S (ng g~' soil)

The relationship between % maximum dry matter yield and S extracted by the
KCl-40 and MCP methods the 18 original and for 30 new pasture sites.

Table 2. Coefficient of determination (r2) for the relationship between S extracted by the KCl-40
and MCP methods and % maximum yield and the critical soil test value (soil S test
value at 90 % maximum yield) from the calibration (18 pasture soils) and verification
(30 pasture soils) studies.

Extractant
MCP
KCl-40

Coefficient of determination (r2)

Critical soil test value (Hg S g"1)

Calibration
0.47
0.73

Calibration

Verification

7.1
6.5

7.8
6.4

Verification
0.30
0.40

Glasshouse studies. In the first experiment the lowest concentration of extractable S was found in
the H 2 0 and MCP extracts, whilst the NaHC03 extractant had the highest concentration of S
(Table 3). As the temperature of extraction with KCl was reduced from 100°C to 40°C, the
concentration of S in the extract decreased.
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Table 3. Extractable S (u\g S g"1 soil), % of S removed from the HI fraction and specific activity
ratio (SAR) for a range of soil extractants.
Extractant

Extractable S
(u.g S g"1 soil)

% of S removed
from HI-S pool

SAR

H20

3.3 eA

6.0 c

1.21c

MCP

2.9 f

5.9 c

1.14d

KC1-40

3.6 d

5.9 c

1.07 e

KC1-80

6.3 c

11.5 c

1.23 c

KC1-100

18.8 b

32.6 b

2.12 b

NaHC0 3

24.8 a

38.8 a

3.66.

A

Numbers within a column followed by the same letter are not significantly different according to
DMRT.
Extraction with NaHC0 3 and KC1 100°C removed a significant amount of the HI-reducible S
fraction. This amount declined as the extraction temperature was reduced to 40°C. The amount of
S removed from the HI-reducible S did not significantly differ between the water, KC1-40 and
MCP methods.
The lowest SAR value was recorded in the KC1-40 treatment and this was close to 1.00. The SAR
with the water extract was not significantly different from the KC1-80 treatment, and higher than
MCP. The highest SAR value was found in the NaHC0 3 treatment followed by the KC1-100.
In the second experiment there was a significantly higher concentration of S in all these
components of the extract and a greater amount of HI-reducible S removed by KC1-40 than by the
MCP (Figure 2).
Discussion. Comparison of extractants. Increasing of the temperature of the KC1 extraction from
25°C to 100°C resulted in a higher amount of extracted S. Williams and Steinbergs (55)
suggested the use of "heat soluble sulfur" and indicated that heat is the main factor leading to the
release of additional sulfur.
This study found a poor correlation between MCP or water extractable S and pasture response to
S. Similar or poorer correlations between MCP extractable S and pasture response have been
found in several field studies: Rayment (42) (r2 = 0.47), Vaughn et al. (52) (r2 = 0.40), Hoeft et al.
(32) (r 2 = 0.32) and Jones et al. (1983, cited in 33) (r 2 = 0.11).
In this study the total amount of S removed by the various extractants was measured by ICP-AES,
except in the NaHC0 3 which underwent digestion to oxidise extracted organic S prior to
turbidimetric determination. On the basis of previous studies, ICP-AES analysis would include
soluble organic S (37, 16). This was confirmed by the fractionation procedure used in the second
glasshouse experiment.
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Figure 2.

Components of S extractants by the MCP and KCl-40 methods.

Anderson (pers. comm.) adapted the KCl-40 method to oxidize the organic S in the extract to
sulfate so it could be determined turbidimetrically. This involved transferring 5 mL of the KCl-40
solution to a 50mL Schott bottle, adding 1 mL of 30% hydrogen peroxide and allowing
predigestion for 2 hours at room temperature. The bottles were then placed in an oven at 80°C for
16 hours (overnight), removed from the oven, allowed to cool and analysed for sulfate using the
BaS04 turbidimetric method of Till et al. (50). The relationship between autoanalyzer S (Y) and
ICP S (X) was Y = 1.03X with r2 = 0.98 and n = 40, over a range of 2 to 25 ug S g"1 soil.
Source of S removed by extractants and plants. The pot study, in which 35S was used to trace S
dynamics, revealed that the KCI-100 and NaHC03 extractants, removed a considerable amount of
HI-reducible S from the soil (Table 3). The high amount of S extracted by the KCI-100 and
NaHCOj methods was related to the amount of S removed from the HI-reducible S pool by these
extractants.
The data on specific activity ratio (SAR) showed that the SAR of the KCl-40 extract was close to
1.00 (Table 3). This means that the KCl-40 extract had the closest specific activity to that of the
plants, which indicates that the KCl-40 extract and the plants were drawing S from similar pools.
The KCl-40 extract removed S from the soil solution and portions of the adsorbed sulfate and
HI-reducible S (Figure 3). The HI-reducible S is believed to be composed mainly of ester sulfates
(24, 25) which are rapidly turning over in the soil system (11). The other extractants had higher
SAR (greater than 1.00) indicating that these extractants are removing S from soil pools not taken
up by the plant.
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Representation of the soil S pools as accessed by the plant and chemical extractants.

The poor correlation with pasture response in the KC1-100 and NaHCO, methods in the calibration
study (Table 1) suggests that these extractants correlate poorly with plant response to S because
they over-estimate the contribution of S from this labile S pool. This is supported by the SAR
data. Similarly, Anderson (1) found that the KCI-100 and NaHC03 methods tended to
overestimate the size of the available S pool with only 6 to 55% of the extracted S being take up
by pasture. In a previous study, Probert (41) reported that NaHC03 removed some soil S that was
not available to plants.
Conclusion. In the calibration and verification studies, the KCI-40 method was found to correlate
well with pasture response. The use of 35S in these studies has allowed quantification of the S
pools removed by the extractants and those accessed by the plants. The SAR concept used here is
recommended for studies with other nutrients, particularly N and P. In other studies the KCI-40 S
soil test has been found to correlate well with S response in canola in Eastern Australia and there
is a close correlation between nitrate extracted by water and by the KCI-40 extract which indicates
its potential use as a combined N and S extractant. Because of the poor desorption capability of
CI- in the extractant it has not proved useful to determine soil P status.
KCI-40 soil S test also correlates well with S response in canola (35). To obtain a more predictive
soil S test for annual crops it may be necessary to increase the depth of sampling, especially on
light textured soils. On these soils, with low S sorption capacity, the intensity and frequency of
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drainage is a major factor governing sulfate movement (28) and thus the efficacy of the soil test.
Losses of sulfate could be relatively high and yet these losses not allowed for in the soil S test.
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Ecological Aspects of Plant Sulphur Supply
Schnug, E., and Haneklaus, S. Institute of Plant Nutrition and Soil ScienceFederal Agricultural Research Centre (FAL) - Bundesallee
50-D-38116
Braunschweig-Germany.

Introduction. During the 80's the sulphur inputs to European soils has been reduced
dramatically. The reasons for this are widespread: desulphurization of fumes from natural
fuels, changes in fertilizer practices and last but not least the break down of major
emission capacities in the former east (1). The actual amount of sulphur inputs is down to
the level seen before the beginning of the industrial revolution in central Europe (Fig.1).
Fig. 1: Sulphur supply by atmospheric depositions
and fertilizers and average sulphur uptake by winter
oilseed rape (R) and winter wheat (W) in German
agriculture (1).
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Since 1980, the average uptake of oilseed rape crops, and since 1990 the average uptake
of wheat crops are not longer covered by atmospheric sulphur depositions. (Fig. 1).
During the same time sulphur concentrations in the plants were declining continuously
(Fig. 2).
SOj-S t m i n i o n i in the FRG

Fig. 2: Sulphur concentrations in younger, fully
differentiated leaves of the upper third of shooting
oilseed rape plants in northern Germany, sulphur
inputs to agricultural soils and sulphur emissions in
Germany (total number of entries = 4273 )(1).
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As a consequence symptoms of severe sulphur deficiency in oilseed rape and wheat are
now the most widespread symptom of any nutrient deficiency in field grown crops in the
northern areas of Europe (1,2) and yield response to sulphur fertilisation are becoming
quite common. In the beginning of the 80's only less than a quarter of oilseed rape fields
in northern Germany were estimated to response to sulphur fertilisation (Fig. 3; range of
"hidden' deficiency) and in no case the supply was down to severe deficiency. Towards
the end of the decade there were only a few crops in northern Europe left which were
sufficiently supplied for maximum yields, and at least one third of the fields were due to
show symptoms of sulphur deficiency (Fig. 3; range of 'severe deficiency')- In the
beginning of the 90's the supply dropped down rapidly and there is now virtually no
unfertilised oilseed rape crop without deficiency symptoms left. The reason for this
dramatically change is addressed to the closing down of many industrial facilities in the
east after the German reunification in November 1989. The sulphur dioxide emission per
person in the former German Democratic Republic (GDR) was 16 times higher than in the
Federal Republic and the GDR 'exported' nearly the same amount of sulphur dioxide to
West Germany than Great Britain, France and the Benelux all together.
Fig. 3: Relative frequency of total sulphur
concentrations
in
younger,
fully
differentiated leaves of the upper third of
shooting oilseed rape plants in northern
Germany and northern England during
1980-1991 (total number of entries
3997)(1).
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Having in mind the problems of surplus production in European agriculture, one may
believe that limited yields by reduced sulphur inputs to soils should be a most welcome
side effect of the clean air acts. However, the deterioration of the sulphur supply will have
several serious consequences for agricultural as well as 'natural' (better 'non-agricultural')
ecosystems, which will be discussed in this contribution.
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Impact of sulphur supply on agricultural ecosystems. The importance of the sulphur
supply for agricultural ecosystems may be seen from different viewpoints: Sulphur is a
major factor for biomass production in any crop and thus a lack in sulphur supply not only
decreases yield but also the efficiency of any other input and, with a special view to
energy crops, the amount of captured solar energy. An impressive example is the
production of fuel by industrial crops. By fertilizing sulphur to a severely deficient
oilseed rape crop an increase of the oil yield of more than 5 barrels per hectare can be
expected under northern European growing conditions (Fig. 4).
Fig. 4: Influence of sulphur supply on fuel
production by oilseed rape (calculated from
3).
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The sulphur status of the plant is positively correlated with nutritional (proteins, flavourand pharmaceutical compounds (3,4)) as well as technological parameters (colour, baking
quality (4,5)). Thus a generally decreasing sulphur supply will result in losses of nutritive
and technological quality of food and feedstuff. This may cause special problems for
growers of 'organic' food who are especially concerned about a high nutritional quality
of their products.
Phytochelatines, which are sulphur containing peptides, are involved in retaining heavy
metals in plant roots which prevents shoots from heavy metal stress (7). It seems ,
however, that the production of phytochelatines is not only governed by the concentration
of a particular heavy metal (7) but also depending on the sulphur status of the plant,
because heavy sulphur dressings can decrease the concentrations of for instance zinc and
copper in the shoots and increase in the roots (8,9). Therefore it is expected that as
another consequence of decreasing sulphur loads to agricultural soils the soil-plant
transfer of heavy metals and thus the entrance of heavy metals into the nutritive chain may
increase.
Sulphur containing compounds are strongly involved into the plants defence mechanisms
against biotic and abiotic stress. During sulphate reduction gaseous losses, mainly in form
of H2S, occur (10). Although directly related to the sulphur status the amounts lost by this
pathway are very small. They are, however, of great importance for the resistance of
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plants against diseases, because H2S is a very effective fungicide. Other important links
between plant resistance and sulphur status are the biosynthesis of secondary plant products (e.g. glucosinolates) or
cystein-rich thionins,
both with features of
phytopathological interest (11,12). Consequently in sulphur deficient environments soil
applied sulphur shows a significant reduction of fungal diseases in agricultural crops (12,
13, 14). Furthermore an important consequence of a decreasing sulphur supply of
agricultural soils may be increased pesticide inputs into agroecosystems due to a
decreased natural resistance of plants against pests and diseases.
Among sources of abiotic stress for plants, xenobiotics and increasing surface ozone
levels are of great importance. Plants are able to tackle with this stress factors mainly by
means of the glutathione metabolism (15, 16) which again is strongly related to the
sulphur supply of the plants (17, 18). While the plant sulphur supply in Northern Europe
is continuously decreasing, environmental loads with xenobiotics are still high (19) and
surface ozone concentrations are steadily increasing (Fig. 5). Therefore it is expected that
as another result of the changes in sulphur inputs plants will become more vulnerable to
stress factors mentioned above.
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Fig. 5: Sulphur concentrations in younger,
fully differentiated leaves of the upper third
of shooting oilseed rape plants and
atmospheric surface ozone concentrations
in northern Germany during 1980-1992
(1).
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Impact of sulphur supply on non-agricultural ecosystems. The importance of sulphur
for plant resistance is not only restricted to agricultural crops (s.a.). Abiotic stress caused
by xenobiotics (e.g. herbicides) as well as attacks by diseases promoted by simplified
rotations in agriculture are tackled by sulphur containing compounds in the primary and
secondary metabolism of wild plants too. Due to the fact that obviously the higher sulphur
inputs in the past century enabled plants to adapt to increasing environmental stress, the
decline of supply within only one decade might have serious consequences for the
stability of recent ecosystems. For instance sulphur deficiency is expected to be one of the
reasons why still 50% of all forests are damaged although sulphur emissions have been
cut down drastically over the past 10 years (20) because together with the sulphur supply
of the trees their resistance was depleted whilst environmental stress increased at the same
time.
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Via the metabolism of aminoacids the utilisation of nitrogen and sulphur are dependent
upon one another which means that an efficient use of a high nitrogen level in agriculture
requires a sufficient sulphur supply. Thus increased ecological problems from agricultural
plant production are expected because the utilization of fertiliser nitrogen is diminished in
sulphur deficient crops (Fig. 6). This again may result in increased losses of nitrogen to
the environment especially by leaching of nitrate into the hydrosphere or gaseous losses to
the atmosphere. On an average each kg of sulphur missing to satisfy the plants demand
cause 15 kg of nitrogen vulnerable to be lost to the environment. For northern European
oilseed rape cropping the actual annual rate of fertilizer nitrogen lost to the environment
due to a declining crop sulphur status is estimated to 4000-6000 metric tons (1).
Fig. 6: Utilization offertilizer nitrogen by oilseed
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Due to reductive processes soils and plants are vulnerable to release gaseous sulphur
compounds like H2S, dimethylsulphides or mercaptanes, to the atmosphere (10). This
losses concern not only living but also decomposing plant residues. With low
glucosinolate oilseed rape varieties ('double lows') it was the first time that breeds with a
genetically modified sulphur metabolism have been released to the environment (22).
Beside others a special characteristic of this crop is the higher amounts of sulphur
remaining with the residues on the fields. For Germany the difference to the former
varieties amounts to approximately 20 billion kg sulphur (1) which is bound in easy
decomposing low molecular compounds. Gaseous sulphur compounds released from this
system significantly contribute to the balance of atmospheric trace gases but are also
suspected for interferences with human and animal health (1).
By means of H2S during sulphate reduction and via the glutathione metabolism plants
obviously contribute to the degradation of atmospheric oxidatives. Thus reduced sulphur
inputs to environment and following up reduced turn over rates in the processes
mentioned above in plants in agricultural as well as in non-agricultural ecosystems could
be a new approach to explain partly recent increases in surface ozone concentrations.
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Conclusions. The ecological consequences of a tremendous reduction in atmospheric
sulphur inputs in the past decade are not only restricted to agriculture but will have
significant effects on non-agricultural ecosystems too. This is a good example of a poor
prediction of the impact of a technological change on non-target ecosystems. The
investigation of impacts of global changes in the anthropogenous sulphur cycle on
agricultural as well as 'natural' ecosystems and interferences between both type of
ecosystems under the strains of sulphur fertilization are future needs for research in plant
nutrition and soil science.
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Sul-Po-Mag... A Case for Premium Fertilizers
Sam Kincheloe. IMC Fertilizer,
Mundelein, Illinois 60060, USA.

Inc., One Nelson

C. White

Parkway,

Introduction. Sul-Po-Mag® is a naturally occurring mineral in the United States and contains
22% K2O, 11% Mg and 22% S — all present in the sulphate form. The product is marketed
internationally through an organization called the SKMg Export Association by two companies,
IMC Fertilizer, Inc. and Western Ag Minerals Company. For many years, researchers and
growers have been using potassium magnesium sulphate to meet the magnesium and sulphur
needs of crops around the world. In general, the agronomic response to the mineral has been
very good when one or more of the three nutrients - potassium, magnesium and sulphur are
deficient from the soil. Sul-Po-Mag is typically used as a fertilizer material to supply a portion
of the potassium needs of the plant and provide the crop's need for magnesium and sulphur when
soils are deficient. Sul-Po-Mag can be used as a premium ingredient in mixed fertilizers or as a
direct application material. The need for Sul-Po-Mag, as well as most other nutrients, can be
based on a rather simple fertility concept: Step 1 — Determine the soil's supplying capacity,
Step 2 — Determine the crop's nutrient needs and Step 3 — Determine the proper kirMs of rates
of nutrients 10 apply.
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SUL-PO-MAG ... A CASE FOR PREMIUM FERTILIZERS
Sam Kincheloe, IMC Fertilizer,
Mundelein, Illinois 60060, U.S.A.

Inc.,

One

Nelson

C.

White

Parkway,

Premium is a word that has been used frequently when referring to high quality fertilizer. Yet,
what does it really mean? From Webster's dictionary, one definition of the word premium is ...
"value or price higher than normal."
In the case, of a premium product ... which is part of a premium program, both parts of that
definition are important and true. The product has more benefits and greater value! Therefore,
the product warrants a higher price because of the inherent value and benefits.
At IMC Fertilizer, Sul-Po-Mag® is the heart of the premium fertilizer products produced.
Likewise, the premium product is the heart of the premium program. Yet, it is critically
important that one recognize that a product alone does not make a program.
To help clarify what is meant by a premium product, here are the general characteristics of a
premium product:
1. The first consideration is an important one. The premium product is tailored to a
specific crop and geographic region. Simply put, specific soil and crop conditions.
2. Secondly, a premium fertilizer contains one or more of the primary nutrients ... N, P
and K. These are formulated in the proper ratio and chemical form to meet the
specific needs of the crop and soil conditions.
3. The third consideration or characteristic is that ** contains one or more of the
secondary and micronutrients.
4. Likewise, a premium fertilizer may contain non-fertilizer ingredients, such as
fertilizer conditions, pesticides and soil amendments.
5. In addition, the physical quality is superior to commodity grades of fertilizer or the
quality is sufficiently high to insure proper storage, handling, uniform distribution
and availability to the crop.
6. The last feature of a premium fertilizer to be listed is the result of the combined
characteristics ... it costs more because of its value and benefits to the grower. It
should also contribute more profit to the manufacturer and the retailer.
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With these characteristics in mind, one should probably ask why should a premium fertilizer
product be considered for use?
Historically, the soil's supply of secondary and micronutrients has been replenished by several
natural sources such as crop residue, animal manures, normal weathering of soil parent material
or minerals and the normal breakdown of soil particles.
However, new factors have come into play which have altered the soil's nutrient availability and
intensified localized crop deficiencies. The situation continues to change — localized areas of
deficiencies continue to expand. Apparently, many factors account for this changing trend.
A major factor contributing to increasing fertilizer need has been the use of agricultural practices
which intensify the productive capacity of soils such as growing multiple crops per year and
removing high yields that deplete the supply of all nutrients. Likewise, extreme deficiencies, as
well as hidden-hunger, are common occurrences in sandy soils having low cation exchange
capacities and low organic matter content. Magnesium, sulphur and boron are of particular
concern in these soils.
Crop yields have also increased. The increased harvests remove the soil's supply of readily
available nutrients and contribute to this trend of increasing nutrient deficiencies.
In recent years, the production of higher analysis fertilizers has also resulted in the removal of
impurities from the fertilizer materials that, in the past, accounted for significant amounts of
secondary and micronutrients. Therefore, when they are needed, they must be added as
fertilizers.
The last factor that affects the increasing need for using a premium fertilizer is that it helps to
reduce risk. For a small financial investment in a premium fertilizer, risk is reduced and the
return on that investment can be quite substantial in the event the extra fertilizer nutrients helped
prevent the crop from being stressed.
A simple fertility concept forms the basis for approaching this problem of increasing need for a
premium fertilizer.
The fertility concept has three basic steps:
•

Step 1, determine the soil's nutrient supplying capacity. This is done primarily
through soil testing and experience ... both grpwer and research experience.

•

Step 2, determine the particular nutrient needs of the crop. Again, experience and
analytical techniques are important here. Plant tissue analysis can also be extremely
important in determining crop's nutrient needs.
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Also, other information such as nutrient utilization data provides very valuable
information. Note the sulphur and magnesium requirements of the crops shown in
Table 1. Data of this type are available for most major commercially produced food
and fiber crops. Field observations and research trials are also very important.
To summarize Step 2, nutrient utilization and yield goal, plant tissue analysis and
field experience are some of the ways to evaluate the crop's nutrient needs.
•

Step 3 is to determine the proper rates and kinds of fertilizers to apply to meet the
crop and the soil needs.

Remember, the concept is simple but basic. First, determine the soil's nutrient supplying
capacity. Second, determine the crop's nutrient needs. And, third, determine the kind and
amounts of the proper fertilizer to apply. However, it is recognized that many times getting the
proper information to implement the three steps can be difficult. And, it's important to
remember that sound agronomics do not eliminate consideration of the economics.
Research has demonstrated that fertilizers generally contribute 30 to 60 percent of the total crop
yield. Even though product, perhaps a premium product, is so important to a grower or to a
retailer, product comprises only a part of the total ... part of a concept ... part of the premium
concept.
From a fertilizer dealer or retailer's point of view, the premium concept or program is the result
of integrating or meshing many components to form a "marketing" program. The idea is to take
a premium product, with agronomic and economic benefits, to form the basis of a program to
"market" instead of just "sell" a product.
Consider the following as components of a premium program in addition to the premium
products:
•

First, a commitment to the premium concept is essential.

•

Highly trained, professional personnel are needed. Likewise, a training program
must be part of an ongoing commitment to excellence.

•

Services ... a company must provide customer service and technical backup, as well
as analytical services. Also included here is a need for good transportation and
delivery service. As well as...

•

Timely marketing and promotional programs.

These and, perhaps, other factors comprise the premium program. Considering the benefits or
impact of the premium program, it is apparent that it has, in reality, a two-fold benefit:
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•

First, the fertilizer product better meets the needs of the farmer or grower, especially
when soil testing, plant tissue analysis and research results form the basis for
determining the fertilizer needs.

•

And secondly, the fertilizer company can then develop and market a profitable product
through sound scientific, agronomic principles.

This is, in fact, a case for premium fertilizers! But, what is Sul-Po-Mag and where is it found?
It is important to know that Sul-Po-Mag is a basic fertilizer. It is a naturally occurring mineral
that contains three chemical elements in a fixed ratio. These three nutrient elements are
potassium, magnesium and sulphur. Therefore, when soils are deficient, Sul-Po-Mag is an
excellent fertilizer to provide a portion of the potassium fertilizer requirement and, in most
cases, can provide all of the magnesium and sulphur needs of the crop.
Sul-Po-Mag is mined in the state of New Mexico in the United States. This is one of the few, if
not the only, region in the world where economic deposits of Sul-Po-Mag or the mineral
langbeinite occurs. The ore from which Sul-Po-Mag is produced is found today about 330
meters below the earth's surface.
The mineral is formed in the geologic Permian Basin over 200 million years ago. The vast
ocean that covered the area at that time began to evaporate leaving the mineral behind.
Langbeinite or Sul-Po-Mag is an evaporite mineral. As such, it is one of the more soluble salts
in the ocean. Therefore, it was one of the last minerals to be deposited and formed as the sea
water evaporated
As the evaporation continued over millions of years, a large deposit of the mineral was formed.
The mineral is recovered by deep underground mining. The ore is loaded onto continuous belt
conveyors and carried to the mine shaft.
The refining of Sul-Po-Mag is very simple. The ore is first crushed, it is mixed with water to
remove the impurities and to wash out the clay. Then, Sul-Po-Mag is recovered by centrifuging
and screening the mineral into particle sizes suitable for fertilizer use.
The typical chemical analysis is:
K20
Magnesium
Sulphur
Chloride

22%
11%
22%
1.5%
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Sul-Po-Mag is in the sulphate form ... the same chemical form as potassium sulphate. This
sulphate form accounts for the extremely low percentage of chloride content of 1.5% or less.
This means that Sul-Po-Mag is essentially chloride free. Sul-Po-Mag is slowly but completely
water soluble.
How is Sul-Po-Mag used?
Sul-Po-Mag is commonly used for direct application as well as an ingredient in mixed fertilizers.
It is used to provide a portion of the potassium requirement and to provide sulphur and
magnesium in deficient soils.
Even though Sul-Po-Mag can be applied as a single material in direct application or as an
ingredient in chemically compounded fertilizers, a common method of application is as a
component of bulk blended fertilizers.
The amount of Sul-Po-Mag that is normally applied depends on the soil test levels of magnesium
and the need for sulphur by the crop. Another factor to consider is the source of potash that is
desired for the crop. If a non-chloride source of potassium is needed, then Sul-Po-Mag may be
selected as a source of all of the potassium or to compliment another source such as potassium
sulphate.
When magnesium levels are low in the soil, the application rate of Sul-Po-Mag ranges from 200
to 600 kg/ha. The specific soil test value and the particular crop help to determine the specific
rate.
In summary ... the fertility concept builds the case for a premium fertilizer. The preferred way
to build a foundation for marketing Sul-Po-Mag is to:
1. Determine the soil's nutrient supplying capacity.
2. Determine the crop's needs, and
3. Then apply the proper kinds and amounts of fertilizers to meet the determined needs.
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TABLE 1. NUTRIENT UTILIZATION CHART
CROP

YIELD

NITROGEN
(N)

PHOSPHATE
(P 2 0 S )

POTASH
(K 2 0)

MAGNESIUM
(Mg)

SULPHUR
(S)

KIT n r . R i M G PÏTO H I T T A D r

Banana

1,730 plants/ha

295

80

1,440

70

32

Coffee

15,000 plants/ha

150

23

180

15

12

Oil Palm

25 tonnes/ha

193

83

300

62

*

Pineapple

40 tonnes/ha

172

140

670

72

16

12,000 kg/ha

285

120

285

60

36

Cotton

1,700 kg/ha

205

70

140

40

35

Soybeans

4,000 kg/ha

360

72

160

30

28

Rice

7,800 kg/ha

125

65

165

16

14

Tobacco

3,500 kg/ha

145

30

300

28

23

Potatoes

50,000 kg/ha

270

90

545

50

23

200,000 kg/ha

360

155

610

100

85

Corn
00

Sugarcane
* Data not available

Source - Potash & Phosphate Institute

Plant Nutrient Sulphur Balance in Latin America
S.P. Ceccotti*, and D.L. Messick. The Sulphur Institute, 1140 Connecticut
Avenue, N.W., Suite 612, Washington, DC 20036, USA
Introduction
Agricultural production in Latin America is increasing and has great potential for growth into the 21st
century. An increasing number of soils in Latin America will not be able to supply the demand for
sulphur (S) as crop yields continue to rise. Thus, farmers will have to apply S fertilizers to meet the
rising demand. Ammonium sulphate and single superphosphate have been considerably important in Latin
American agriculture for a number of years, and will continue to be of importance in coming years.
However, ammonium sulphate and single superphosphate no longer comprise the large percentage of total
nitrogen (N) and phosphorus (P) fertilizer applied, as in previous years. More recently, urea and
ammoniated phosphates are being used to meet crop requirements for N and P. This change has also
caused an increasing deficit in S as crop production climbs.
Sulphur will become increasingly important worldwide as food production continues to increase, while
overall S inputs tend to diminish. Sulphur is one of at least 16 elements essential for plant growth. Its
functions within the plant are closely related to those of N, as the two nutrients are synergistic. Sulphur
is required for plant growth in quantities equal to, and sometimes exceeding, those of P. Sulphur has
a variety of vital functions within the plant's biochemistry. It is a major constituent of amino acids, such
as cysteine and methionine—the building blocks of proteins. It is also essential in the formation of
enzymes, vitamins, such as biotin and thiamine, and a variety of other important compounds in the plant,
including chlorophyll. When S is deficient, both yield quality and quantity suffer. Plants that are Sdeficient are characteristically small and spindly. The younger leaves are light green to yellowish, and
in the case of legumes, nodulation of the roots is reduced. The oil conlpnt of seeds is diminished and
the maturity of fruits is delayed in the absence of adequate S (5).
Increasing crop production, reduced sulphur dioxide (SOj) emissions, and shifts in major fertilizer sources
have led to worldwide increases of documented S deficiencies. Despite the vital role of S, most of the
growth in fertilizer consumption has been essentially in S-free N and P fertilizers, even though higher
yields of crops per unit area are removing greater quantities of S from the soil. Obviously, much of this
S must be replaced or deficiencies will severely limit agricultural production (13).
Changes in Agriculture Affecting Sulphur Balance
The agronomic factors that make S important have held true for many years. However, the world's
dramatic political, economical, and environmental changes over the last few decades have significantly
impacted present-day agriculture. In recent years, interest in S as a plant nutrient has increased
considerably. Sulphur nutritional deficiencies are occurring with greater frequency and in more locations
throughout the world. About 20 years ago, only 36 countries reported S deficiencies; whereas, in the
1980s, this number exceeded 70 countries. This trend is expected to continue through the 1990s (13).
Although S deficiencies in many tropical regions stem from inherently low S soil status, many result from
agricultural practices. Over the past 20 years, the amount of S consumed in all fertilizers worldwide has
remained about 10 million tons per year. However, N consumption has doubled during this period, from
approximately 40 million tons in 1971 to about 80 million tons in 1990. The increased consumption of
S-free, high analysis fertilizers is one of the most significant causes of S deficiency. When single
superphosphate and ammonium sulphate were more prominent in the P and N fertilizer markets, farmers
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were applying a significant amount of S, in many cases without realizing it. In fact, single
superphosphate contains 12% S and ammonium sulphate contains 24% S. However, with increased
popularity of materials, such as urea, triple superphosphate, and ammoniated phosphates, most countries
in Latin America have witnessed a drastic reduction in S additions as a percentage of the total fertilizer
applied. This trend is also evident in Mexico, where ammonium sulphate consumption has shown little
growth from 1981-1990; yet, total N consumption in the country has shown a consistent increase. Data
for urea consumption during this period illustrate how its popularity is steadily increasing, thus
representing a greater proportion of the total N market in Mexico (Figure 1).
Figure 1
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Increased cropping intensity and higher crop yields removing greater quantities of S from the soil also
contribute to greater incidence of S deficiencies (Table 1). Food security is essential for the elimination
of hunger and is vital for a country's economic strength and stability. To fulfill this requirement, food
production in developed countries has benefitted from high input farming since the end of World War
II with the implementation of technological and chemical breakthroughs. Developing countries have
lagged behind for many years, but they are now also benefiting from the same technological inputs and
particularly over the last decade, food production in these countries has increased dramatically.
Table 1. Sample crop production trends in developing nations.

1 Year

Brazil
Soybeans

MexicoMaize

Argentina
Wheat

IndiaRice

ChinaWheat

ChinaRice

(kg ha")
1961

1124

993

1295

1542

559

2082

1971

1210

1272

1316

1711

1272

3318

1981

1765

1812

1401

1962

2109

4334

1990

1732

1994

1948

2628

3194

5704
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Compared to the recent past, the agricultural scenario in most Asian countries has improved and is still
progressing steadily. In contrast to 10 years ago, when most of the countries in the region had to import
much of their cereal needs, China, India, and Indonesia are now self-sufficient in rice production, and
other countries are nearing self-sufficiency (12). In the 1950s, two of the most agriculturally important
Asian countries, India and China, were dependent upon imports of food grains. Increasing population
growth necessitated the adoption of a policy aimed at self-sufficiency in food grain production. The mid1960s represented the turning point in agricultural production towards self-sufficiency in India and China,
when a "New Agricultural Policy," based upon high yielding variety crops and higher inputs, was
established (2). This process, known as the Green Revolution, began in Mexico in the late 1950s. These
food production gains have come about primarily as a result of intensification of agriculture. In Asia,
excluding the Middle East and former Soviet Asia, about 90% of the land suitable for agriculture is
already under cultivation, in contrast to 18% in Latin America (12). Although per capita grain
production has increased in both Latin America and Asia over the past 15 years, the growth rate in grain
production in Asia has been greater and can be attributed to an increase in production per unit area (24).
In 1990, there was about 0.52 ha of arable land per person in developed countries but only 0.17 ha per
person in developing countries. From 1970-1990 arable land per capita declined only 15% in developed
countries, but declined 29% in developing countries (19).
From 1961-1990, cereal production in Mexico increased annually at an average rate of 3.5% versus 3.4%
in Brazil and 1.7% in Argentina. However, the area harvested increased in Brazil at an average rate of
2.2%, in Mexico at only 0.6%, and in Argentina it decreased by -0.3% annually. This intensification
of land use, which is likely to continue in the future, has commanded a proportionate S demand increase.
World S uptake has increased from 3 million tons in 1961 to 6 million tons in 1991. Therefore, during
the past 30 years, S removal by crops has doubled worldwide. Total crop removal of S in Asia is about
2.6 million tons, representing about 43% of the world's total. Within the region, China and India remove
the highest proportion of S in crops and together comprise 66% of total removal in Asia. North
America's crops removed 1 million tons of S in 1991 or 17% of total world removal. That same year,
crop removal of S in Latin America was 0.5 million tons, which is equivalent to 8.3% of the total world
removal. Within Latin America, Brazil alone removed 0.2 million tons or 40% of the total in the region
(Figure 2).
Figure 2
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Another factor has affected worldwide demand for S fertilizer consumption and will become of greater
importance in the future. Increased environmental concerns and compliance have prompted reductions
in S0 2 emissions, which in the past, have benefitted crop growth in many countries. Atmospheric SO5
enters the plant through the soil, whether through wet precipitation or dry deposition. The Environmental
Law Institute (Washington, DC, 1990, personal communication) reports that many industrialized countries
have made dramatic reductions in their S0 2 emissions over the last several years. France, the former
West Germany, the United Kingdom, and Japan have reduced their contribution of S0 2 by more than
30% from 1970-1985. Sweden has reduced its contribution of S0 2 emissions by 70% during the same
period.
In the coming years, this trend is expected to continue. In fact, the Clean Air Act, passed in the United
States in 1990, calls for a national reduction of 10 million tons in SQ, emissions by 2000, from a current
level of 20 million tons. Currently, the high levels of S0 2 discharged by factories in Eastern Europe are
under discussion. The German government is requiring plants in the former East Germany to decrease
S0 2 emissions to levels equal to those in the west. Although this matter has received little attention in
the past in Latin America, the North American Free Trade Agreement has brought this issue to the
forefront in Mexico. Furthermore, the Earth Summit in Brazil in 1992 ensured that the subject will be
addressed in the coming years and SOj levels will decrease. In Asia, China and Korea have begun to
address their air quality as a result of pressures from the Japanese government and China's interest in
joining the GATT nations. Other developing countries have now reduced or stopped altogether the
practice of burning sugar cane and various crop residues that release S0 2 into the atmosphere. One study
has shown that 40% to 60% of the S contained in rice straw is lost to the atmosphere through burning
(3). Further, Sanchez (20) indicated that burning could volatilize up to 75% of the S in crop residues.
As world levels of S0 2 decrease, more farmers will discover that they must include S in their fertilizer
programs to maintain profitable and healthy crop yields. They will no longer benefit from S in the
atmosphere feeding their crops.
Sulphur Research Highlights in Latin America
Sulphur fertilization on deficient soils is not only necessary to sustain yields, but is economical and
profitable. In certain parts of the world, applications of S are as common as N applications and may even
be more profitable on a per unit basis. Research conducted over the last decade in areas of North
America indicated that where a US$3 return on every dollar invested in fertilizer is expected, with S
fertilizer an investment of US$1 resulted in a US$9 to $10 return on S-deficient soils (21). Results of
57 experiments with maize, conducted between 1988-1990 in Central America by the International Maize
and Wheat Improvement Center (CIMMYT), showed an average grain yield increase of 130 kg ha"' when
30 kg S ha' as calcium sulphate were applied. In economical terms, assuming an average price for S of
US$0.25 per kg, and US$0.10 per kg for grain, a net profit equal to US$5.50 per ha could result (23).
Similarly, P. N. Takkar (22) reported that an application from 20 to 40 kg S ha"1 in all cropping systems
in India is economical. This is likely to be true in other tropical regions. Moreover, a study conducted
in Brazil indicates that the value of the extra production obtained from S is much greater, between 5 to
180 times, the premium cost paid for ammonium sulphate over other commercially available N-containing
fertilizers such as urea (1).
Malavolta (6) estimated that S deficiency affects 55% of the total cultivated land in Central and South
America. Responses to S fertilization have been observed in Brazil and El Salvador for at least 25 years
(10,15). Mexico, Guatemala, Colombia, Chile, Argentina, Nicaragua, Panama, Honduras, Venezuela,
Costa Rica, El Salvador, and the Dominican Republic have now documented S responses (4,8,14,16,18).
A sampling of the crops and countries with responses are given in Table 2.
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Table 2. Crops responding to sulphur in Central and South America (8)
Country

Crop

Experiment

Reference

Field

Greenhouse

Pineapple
Sorghum

X

X
X

Banana

X

Blair (1979)
Bornemisza et al. (1978)
Valverde et al. (1978)
Jaramillo and Bazan (1976)

Dominican Republic

Maize

X

Kocher, F. (Priv. comm.)

El Salvador

Coffee
Maize

X
X

Fitts (1970)
Kocher, F. (priv. comm.)

Honduras

Banana

X

Beaton (1966)

Panama

Maize

X

Kocher, F. (priv. comm.)

Puerto Rico

Sugarcane
Pineapple

X
X

Bonnet (1967)
Cibes and Samuels (1958)
Samuels and Diaz (1960)

West Indies

Brassica
Banana

X

Ryegrass
Red Clover

Colombia

Ryegrass

Brazil

Rice, maize, wheat, sorghum, sugarcane,
soybean, cotton, coffee, cabbage, oilseed rape,
guinea grass, beans, citrus

Central America
Costa Rica

X

Haque and Walmsley (1973)
Messing (1970)

X
X

Schenkel et al. (1974, 75)
Acuna and Chamorro (1985)

X

Pedraza and Lora (1974)

South America
Chile

Malavolta and Vitti (1986)

The variety of crops and the magnitude of responses seen with S additions are impressive. Malavolta and
Paulino (8) documented responses ranging from 10% to 67% in cereals, legumes, coffee, pastures, fruits,
vegetables, sugar, grain, and fiber crops. One cotton research study conducted in Brazil reported nearly
double the yield obtained by adding only 30 kg S ha"' (11). More recent studies have indicated even
greater responses on crops in Brazil. In an investigation conducted in the Brazilian cerrado or savannah
region, 110 out of 117, or 94% of crops tested, showed a response to S. In this study, the yield increase
for maize fertilized with 20 kg S ha"' in the form of ammonium sulphate was 781 kg ha' or a 15%
increase. Similarly, the yield increase for cotton at 20 kg S ha"1 was 477 kg ha"' or a 29% yield increase.
The results generated by this investigation resulted in practical S fertilizer recommendations of 20 kg ha"'
for maize, wheat, upland rice, cotton, dry beans, and sorghum; and 30 kg ha"' for sugarcane, coffee,
citrus, pasture, and oilseed rape (1). The International Maize and Wheat Improvement Center has been
active in S research, having established a P and S study on maize at various locations in four different
Central American countries. Sixty percent of the results showed a positive trend with S fertilization (16).
Despite the variety of locations and crops that have shown a response, a great deal of research still needs
to be done. Crops growing in soils that may not have responded to S additions several years ago may
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now exhibit a response, as yields have increased and use of S-free fertilizers, such as urea, have become
more common.
Agricultural Sulphur Balance
The need for S for crop growth is a function of two main parameters: the balance between the addition
and removal of S from the soil system, and the ability of the soil to supply S. This relationship is
dependent upon the soil type and the local environmental conditions. Crop removal and leaching
represent the major subtractions from the system, while S fertilization, the soil supply potential,
atmospheric depositions, irrigation water, decomposing crop residues, and manure applications represent
the major additions to the system (12). To predict world and regional requirements for S fertilizers, The
Sulphur Institute (TSI) has developed a model based on International Fertilizer Industry Association (IF A)
fertilizer statistics, Food and Agriculture Organization of the United Nations (FAO) crop production
figures, average crop S contents, and S fertilizer efficiency factors.
The Sulphur Institute estimates that the total world deficit for S as a plant nutrient was 6.6 million tons
in 1990. The S requirement has shown a steady growth since the early 1960s, with this trend expected
to continue into the 21st century. The world deficit for S fertilizers has been projected to reach 8.1
million tons annually by the turn of the century and increase to 11.1 million tons by 2010. Asia has
shown an increase in consumption of S-containing fertilizers since 1973; however, the S requirement is
increasing at an even higher rate (Figure 3). Assuming that food production trends continue at the same
pace and S fertilizer consumption remains at levels comparable to the average of the last five years, Asia
will have an annual deficit of 5.5 million tons in 2000. This will increase to 7.3 million tons by 2010.
Figure 3

Asia Plant Nutrient Sulphur Balance
Mt
Crop Requirement

1980

1990

2000

2010 D e f i c i t

2010

• 7.3 Mt

North America has shown a relatively constant level of S consumption since the early 1970s. This rate
of consumption is expected to remain constant, continuing the current trend at about 1 million tons
consumed each year. Within North America, the United States represent the greatest market potential,
with projections estimated to reach 1.4 million tons by 2010 or 87% of the total in North America.
Despite the expected limited increases in food production levels for North America, the deficit for S
fertilizer in this region will be approximately 1.3 million tons in 2000. This will increase to 1.6 million
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tons by 2010 (Figure 4). In the same year, Latin America will show a deficit of 1.3 million tons of S
fertilizers (Figure 5), while Africa's deficit is projected to equal 1.2 million tons annually.
Figure 4
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Compared to other countries, Brazil and Mexico consume a high percentage of S-containing fertilizers
(ammonium sulphate and single superphosphate) in the region. For this reason, despite their inherently
S deficient soils, the balance estimated by the model may not fairly represent the true deficit and the
projected S need in the region. For example, Mexico relies heavily on ammonium sulphate to meet its
rising N requirements. In fact, in 1990, ammonium sulphate accounted for 85% of the S applied in
fertilizers in Mexico. This ammonium sulphate production is mostly synthetic, with continued production
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subject to market conditions. As shown in Figure 6, if ammonium sulphate consumption were not taken
into account, Mexico would have a substantial S deficit.
Figure 6
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In Brazil, 58% of the S applied comes from domestically produced single superphosphate and another
33% of the total S applied comes from ammonium sulphate, most of which is imported. When fertilizing
with ammonium sulphate and single superphosphate as N and P sources, farmers in these countries are
oversupplying S in many areas and undersupplying S in other regions. For this reason, S deficiencies
are common in various regions, and the balance figures might underestimate the total future deficit.
Increased reliance on N and P materials containing little if any S, such as urea and ammoniated
phosphates, will further exacerbate the problem and more deficiencies will become apparent.
Brazilian agriculture faces a great challenge. It is estimated that by 2000, food production must reach
140 million tons of grain, double the 1988-1989 production level, in order to suitably feed 200 million
inhabitants and also provide a surplus for exports (17). In order to achieve this substantial production
level, current average productivity of grain crops must increase from the present 1.7 tons ha"1 to about
3 tons ha'1. Presently, Brazilian agriculture is consuming only 50 kg ha"' of nutrients per year. As Brazil
strives to increase productivity, fertilizer consumption is estimated to reach 5 million tons of nutrients
by 2000 or 40% over present consumption levels (17). We can expect that an increasing portion of this
market will be captured by S fertilizers as a balanced plant nutrition scheme will become more critical
to sustain high yields and improve crop quality.
Published data on 70,000 soil samples from West Central Brazil, have demonstrated that 67% of these
tested very low in S content (9). Such soils are prominent in central Brazil in the savannah lands or
cerrado region. In this region, S deficiency is a greater limiting factor for crop growth than P (7).
Today, this region, which was considered marginal for agricultural exploitation 25 years ago, is
responsible for 30% of present grain crop production, 12% of sugarcane production, and 40% of coffee
production in Brazil (17). Therefore, as more of these soils are cultivated to meet growing food
demands, S fertilization will become even more critical in securing future needs (Figure 7).
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Figure 7
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Argentina has also increased its food production over the past decade (Figure 8). Fertilization is a rather
new concept to Argentina, since the country has a lot of inherent fertile and productive soils. However,
growers are now finding that they can increase production through fertilization. If Argentina wants to
increase production, more fertilizers will need to be used. Thus, the demand for all nutrients will
increase, including S, as it is a key component of this change. In coming years, farmers in Argentina
and other Latin American countries will need to consider additional S fertilization.
Figure 8
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Fertilizers to Supply the Growing Sulphur Needs
During 1990, single superphosphate and ammonium sulphate fertilizers contributed most of the S
consumed worldwide, followed by compound fertilizers (Table 3). Single superphosphate contributed 40%

387

of the total, while ammonium sulphate contributed 30% of the total. Therefore, these two sources alone
contributed 70% of the total worldwide S consumption in fertilizers. More frequently, the popularity of
these fertilizers is a result of their S content. In 1990, total S consumption in fertilizers was 10.1 million
tons. In that same year, total raw material S consumption was 58.8 million tons. Therefore, nearly 20%
of the total raw material S consumed was directly applied in the form of fertilizers.
Table 3. Sulphur contributions from various fertilizer sources.
Fertilizer source

%S

Ammonium sulphate

24

3.0

Single superphosphate

12

4.1

Triple superphosphate

1

0.1

Ammonium phosphate

2

0.4

Compound fertilizers

VAR

1.9

Potassium sulphate

18

0.3

Others

VAR

0.3

Total S Consumption

1990
million tons

10.1

As the market for S fertilizers expands, S producers are introducing new products to meet the diversified
requirements. Fertilizer technology experts in New Zealand have developed a process to add elemental
S during fertilizer manufacturing. This process avoids grinding elemental S and facilitates the
incorporation of elemental S into fertilizers. Hi-Fert, an Australian firm, introduced a S-coated triple
superphosphate a few years ago that is available in two grades: Gold-Phos 10 (0-41-0-10S) and Gold-Phos
20 (0O6-0-20S). The company has expanded its product line to include S-coated monoammonium
phosphate and single superphosphate, S-coated partially acidulated rock phosphate and single
superphosphate, and S-coated partially acidulated rock phosphate and triple superphosphate.
Solterra Minerals, Inc. of Canada has developed the technology for two products. Sulchem SUPER
SULF-8 (7-0-0-68S) is a granular product suitable for use in a suspension, in a liquid fertilizer form, or
as the S component of a dry bulk blend. The product contains S, both in the sulphate and elemental
forms. Eight percent of the S in the material is in the immediately available sulphate form. The
remainder is in the elemental form, but due to its small particle size, it will oxidize rapidly and become
available during the growing season after the initially available sulphate portion is depleted. The other
product is named SULCHEM 95 (0-0-0-95S). This product is also granular, but contains only an
elemental source. It can be used in suspension, clear liquid, or dry blends. Because the product rapidly
disperses into fine particle sizes, regardless of its application method, it converts to sulphate rapidly to
become plant-available. More recently, Solterra has introduced a newer elemental S-based material. This
44-micron material can be used in fertilizers. The company has also developed the technology to
granulate the material for ease of handling and application.
In the United States, Kerley Ag. Inc. developed a unique and versatile product. Kerley is currently the
only manufacturer of potassium thiosulphate which is marketed under the trade name KTS. It is a clear
liquid fertilizer containing 25% potassium (K) and 17% S, thereby offering additional versatility to
farmers and fertilizer retailers.
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The European fertilizer industry is also responding with new products to capture a portion of this rapidly
growing market. La Grande Paroisse in France and ICI in the United Kingdom have introduced new
fertilizers. ICI Fertilizers' product, Sulphur-Gold, contains 30% N and 19% S and is particularly
designed for oilseed rape and winter cereals cropping systems. Kemira and Norsk Hydro, two of the
largest fertilizer companies in Europe, along with BASF and DSM have introduced and marketed
S-containing fertilizers. Sulphur Ten (20-4-14-7S), developed for silage crops, has been marketed by
Kemira for several years. More recently, Kemira Fertilisers in the United Kingdom, has released
DoubleTop, a new granular product containing 27% N as well as 12% S, and is specially formulated for
oilseed rape and cereals. All this renewed activity on the market, reflects the commitment of the fertilizer
industry to pursue this relatively new market after recognizing its potential.
Conclusions
Agricultural production within Latin America is increasing and has potential for significant growth into
the 21st century. The importance of S in agricultural production has never been more evident,
particularly in tropical regions. Farmers are increasingly recognizing S as essential to their fertilization
programs. This ensures efficiency of other system inputs, thus obtaining optimal yields and crop quality,
and improving the profitability of farming operations. An increasing number of soils in Latin America
will not be able to supply the demand for S as crop yields continue to increase. Thus, farmers will have
to apply S fertilizers to meet the rising demand.
Ammonium sulphate and single superphosphate have been of considerable importance in Latin American
agriculture for a number of years and will continue to be important in coming years. However,
ammonium sulphate and single superphosphate no longer comprise the large percentage of the total N and
P fertilizer applied, as they have in previous years. More recently, urea and ammoniated phosphates are
being used to meet crop requirements for N and P. This change has also caused an increasing deficit in
S as crop production climbs.
The recognized need for S has become more apparent worldwide during the last two decades. There are
several causes for the increased level of deficiencies, including reductions in the overall use of fertilizer
materials containing S, but that were traditionally used as other nutrient sources, increased level of crop
production, and a dramatic reduction in S0 2 emissions. Because of these factors, not only have
deficiencies been reported in new areas, but S recommendations have been increased or developed
altogether to maintain or increase levels of production.
Some countries, such as Brazil, have entered a critical phase. To sustain increasing production levels,
local governments cannot afford to introduce policies favoring only the use of selected nutrients. The
whole agricultural production system revolves around the implementation of a rational and balanced
fertilization program. All the major nutrients, N, P, K, and S, along with the micronutrients, have to
be managed in order just to maintain present production levels. If higher yield levels are to be achieved,
this principle is paramount.
Today, S deficiencies in Latin American soils are widespread and still increasing. If this problem is
neglected, the unavoidable consequences will be yield reductions, lower production, and reduced
efficiency of other inputs that, in turn, will result in higher production costs. Currently, the annual
deficit for S fertilizers in Latin America is equal to 0.7 million tons. This will increase to 1.3 million
tons by 2010 unless corrective measures are taken. Whatever strategies are developed, the essential role
of S for crop production and quality must be considered.
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FOREWORD

To achieve greater and more stable yields by improving and
optimizing

the

use

of

nutrients

from

fertilizers

and

other

sources,with less or no adverse effect on the environment,
represent

the

main

objectives

of

the

Co-ordinated

Research

Programmes organized by the Joint FAO/IAEA Division, through its
Soil Fertility, Irrigation and Crop Production Section during the
last three decades.

Presently, we are paying much attention to the integrated
plant nutrition systems, to maintain or possible increase soil
fertility for sustaining enhanced crop productivity through optimal
use

of

all

sources

of

plant

nutrients,

inorganic

and

organic,including biological nitrogen fixation in an integrated
manner under specific ecological and economic situation.
Nutrient mining could result in a soil fertility deterioration
which is not less dangerious than the other forms of environmental
degradation. Several efforts have to be made to manage and ensure
the efficient use of nutrients for sustainable agriculture. The use
of nuclear and related technigues represent an invaluable tool for
maximizing nutrient and water utilization by the crops, in order to

produce more and better food, to avoid pollution, to protec the
environment and to sustain the agricultural production. The use of
isotopes provide the only direct means of following the fate of
nutrients in soil and their uptake by the plants.

The objective of our Symposium

is: -to review

recent

research progress in the use of isotope and related techniques in
the various aspects of soil fertility, plant nutrition, crop
production and water use efficiency for sustainable agricultural
practices and environmental problems associated with agriculture
and - to provide an opportunity for the scientists from Latin
America and from the other parts of the world to present recent
experiences in the application of isotopes and radiation techniques
in soil/plant relationship studies.

In

this

Symposium

we

have

selected

some

papers

in

connection with soil organic matters, biological nitrogen fixation
(BNF), fertilizer use and plant nutrition in different cropping
systems, soil-plant-water relationships, etc..

The use of isotopes as

13

C, 14 C, 32 P, and other nuclear

related techniques, have given important and invaluable information
on the carbon pools and fluxes in the Brazilian agricultural and
natural systems and its implications for the global CO2

balance,

on

BNF,

the

qualitative

and

quantitative

evaluation

of

on

fertilizer nitrogen and phosphorus use and efficiency in different
cropping systems, and in the characterization of the soil water
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s t a t u s in a g r i c u l t u r e . We hope t h a t t h i s information w i l l h e l p t o
achieve" maximum e f f i c i e n c y of n u t r i e n t s and water use in t h e most
economical way, because frequently nuclear t e c h n i q u e s i s t h e only
tool

to

find

answers

to

particular

theoretical

or

practical

q u e s t i o n s d e a l i n g with s u s t a i n a b l e a g r i c u l t u r e and environmental
preservation.
In 1994 the Joint FAO/IAEA Division of nuclear techniques in food and
agriculture is celebrating 30 years of its foundation.

We are pleased to

dedicate this symposium to this anniversary which recognizes

the

contributions of the Soil Fertility, Irrigation and Crop Production Section of
the Joint FAO/IAEA Division to the development of the use of nuclear
techniques in soil fertility, plant nutrition and water use efficiency studies
in different cropping systems.

Ch. Hera, Convener
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Carbon Pools and Fluxes in Brazilian Natural and Agricultural
Systems and the Implications for the Global C 0 2 Balance.
C. C. Cerri*1, M. Bernoux', and Graeme. J. Blair2.
'Department of Soil Chemistry, Center of Nuclear Energy in Agriculture, University
of Sao Paulo, CP 96, 13400-970 Piracicaba (SP), Brazil.
department of Agronomy and Soil Science, University of New England, Armidale, N
S W. 2351, Australia
Abstract. Global • deforestation has been estimated to contribute 6.5% of the annual increase in
atmospheric C0 2 . Recent developments in the use of 13C has enabled identification of the source of
C in soil organic matter (SOM) when forest is converted to tropical grass pasture or sugar cane. It
is estimated that burning of Brazilian rainforest contributes 27.9t C/ha to the atmosphere and that the
total C transfer to the atmosphere from burning the 9.77 x 106 ha of cleared forest represents 0.24%
of the total C0 2 contributed by deforestation throughout the world.
Clearing of Amazonian rainforest for pasture resulted in a decline in SOM in the top 20cm
from 90.0 to 68.8t C/ha after 2 years of pastures but inputs of SOM from the pasture over an 8 year
period returned SOM to 96t C/ha, 45.8t/ha of which was derived from the pasture. The net C balance
over the 8 year period was -72.8t C/ha with C return from the grazed pasture approximating the C
return in the forest.
Introduction of sugar cane cropping reduced soil C from 72.Ot C/ha to 38.5t C/ha over a 50
year period to an equilibrium level of 0.8% C. Such a decline over 14.4 x 106ha of cropped land
represents 0.25% of the annual increase in global atmospheric C0 2 .
It is concluded that conversion of Brazilian forest to agricultural land has had a minor effect
on the global C0 2 level and that the greatest challenge facing Brazilian agriculture is to develop
pasture and cropping systems that are economically and biologically sustainable through the
integration of balanced fertilization, crop residue management and the use of green manures with
SOM conserving cultivation systems.
The declining quality of the soil resource presents a problem as great or greater than
increasing atmospheric concentration of C0 2 and possible global warming.
Introduction. Increasing attention to global warming, and environmental conditions in general, has
focused attention on the atmospheric gasses than can potentially alter the global heat balance Of
particular attention has been C0 2 . It has been estimated (1) that total additions of C0 2 form burning
of fossil fuel amounts to approximately 23.0 x 109t/yr (6 x 109t C/yr) and that global deforestation
can contribute 1.5-2 x 109t C/yr of this total. This estimate of the deforestation contribution is
generally derived from a simple estimate of the loss of standing biomass and does not take into
account the fluxes of carbon (C) in SOM and subsequent revegetation, and agricultural practices.
Until a recently SOM research has concentrated on knowledge of its structure (2), the
understanding of its genesis (3), and on the evaluation of its importance to the soil-plant relations and
pedogenetic processes. Recent developments in the use of 13C stable isotopes (4) have enable a
partitioning of the resident SOM into that contributed by C3 and C4 plants. This has been particular'
important when forests (C3 plants) have been converted to tropical pasture grasses or sugar cane (C<
plants) which has occured in large areas of Brazil.
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to determine the net effect of forest clearing to pastures and sugar cane on C pool sizes, the
contributions of C fluxes from such developments to global C0 2 emissions and the possible
consequences for global climate change. In order to understand and predict the role of SOM in the
global change, it is necessary to quantify its accumulation and decomposition rates on different time
scales.
The use of C and N stable isotopes in SOM research. I3C and !5N are the two most common
isotopes used to study the chemical and/or physical fractions of SOM because C and N are the most
significant indicators of SOM state and they represent about 50% of the weight of SOM. The
technique uses the fact that abundance of these isotopes varies according to isotopic descrimination
in SOM compounds during biological (5) and/or physical (6) processes. Carbon 13 abundance (ö'3C)
in plants is related to the photosynthetic type : C3, C4 or CAM pathway. The öl3C value of a C3
plant like most forest trees, wheat and legumes is -26%o and that of C4 plant like tropical grasses and
corn is -12%o. This Ö13C value can be used (4, 7) as an indicator of the origin of the carbon pool.
When the original photosynthetic pathway of organic inputs is artificially (agriculture) or naturally
(vegetation change due to climate modification) changing the ö13C value this can provide information
on the turnover of the orginal SOM.
When C4 vegetation replace the original C3 vegetation after deforestation the soil C pool (Cs)
can be divided into organic C remaining from the previous forest vegetation (Cdf) and C derived
from the crop (Cdc). The Cdf component consists of two main fractions: one easily mineralized or
biodegradable (Cdfb) and the other which is stable considering a time scale of less than a century.
This hypothesis of a stable, i.e. non-biodegradable phase has been previously proposed (7, 8, 9).
These three pools are calculated using the following equations:
Cs = Cdf + Cdc
(I)
Cs.ö13Cs = Cdf.ö,3Cdf + Cdc.ö13Cdc
(II)
Cdf(t) = Cdfs + Cdfb(t=0) . exp(-kf.t)
(III)
where kf is the decay constant for SOM derived from forest.
For a time t the total amount of output is Cdf (t=0) - Cdf (t) and of input is Cdc (t).
C fluxes when forest is converted to permanent grass pasture. The Amazon Basin covers an area
of 7 050 000km2 (10) and occupies large portions of the national territories of Surinam, Venezuela,
Colombia, Peru, Bolivia, Equador, Guyana, French Guyana , and Brazil. In Brazil the evergreen
forests (tropical rainforest) cover 2.8 x 106km2, with the total forest area totalling 3.85 x 106km2
including semi-humid and deciduous forests of transition (11).
Moraes (12) estimates the area as 4 345 956km2 according to the considerations of Volkoff
(13) and estimates that there is nearly 41 x 106t C stored in the top lm of the soil under these
forests.
Areas which have been deforested have been converted to several forms of agriculture,
including several forms of cropping, and the establishment of pastures. In a first part of this paper
we estimate the flux of C resulting from cutting and burning of forested areas and the development
of cultivated pastures. A brief outline of the parameters used to calculate these fluxes is present
below:
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Forest Biomass: Estimates published of the above ground biomass for the Brazilian Amazon
forest range from 256t/ha (14) to 353t/ha (15) near Manaus, and in other places values range from
248t/ha at Tucurui (16) to 300t/ha (17) in Paragominas (Para state). A mean value of 290t/ha has
been used. This value, assuming the traditional 0.45 value for C content, corresponds to 130.5t C/ha.
Timber harvesting: Huguet (11) reported that 4250 m3 of rough timber was removed from
a lOOha study unit in 1986. Assuming a 0.62 mean wood density value (18) and a carbon content of
0.50 for wood (19), the amount of C removed is equivalent to approximately 13.2t C/ha.
Areas deforested and pasture developed: Estimates of area of pasture (S) in the Brazilian
Amazon range from 70 000km2 (20), 100 000km2 (21) to 120 000km2 (22). A mean value 97 700
km2 has been used.
C production from burning: Combustion efficiency (Ce) has been estimated near Manaus to
vary from 20.0% (23) to 27.6% (24). Therefore a Ce average of 23.8% has been used. C flux to the
atmosphere due to burning of forest for pasture formation has been obtained by the following
calculation: (CBJom„5-Ctimber) x Ce x S.
Pasture productivity : Estimates of pasture productivity in the Amazon are scarce. An annual
above ground dry matter production estimate of 10t/ha has been used (23) which has a carrying
capacity of 1.5 beasts/ha and is found in much of the area.
Change in soil C: ö13C data from a chronosequence of samples of pastures developed over
an 8 year period has been used to estimate the C present in the 0-20cm soil layer which originated
from the forest vegetation and from C4 grasses in the pasture (25, 26). Equations (II) and (III) have
been used to estimate the biodegradable and stable C remaining from the forest vegetation.
A total of 90t/ha of C was found in SOM in the top 20cm of the forest soil at Manaus at the
time of clearing. Of this total 55% was estimated to be present in the biodegradable (Cdfb) fraction
at clearing and this reduced to zero after 4 years (Figure la). Total C in the top 20cm of soil from
the forest declined to 69t/ha in years 2 and 3 as a result of mineralization of SOM.
The contribution of C of pasture origin (Cp) in the 0-20cm layer (Figure la) was 7.2t C/ha
(5%) after 1 year, 14.0t/ha (20%) after 2 years, and 45.8t/ha (40%) after 8 years. In this unfertilized
well managed Brachiaria humidicola ecosystem (25, 27) stocked at 1.5 beast/ha it was shown that
after eight years of pasture, the organic C content of the surface soil had exceeded its initial value.
Based on the above measurements, calculations and assumptions a C balance for the 8 years
pasture system has been obtained (Table 1). This shows a loss of 50.7t C/ha in the year of burning
and pasture establishment and a total loss of 23.9t C/ha over the next 7 years (3.4t C/ha/yr) which
has a loss via continued decay of unburnt forest residue and mineralization of biodegradable forest
C (Cdfb) and a gain from unutilized pasture biomass. The reason why the C flux is not more negative
can be obtain from a comparison of the C budget in forest and grazed pasture system. To do this a
number of estimates and assumption must be made. In the estimate of the C budget presented here
the following have been used:
Forest litter production: Luizao (28) measured litter production in a forest from Manaus over
a 3 year period ranging from 7.5 to 8.25t dry matter (DM)/ha/yr.
Pasture litter production: A production of the above ground biomass of 10t/ha has been used
(23). The pasture was stocked with cattle at 1.5 beast/ha which consumed 4.1tDM/ha/yr. This leaves
a residual herbage return to the litter pool of 5.9tDM/ha. Assuming an average digestability of 60%,
40% of the intake would be returned in dung (1.6 t/ha).
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Figure 1. Carbon derived from forest, separated into stable (Cdfs) and biodegradable (Cdfb) fractions
and C from pasture or crop (Cdc). a) °:«tures from Manaus in Amazon State over 8 years, b) Sugar
cane from Sao Paulo State over 50 years.
Table 1. Estimated C pool sizes and transfer (t/ha) when a tropical rainforest at Manaus, Brazil was
logged, burnt and converted to pasture.
C pool size

C transfer
year 1

years 2 - 8

Net over
8 years

-(t/ha)Biomass
Removed in timber
Forest burning
Decay of unburnt biomass
Soil C (0-20 cm)
Soil C from forest cultivation
Soil C pasture phase
Pasture growth
Annual burn

130.5
13.2
-27.9

0

-27.9

-11.0

-77.0

-88.0

-26.2

-13.5

-39.7

+7.2

+38.6

+45.8

+9.0

+63.0

+72.0

0

-35.0

-35.0

-48.9

-23.9

-72.8

90.0

Total
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It has been assumed that root turnover was the same in both systems. Based on the above
the forest system has a return of C of approximately 3.6t C/ha (8tDM/ha x 4 5 % C) whilst in the
grazed pasture 3.3t C/ha (2.6 in litter and 0.7 in dung) is returned.
The above calculation is supported by the soil C data which shows that following clearing of
the forest there is an initial decline in soil C but that this is restored to a level higher than the initial
value after 8 years of unfertilized grazed pasture because of the productivity of the pasture and the
degree of recycling of C within the grazed system. The long term sustainability of this system will
depend not on the availability of C but on the supply of nutrients, particularly N, P, and S to the
pasture. With transference of these nutrients to concentrated areas such as dung, stock camps and
yards and offtake in product and this transformation into less available soil forms it is inevitable that
nutrients lost in this way will have to be replaced. The form (legume, fertilizer) in which there are
returned will have a significant bearing on the economic and biological sustainability of the system.
This, together with the population and economic pressures will determine whether these cleared areas
will remain under pasture, be abandoned or converted to crop production.
C fluxes when cropping is introduced. Brazil currently has an annual population growth rate of
1.8% and a rising standard of living and at present the country is substantially reliant on alcohol,
produced from sugar cane, to provide fuel for cars. This means that increasing areas of land will need
to be converted to crop production and/or productivity increased in existing cropping areas. Such a
change will place additionnal pressures on soil resources and have important effects on the C balance
of the agricultured ecosystem. In this ruction of the paper the C fluxes in a sugar cane cropping
system are considered.
Cerri et al. (29) has investigated the changes in soil C in an Oxisol soil which had grown
sugar cane exclusively for 12 and 50 years. The contribution of forest (stable and biodegradable) and
crop C to to soil C in the 0-20cm layer is presented in Figure lb.
The soil C pool of 72.0t C/ha in Sao Paulo (SP) state compares with 90.0t C/ha in the
Amazonia which most likely reflects the lower growth rate of the forest in SP which has a lower
mean temperature and a longer dry season. Cropping, with frequent cultivation, which exposes
organic matter to greater mineralization resulted in not only a decline in C derived from the forest
but a low input of C from the sugar cane crop such that total soil C levels declined from 72.0 to
38.5t/ha over a 50 year period. This has important implications for the total C flux.
Calculation of Cdfs for the sugar cane system indicates that this represents only 29% of Cs
whereas it represented 55% in the pasture at Manaus. Whilst this can be interpreted as the presence
of a more biologically active soil C pool at SP it could also represent a deficiency in the method of
calculation of Cdfs which assumes an asymptotic exponential function. Earlier studies of soil C (8)
suggests that SOM consists of a series of pools with varying turnover rates. Even though some pools
turnover slowly they still contribute C to the microbial biomass and are therefore not stable. A recent
study by Lefroy et al. (30) has shown significant declines during cropping in both labile C and in
the more stabilized soil C fraction not oxidized by KMn0 4 .
Global and national consequences of altered C fluxes from Brazilian agriculture : In the C
balance shown in Table 1 the burning of the Brazilian forest contributes an immediate 27.9t C/ha to
the atmosphere. Based on a total cleared area of the Amazonian forest of 9.77 x 106ha a total of
0.273 x 109t C has been added to the atmosphere by burning. This represents only 0.24% of the
115135 x 109t C which has been estimated (31) to have been released to the atmosphere throughout
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the world through changes in land use, mainly deforestation, between 1850 and 1985. In relation to
the total amount of atmospheric C (353 ppmv, i.e. 748.4 x 109t C (32)) the contribution from Amazon
forest burning represents less than 0.04%. Assuming that all the C in the unburnt forest biomass has
subsequently been released when the pastures have been burnt the contributions are 1.0% and 0.15%
respectively.
The estimate of C flux when Brazilian forest is cleared and converted to pasture made here
has been over an 8 year time scale. At the end of the 8 years all of the unburnt forest has been lost
such that from 8 years arounds the system returns to an equilibrium. An important component of the
C flux calculation presented has been the inclusion of the changes in the SOM pool and the
partitioning of C return that from the forest and that from the pasture which has been made possible
through the use of the ÖT3C technique. Developping sustainable technologies to maintain productive
pastures is a challenge facing Brazilian agriculture.
The decline in the soil C pool in the 0-20cm soil layer measured in the 50 years sugar cane
cropping system represents an average decline of 0.67t C/ha/yr and a loss of 47% of C. The impact
of this decline in soil C an global C0 2 flux has been estimated. Assuming that the magnitude of the
decline in soil C has been the same in the 4.4 106ha of sugar cane and 10 x 106ha of soybean
cultivated annually in Brazil the C decline represents a loss of 482.4 x 106t C over 50 years or 9.65
x 106t C/year. With global C0 2 increasing at 1.8 ppmv/yr (3.8 x 109t C/yr) the input from the decline
in soil C as a result of cultivation of crop land in Brazil represents 0.25% of this increase. The rate
of decline in soil C is asympotic and reaches a new equilibrium of approximately 0.8% in cropped
areas. Of importance is to know what proportion of this C is labile and able to turnover at a rate
sufficient to maintain an active soil biomass. The combined use of the ö13C and KMn0 4 fractionation
techniques (30) offer the possibility of estimating the labile and non-labile pools in such systems and
the impact of agricultured practices such as fertilization, crop residue return and green manuring on
the sustainability of the system. The sustainability index developed by Lefroy and Blair (33) will be
helpful in this regard.
Although the contribution of forest clearing and decline in soil C with cropping represents a
small portion of the total increase in atmospheric C0 2 concentration, it is never-the-less a
contribution. Economic pressures and the present lack of an economically sustainable technology to
maintain pasture production in land cleared from Amazon forest is likely to reduce the rate of forest
clearing. On the other hand increasing population and an increasing standard of living is likely to
result in an increase in the cropping area in Brazil. For this to be sustainable, balanced fertilization
and/or green manure and crop residue management systems and cultivation practices which conserves
SOM, will have to be developed to maintain soil fertility and SOM at acceptable levels. Such systems
will be C0 2 neutral with C fixation in product and residue equalling C loss by respiration and decay.
Continued refinement of techniques to monitor soil C pools will be required in order to be
able to determine the effect of different production systems on short and long term sustainability. The
challenge of maintaining the quality of the soil resource in world agriculture is as great as or greater
than the problem of increasing atmospheric concentration of C0 2 and the possibility of global
warming.
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Abstract
The Food and Agriculture Organization of the United Nations and the International
Atomic Energy Agency have through their Joint Division in Vienna and the Agriculture
Laboratory, Seibersdorf, for more than two decades coordinated international programmes
on biological nitrogen fixation in developing countries. The main objectives of these
programmes have been to develop and optimize the 15N isotope dilution method to quantify
N2 fixation in leguminous crops and to enhance nitrogen fixation in various cropping systems.
Experiments, conducted as part of coordinated research programmes, are performed
in a number of countries simultaneously and, therefore, they give results under a wide range
of environmental conditions. A major feature of FAO/IAEA programmes is the transfer of
technology which occurs during research coordination meetings and workshops.
During 1986-1991 such a programme was conducted in Latin America with the
objective of identifying cultivars of common bean (Phaseolus vulgaris L.) with enhanced
biological nitrogen fixation. Scientific institutions from Brazil, Chile, Colombia, Guatemala,
Mexico, Peru and the United States were involved. Some results from this programme are
presented.
Introduction
The Joint FAO/IAEA Division in Vienna and the FAO/IAEA Agriculture Laboratory,
Seibersdorf, Austria, have conducted many Coordinated Research Programmes (CRP) on
various aspects of isotope tracer technology in crop and livestock production over its 30 year
history. Each CRP aims to identify and resolve problems affecting agricultural production
in developing countries. Scientists from 10-15 institutes participate in each programme either
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as funded research contractors from developing countries or as cost-free agreement holders
from developed countries or International Institutes. Research Co-ordination Meetings are
held to monitor the progress of research, share ideas and responsibilities, plan future work
and finally report on results and recommend future work. These meetings help focus and
clarify objectives for the researchers themselves as well as for the FAO/IAEA programme.
Projects that are funded through a CRP receive an annual lump sum contract. Usually the
amount awarded to each contractor is relatively small (US$ 5000/year) but this is usually
enough to conduct some important and often difficult research. Each CRP lasts about 5 years.
The results and conclusions are usually published by the FAO/IAEA and/or the individual
participants.
Several of the international FAO/IAEA programmes have been conducted on
biological nitrogen fixation (BNF) (Table 1). The first BNF programmes focused on grain
legumes and the development of 15N methodology to measure BNF. These were followed by
others in which BNF in forage, pasture legumes, Azolla and tree legumes was quantified. The
most recent programmes have emphasized the enhancement of nitrogen fixation in such plants
as common bean through genetic improvements.
The common bean is among the most important food crops in Latin America; some
5.3 million tons of dry bean being produced in 1991 (FAO, 1992) (Table 2). Brazil (51%)
and Mexico (27%) grow the most common bean whilst Argentina, Chile, Colombia,
Guatemala and Honduras each produce between 2 and 4% of the total production in Latin
America. It is likely that considerable amounts of bean are not included in these official
statistics as they are often consumed locally. Bean production and cultivated area have
increased over the last two decades (Table 3) although yield/ha has continued to be very low
(600 kg/ha). For comparison the soybean production in Latin America has increased 15 times
in the same period with yield increasing from 1278 to 1820 kg/ha.
The FAO/IAEA programme on "The Enhancement of Biological Nitrogen Fixation
of Common Bean in Latin America" was conducted during the years 1986-1991 (Bliss and
Hardarson, 1993). Its objectives were to investigate the N2 fixation potential of various
cultivars and breeding lines of common bean and to identify lines which could be used as
parents in breeding programmes to enhance N2 fixation in this species. As some of the bean
cultivars used in these field experiments showed very low percentage and amount of N2
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fixed, a greenhouse experiment was conducted at the FAO/IAEA Laboratory to study the
effect of temperature on these factors. The objective was to find out whether high
temperature had a detrimental effect on nitrogen fixation in common bean compared with
other leguminous species.
Some of the results of the above programme are presented in this paper with examples
mainly from the studies in Mexico and Austria.

Materials and methods
Field experiments were performed in Austria, Brazil, Chile, Colombia, Guatemala,
Mexico and Peru as part of the above CRP. Each experiment included approximately 20 bean
genotypes in single rows with six replicates. They were compared using the 15N isotope
dilution method (Fried and Middelboe, 1977; McAuliffe et al., 1958). 10 kg N/ha of
approximately 10% 15N atom excess ammonium sulphate was applied to the experimental
area at the time of planting. Only cultivars of similar growth periods were included in each
experiment. The evaluations of nitrogen fixation were made when the cultivars having the
shortest growth cycle reached physiological maturity. At that growth stage all entries were
harvested. Plant samples were weighed, chopped, sub-sampled and dried at 70°C. The dried
samples were finely ground and total N determinations were made by the Kjeldahl method
(Eastin 1978), and the N isotope ratio analyses by mass spectrometry (Fiedler and Proksch,
1975) at the FAO/IAEA Laboratory, Seibersdorf. The experiment conducted at Seibersdorf,
Austria included twenty-nine bean lines and non-nodulating soybean as the reference crop
(Table 4) and the one in Irapuato, Mexico had twenty bean lines and sorghum as reference
crop (Table 5).
The 15N isotope dilution method used in this study involves the growth of N2 fixing
and non-fixing reference plants in soil labelled with 15N enriched inorganic fertilizers. It is
based on differential dilution in the plants of 15N tracer by soil and fixed nitrogen (Fried and
Middelboe, 1977; McAuliffe et al., 1958). A N2 fixing plant will have a lower

,5

N

enrichment compared with the non-fixing reference plant due to assimilation of unlabelled
N2 from the air. Without N2 fixation both will have the same enrichment. This methodology
provides an integrated measurement of the amount of fixed N2 accumulated by a crop over
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the growing season. Calculation of % N derived from the atmosphere (%Ndfa) was made by
the following equation:

%NdffF
%Ndfa = (1

) x 100

(1)

%NdffOT
where %NdffF and %NdffNF are % N derived from fertilizer or tracer by fixing and nonfixing plants, respectively.
A greenhouse experiment was performed to study the effect of temperature on
nodulation and nitrogen fixation of common bean (cv. BAT 332), faba bean (cv.
Wieselburger) and soybean (cv. 129). This experiment was conducted between February and
May 1990 at the FAO/IAEA Agriculture Laboratory, Austria. Pots filled with 3.5 kg Typic
Eutrocrepts soil:sand mixture (1:1) were incubated in water tanks adjusted to 16, 22, 28 and
34°C soil temperature after an initial two week incubation at 25°C. The 15N isotope dilution
method was used to quantify biological nitrogen fixation. At the time of germination 10 mg
N/kg soil as ammonium sulphate of 10% ,5N atom excess was applied to all pots. A nonnodulating soybean (cv. 129) was used as a non fixing reference crop. All plants were
harvested 10 weeks after planting. The plant samples were analyzed as described above.

Results and discussion
The twenty-nine lines grown at Seibersdorf, Austria were very variable in %Ndfa
which ranged from 27 to 67 %; total N2 fixed ranged from 25 to 165 kg N/ha. There was
no strong correlation between %Ndfa and amount of N2 fixed although in general the lines
with high %Ndfa fixed more amount of N2. The most effective cultivars in fixing nitrogen
were Riz 44 and BAT 322 at approximately 65 % Ndfa (Fig 1A), while Rubona and Rojo
70 fixed about 165 kg N/ha (Fig IB). Three lines that fixed large amounts of total N2 were
from Rwanda (Nos. 26, 24 and 27).
At Irapuato in Mexico %Ndfa and amount of N2 fixed were very variable in the
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twenty bean lines tested which was similar to the results in Austria. The range of %Ndfa was
from 5 to 58%, the best lines being Criollo Huejutla, Negro Queretaro Crillo and Wisconsin
21-58 (Fig 2A). The range for amount of N2 fixed was from 7 to 108 kg/ha, with the best
line being Wisconsin 21-58 (Fig. 2B).
Analysis of 46 field experiments conducted over the last 15 years in Mexico showed
that indigenous bacteria were abundant and that inoculation responce was only observed in
11% of the experiments ( J Z Castellanos and J. J. Pefia-Cabriales, unpublished data).
Enhanced nitrogen fixation in common bean is therefore more likely to be obtained by
working on the macro-symbiont as done in the present study.
Similar results to the ones from Austria and Mexico were obtained by other
participants in the FAO/I AEA programme and a summary of the results is presented in Table
6 (Hardarson et al., 1993). A wide range in nitrogen fixation was observed in common bean
(5-70 %Ndfa) between and within experiments, with average values of 35 %Ndfa. The high
values, which were greater than had been reported previously for common bean, were
observed only when environmental factors were favorable.
The greenhouse experiment investigated the effect of environmental conditions i.e.
temperature on nitrogen fixation and growth of three leguminous species (Fig. 3 and 4). Faba
bean was particularly sensitive to high temperature compared with common bean and
soybean; yield, nodulation and nitrogen fixation all being relatively low at 34°C. Soybean
was, on the other hand, relatively sensitive to low temperature (16°C) in terms of nodulation
and N2 fixation. Unexpectedly, common bean, which had been found to be sensitive to
extreme environmental conditions, was relatively productive at both low and high
temperature. However, a later study showed that there was considerable difference between
common bean cultivars in their tolerance to high temperatures (unpublished data).
This study showed that common bean lines exist which can support high biological
nitrogen fixation. After selection these can be used either directly as cultivars for production
or in breeding programmes to enhance nitrogen fixation in other cultivars. The use of the
better fixing cultivars of common bean by farmers in Latin America would increase N2
fixation in common bean by at least 10 - 20%, which is equivalent to about 10 - 20 kg N/ha.
They would have to apply 30 - 60 kg N/ha as fertilizer to provide the same amount of N to
the crop. Therefore this increase is of economic
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importance for the farmers on that

continent. Although environmental conditions, i.e. high temperature and dry conditions,
appeared to influence nitrogen fixation by common bean we were not able to confirm this
under controlled conditions in the greenhouse. There is obviously much research to be done
on the common bean/'Rhizobium symbiosis before the most effective combinations can be
identified to increase bean production in the LA region.
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Table 1. Coordinated Research Programmes on biological nitrogen fixation which have been
conducted by the Soil Fertility, Irrigation and Crop Production Section of the Joint
FAO/IAEA Division.
Duration

Number of participating
countries

a) Fertilization
of grain legumes,

1972 - 1977

14

b) Grain legumes1,

1979 - 1983

19

c) Multiple cropping,

1980 - 1985

9

d) Pasture2,

1983 - 1988

19

e) Azolla1,

1984 - 1989

13

f) Common bean in
Latin America,

1986 - 1991

7

g) Grain legumes
in Asia3,

1987 - (1994)

10

h) Tree legumes,

1989 - (1995)

15

i) Microbial ecology,

1992 - (1997)

12

Short title
of programme

'Funded by the Swedish International Development Authority.
Funded by the Government of Italy.
'Funded by the United Nations Development Programme.
2
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as well as average yield and cultivated area in 1991 (FAO, 1992).

Country

Production (x 1000 MT)

Yield (kg/ha)

Area (x 1000

Argentina
Belize
Bolivia
Brazil
Chile
Colombia
Costa Rica
Cuba
Dominican Rp
Ecuador
El Salvador
Grenada
Guatemala
Haiti
Honduras
Jamaica
Mexico
Nicaragua
Panama
Paraguay
Peru
Puerto Rico
Uruguay
Venezuela

220
2
12
2751
119
108
33
26
33
50
67

1128
686
1233
500
1343
808
477
351
1124
909
869
833
846
655
711
1000
710
611
375
874
912
5660
617
621

195
4
10
5508
88
134
69
74
29
55
77

Total
Average

5359

World

17525

110
55
110
1448
56
5
45
47
3
59

130
84
155
1584
91
12
52
52
5
95
8960

598
666

414

26316

Table 3. Total amount of common bean (dry bean) produced in Latin American countries,
as well as average yield and cultivated area during the years of 1969 to 1991 (FAO, 1980;
1992).

1969-71

1979-81

1989

1990

1991

3876

4064

3831

4589

5360

604

551

491

567

598

6419

7385

7797

8096

8959

Production
(1000 MT)
Yield (kg/ha)
Area (1000 ha)
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Table 4. Common bean cultivars tested in Austria.

No.

r

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
Reference

Cultivar
Riz30
Dor 41
Riz29
Riz22
A 237
Bat 332
Riz68
Rojo 70
Riz53
Catu
Bat 1645
Puebla 152
Riz 13
Riz27
Riz 36
Riz 34
Riz 10
Wte3
Riz 32
Bat 76
Bat 477
Bat 22
Riz 44
Tostada
Nmutikili
Rubona
Ikinimba
Borlotto
Extender
Non-nod soybean

* 1-23 from CIAT, Colombia; 24-27 from Rwanda; 28-29 from Austria.
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Table 5. Common bean cultivars tested in Mexico

No

Cultivars

6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
Reference

Sataya 425
Bayocel
Flor de Mayo RMC
Apaseo 67
Negro Queretaro Criollo
Criollo Huejutla
Mantequilla de Calpan
Bayo Madero
Bayo Zacatecas
Bayo Los llanos
Ojabra 400
Cacahuate Ags 19-3-2
Porillo Sintetico
Bay Rio Grande
Wisconsin 21-58
WBR 22-3
Diacol Colima
Puebla 152
I1-320-MRP-2-13-131
Compuesto Chimaltenango 2
Sorghum

417

Table 6. Percentage and amount of N derived from atmosphere of cultivars having the lowest
and highest nitrogen fixation rates in the various countries (Hardarson et al., 1993).
Country

Austria1
Brazil, Goiania2
Brazil, Piracicaba3
Chile4
Colombia5
Guatemala6
Mexico, Colima7
Mexico, Irapuato8
Peru9

Amount of N 2 fixed

%Ndfa
Min

Max

Min

Max

27
12
19
27
32
22
0
5
24

67
25
52
60
47
73
50
58
59

25
2
12
25
20
12
0
7
19

165
12
53
115
36
125
70
108
59

Data of: 'Hardarson; 2Henson and Pereira; 3Tsai; 4Longeri; 5Kipe-Nolt; 6Sanabria; 7CigalesRivero; 8Pena-Cabriales; 'Manrique.
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Legends to figures:
1. (A) Percent N derived from atmosphere (%Ndfa) of common bean cultivars tested under
field conditions in Austria and (B) the amount of N2 fixed by the same cultivars. The
cultivars are listed in Table 4.
2. (A) Percent N derived from atmosphere (%Ndfa) of common bean cultivars tested under
field conditions in Irapuato, Mexico and (B) the amount of N2 fixed by the same cultivars.
The cultivars are listed in Table 5.
3. Dry matter yield (g/plant) and number of nodules/plant of common bean, fababean and
soybean when grown at various temperatures.
4. Percent N derived from atmosphere (%Ndfa) and amount of N2 fixed (mg/plant) of
common bean, fababean and soybean when grown at various temperatures.
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Genotypic Variation in N2 Fixation between and within Tree
Species Estimated by the 15N Isotope Dilution Technique
N. Sanginga, S. K. A. Danso, F. Zapata, and G. D. Bowen. IITA, PMB
5320 Oyo Road Ibadan; Nigeria, IAEA, Soils Section, Joint FAO/IAEA Division,
PO Box 100 Vienna, Austria; Division of Soils,, CSIRO, Glen Osmand 5064,
Australia.

Summary
Nitrogen fixing trees (NFTs) are used in agroforestry systems such as alley cropping
to restore or maintain soil fertility and produced timber, fuelwood and forage for animals.
Few studies, however, have been conducted on nodulation and biological N2 fixation by
various NFTs/Rhizobium or Frankia symbioses, key factors in the successful growth of NFTs
in N deficient soils. To maximize the contribution of this natural and inexpensive source
of N in agroforestry systems, research experiments have been carried out over ten years in
pot and field conditions using the l5N isotope dilution methods. These studies have shown
large differences between tree species and between provenances within species in their N2
fixation. Some tree species such as Leucacna leucocephala and Gliricidia sepium can fix
200 - 300 kg N ha"1 while others e.g. Faidherbia albida may fix only one tenth as much.
Senna siamea and S. spectabilis often used in alley cropping systems, do not nodulate and
their vigorous growth is due to a highly N use effiency and effective rooting system. Our
pot studies, have shown 2 - 3 fold differences in N2 fixation between provenances/genotypes
of F. albida, L. Leucocephala, G. sepium and 3 - 5 fold differences between provenances of
Casuarina equisetifolia and of C. cunninghamiana. These differences were also substantiated
in the field for G. sepium and L. leucocephala. However, selection for high N2 fixation can
not be the only consideration in agroforestry; for example, it is necessary to select for
tolerance of stress conditions as well. Our results clearly demonstrate that the approach
consisting of selecting the host provenance for its symbiotic performance with an effective
Rhizobium is most promising in the case of species characterized by an extensive genetic
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variability such as NFTs. Selecting superior provenances should substantially increase yield
of these trees and their N contribution in agroforestry systems. The selection of superior
provenances should obviously be coupled with the improvement of methods of vegetative
propagation, allowing the production of a large and continuous supply of planting stock.
Introduction
In recent years the potential of leguminous and actinorhizal trees has aroused
considerable interest, and many international agencies have recommended their increased
use, for example as fuelwood, paper pulp, hardwood, crop shade and in agroforestry systems.
These trees may also be important for revitalization of impoverished tropical soils.
The symbiotic fixation of atmospheric N2 by Rhizobium or Frankia in root nodules
and the enhancement of phosphorus (P) uptake by vesicular arbuscular (VA) mycorrhizae
are the key factor in the successful growth of these trees or shrubs in a wide variety of N
and P deficient soils common in tropical climates. A vigorous NFTs at a particular location
is frequently a manifestation of an especially effective match between the tree genotype, its
symbiotic partner(s) and its environment. In fact, such a tree could be heavily dependent
on its microsymbioses for its nutrition.
With the exception of some species (e.g. L. leucocephala), our knowledge of NFTs
is still very limited. Up to now, only a few studies have dealt with tree N2-fixing systems that
could be harnessed for a variety of purposes in forestry and agroforestry.

Very little is

known about the root nodule bacteria for tree legumes and actinorhizal plants in either their
free-living or symbiotic states. We have only very few reliable data on actual N2-fixation in
the field. The role of nutrition and fertilization in improving N2 fixation and yield is not
well understood.
Whilst little work has been done, the principles and methods of study learned from
work with other hosts grain and pasture legumes may apply, there are many special
problems to be considered in studying symbiosis with tree legumes or actinorhizal plants.
The most conspicuous obstacles being the high genetic variability of most tree species, the
large variation in N2-fixing that occur throughout the life of trees in function of age and
seasons and the microsymbiont. Relatively few NFT species are self-pollinated (Halliday,
(1984). Unlike annual food crop which are self-pollinated, genetic heterogeneity of most
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NFT species is problematic at virtually every stage in conventional crop improvement
strategies. Heterogeneity complicates germplasm exploration, selection and multiplication,
and is confounded by the often lenghty generation times of even the fast NFTs species.
Amont the Rhizobium strains capable of infecting and nodulating a particular MPTs
there might be also great variation in their effectiveness in N2 fixation. There might be a
considerable Rhizobium strain X host NFTs variation and thus an opportunity to select and
propagate superior combinations.
The microbial partners in the NFT'/Rhizobium

or Frankia symbioses have received

much attention (Dreyfus and Dommergues, 1981; Sanginga et al., 1989a; Diem et al., 1983,
Reddell et al., 1986), with considerable less research on the existing variability within and
between NFT species as an approach for deriving greater benefits from N2 fixation.
Attempts to select superior NFTs demonstrated that some leguminous trees such as L.
Icucocephala or F. albida, used in agroforestry, have generally been assumed to be active in
N2 fixation, with few studies on the genetic variation in N2 fixation within and between
provenances or isolines of these tree species.
Sniezko (1987) reported that different provenances and accessions of F. albida exhibit
considerable variation in growth, and attributed this to differences in nodulation patterns.
Atta-Krah (1987) found variability in initial growth and leaf coloration of uninoculated
accessions of G. sepium and related this to differences in the initiation of nodulation.
However, these authors used indirect criteria such as nodule scoring or above ground
biomass as evidence for N2 fixation, rather than the direct estimation to detect real
variations in N2 fixation potential between provenances. Recently, Sanginga et al. (1990c),
using the 15N isotope dilution method, found differences in N2 fixation between two isolines
of L. leucocephala and indicated that large genetic diversity could exist within species, and
suggested that this should be exploited to improve N2 fixation.
A major comprehensive programme could include the development of easy methods
for identifying potential high NFTs, selection of highly effective symbiotic micro-organisms
for a wide range of tree species, examination of soil and environmental constraints to N2
fixation, the effects of management practices on N2 fixation, and the selection of highly

426

fixing genotypes or provenances within tree species.
Materials and methods
Variation in nodulation and N2 fixation by leguminous trees e.g. G. sepium, L.
leucocephala and F. albida with Rhizobium spp symbiosis and by actinorhizal plant species
e.g. C. equisetifolia and C. cunninghmiana with Frankia symbiosis was examined in pot and
field experiments at the International Institute of Tropical Agriculture (IITA), Ibadan,
Nigeria,

(Transition

forest-savanna)

at Yangambi,

Zaire

(Humid

forest)

and at

Domboshawa, Zimbabwe (Savanna, Miombo woodland) and at the International Atomic
Energy Agency (IAEA), Seibersdort, Austria to back up research done in the field in the
above sites in Sub-saharan Tropical Africa. The soils used in all these experiments were low
in major nutrients especially N and available P. Rhizobium and Frankia strains used for the
different tree species had previously proved effective on their respective hosts.
In all these experiments, different tree provenances within each species (minimum
10) were used. The N treatment for each provenance studies, comprised (i) ambient soil
N plus 20 mg N kg"1 and inoculation with Rhizobium or Frankia spp, (ii) ambient soil N plus
20 mg N kg"1 soil, but with no inoculation, and (iii) ambient soil N in uninoculated plants
with lOOmg N kg"1 soil. For the 20mg N rate, 10 atom % 15N was applied in solution to the
inoculated and control plants and for the lOOmg N rate, the 15N enrichment was 2 atom %
15

N excess.
The isotope dilution methodology (Fried and Middelboe, 1977) and the A value

approach (Fried and Broeshart, 1975). The uninoculated NFTs treatments and non-NFT
e.g. Senna siamea, S. spectabilis and Eucalyptus sp were used as reference to measure N2
fixation.

Results and discussion
Measurement of N2 fixation.
Because of the importance of trees in agroforestry there is a crucial need to assess
the magnitude of N2 fixed by different trees, directly in the field. Generally when used for
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l5

grain and pasture legumes

N methods provide quantitative, integrated and the most

reliable values of N2-fixed. The long-term in a given tree raises problems that are associated
with perennial plants e.g. long duration of growth and greater difficulty in obtaining
reference crops that will match during the many different seasons. For young or small trees,
and for pot experiments,

15

N procedures similar to those adopted in grain or pasture

legumes would be expected to give equally satisfactory results. The greatest problems with
N2 fixation estimations using 15N will occur in mature trees, due to their perennial nature
and massive sizes, leading to logistic and sampling difficulties or differences in 15N/14N ratio
of soil due to differences in nitrogen turnover processes that occur under the fixing and
reference crops with time. The influence of these effects may differ depending on how the
15

N is applied. What is therefore urgently needed now is an examination of which of the

existing 15N procedures, e.g. isotope dilution, A value or the natural

15

N abundance and what

15

method of N application should be adopted under different situations. In this paper, we
have considered for N2 fixation measurements the two parameters defined by Dommergues
(1987). The nitrogen fixing potential (NFP) of a species, i.e., the nitrogen fixed with all
environmental constraints removed, including the possible inhibitory effect of soil nitrogen.
However, almost without exception

the field data reported

are subject to some

environmental constraints and the concept of NFP is a qualified one, and the actual nitrogen
fixed (ANF), which is the resultant of NFP, modified by environmental constraints.
Based on the above definitions, we have identified high and low NFT spfliies. The
former included such species as L. leucocephala and G. sepium for which records occur of
100 to 300 (sometimes 500) kg N fixed ha"1 yr"1 representing about 65% of their total N from
atmospheric N2, the latter include such species as F. albida with which fixation has been
reported as less than 20 kg N ha"1 yr"1 i.e. 10 - 20% of its total N. Species such as Casuarina
sp. are intermediate fixing between 60 and 120 kg N ha"1. It is likely that when more species
are studied there will be more of a continuum. The major factors in high NFP are a high
potential growth and a high percentage of nitrogen derived from the atmosphere (% Ndfa).
This last parameter generally appears to be less affected by environmental conditions than
total N fixed (Danso et al., 1992).
genotype/provenance

However, there is increasing evidence of large

differences within legume NFT species in their N2 fixation.
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Genotypic or provenance variation in N2 fixation within NFTs.
Pot studies and few field studies, have shown large differences between cultivars and
provenances within NFTs in their N2 fixation. Pot studies, give indications of differences in
N2 fixing potential and have been useful for early selection of superior high N2 fixer NFTs.
As indicated above, L. leucocephala derived an average about 65 % of its total N from
atmospheric N2 compared to about 20% by F. albida. However, significant differences
%Ndfa occur between provenances of isolines within species.

Sanginga et al, (1990b)

showed that despite the generally poor N2 fixation ascribed to F. albida, vast differences
exist. One provenance supported the highest N2 fixation and derived 8 mg Nplant' or 36%
of its total N from fixation; another on the other hand, fixed only 6% of total N under
identical conditions. This stresses the importance of selecting tree provenances with high
capability for N2 fixation. This was applicable to L. leucocephala as well.
Many alley cropping studies (e.g. at the International Institute of Tropical Agriculture
in Ibadan, Nigeria) have used L. leucocephala K8 (Kang et al., 1981; 1985). Sanginga et al,
(1989) reported that a well nodulated K8 derived 40% of its N from atmospheric N2.
Results obtained by Sanginga et al. (1990b) showing a variation of % Ndfa from 37 to 74
indicate that great scope for screening genotypes for N2 fixation improvement in L.
leucocephala. The most promising provenances or isolines would then be used as a source
of N in alley cropping system.
Ranking of L. leucocephala isolines or F. albida provenances for their % Ndfa
capabilities was highly dependent on the growth stage over evaluation period. The % Ndfa
of selected provenances (poor, intermediate, and good fixers) increased with time, with the
average values being in most cases similar within species at 36 WAP.

A practical

implication of this is that there is a chance of reaching different conclusions on the N2
fixation potential of species and provenances depending on the growth stage. Since trees
are normally perennial, long duration studies should therefore be preferable if possible.
This is a weakness in the existing pot studies. Except for cases where early N2 fixation is
essential to good establishment, differences in time for high N2 fixation e.g.L. leucocephala
K636 and K28 may be of little long term consequence in the field. It is now highly
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appropriate to extend such studies in the field.
Similar significant differences to L. leucocephala in the proportions and amounts of
N2 fixed in G. sepium were observed in the same growing conditions. G. sepium derived
45% of its total N from atmospheric N2. However % Nfda ranged from 26 to 68% between
the 25 provenances examined (Sanginga et ü/., 1991). Such variations were confirmed in
field conditions although values were lower than in pot experiments.
Significant differences in the proportions and amounts of N2 fixed in two Casuarina
species were observed in the same growing conditions (Sanginga et al., 1990a).

C.

equisetifolia derived, on the average 63% from atmospheric N2 fixation, compared to 43%
by C. cunninghamiana.

These values are also similar to those of G. sepium and L.

leucocephala grown under fairly similar conditions.

Thus Casuarina species could be

considered as efficient in fixing atmospheric N2 as some of the commonly-grown leguminous
trees. This N2-fixation capacity offers a great advantage where agroforestry is the farming
system of choice and where soil restoration or conservation is the major concern. Nitrogen
fixation also varied substantially within provenances of each species with % Ndfa ranging
from 14 to 76% for the C. cunninghamania provenances and from 25 to 75% within C.
equisetifolia. The data also indicate that although on the average, C. equisetifolia was
superior than C. cunninghamiana in N2 fixation, N2 fixed in a few of the C. cunninghamiana
provenances was similar to the average N2 fixed in C. equisetifolia. This supports the
suggestion for the screening of genotypes, even for species suspected to poor N2 fixers.
Our results have demonstrated that the genetic variability in N2-fixing abilities of
Casuarina is high, and that N2 fixation by this species may be significantly improved in any
given environment by screening a large collection of different host genotypes for high
symbiotic performance with inoculated Frankia. This promising approach has however been
given little attention relative to the microbial symbiont. Selecting superior plant genotypes
should substantially increase yield of these trees to be established in N-deficient soils.
Growth of these NFTs increased with either inoculation with Frankia or Rhizobium
or N fertilizer addition, but marked differences developed between these N treatment with
time.

In general, growth of inoculated plants was more variable than that of plants
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dependent on soil fertilizer N. This variation in the growth of the inoculated plants was thus
due to the large differences in the N2-fixing abilities than to intrinsic growth differences.
There is increasing evidence of large genotype/provenance
N2 fixation.

differences with NFTs in their

Such differences are being confirmed in field studies.

This has great

implications for N2 fixation in agroforestry. Vegetative propagation, often relatively easy
with tree species, could lead to rapid and significant farmer implementation.

However

selection for high N2 fixation can not be the only consideration in mixed ecosystems; for
example, it is necessary to select for tolerance of stress conditions as well.

Effect of microbial component on variation in N2 fixation
Genetic diversity of planting materials is just one of the features of NFTs. Studies
have indicated large differences in the occurence of nodulation and in the nitrogen-fixing
ability of different Rhizobium/Frankia strains on NFTs.
Nitrogen fixing trees and their rhizobia exhibit a degree of specificity; e.g.within the
genus Acacia not all species will be nodulated by the one bacterial strain. It is therefore
important to determine the degree of host specificity of the selected NFT species to help
in predicting firstly the need to inoculate them at sowing, and secondly, to develop a strain
which nodulate and fix nitrogen with a great number of the useful species if possible
(promiscuous strain). Conversely a promiscuous host, that is a NFT which may nodulate
effectively in a soil in which the Rhizobium population may be small.
Taking into account some data reported in tropical Africa (Drefus and Dommergues,
1981; Sanginga et al., 1989b), one can classify NFTs into three broad groups: group 1, which
nodulates with fast-growing strains (e.g.L. leucocephala, G. Sepium, S. rostrata.Sesbania sp.,
Acacia famesiana, A. nilotica, A. raddiana and A. Senegal); group 2, which nodulates both
with fast and slow-growing strains (e.g. G. Sepium, Acacia seyal.A. cyanophylla,parasponia
spp.); group 3, which nodulates with slow-growing strains (e.g. F. albida, A. holocericea, A.
mearnsii T. vogelii and G. sepium). The first group is considered as specific and exhibits a
symbiotic range narrower than that of the other two groups belonging probably to the
"cowpea micsellanous" type which inhabit most of the tropical soils (Vincent, 1970) now
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called Bradyrhizobium. The strains of fast-growing rhizobia associated with group 1 NFTs
are probably related to the "advanced degenerate forms" (Norris, 1956) represented by the
fast-growing rhizobia.
The practical implication of the specificity of group 1 is that their establishment
requires inoculation with the compatible fast-growing strains, which are generally less
ubiuquitous than the typical Brady rhizobium. This explain the spectacular response to
inoculation ofL. leucocephala with Rhizobium IRc 1045 or IRc 1050 (Sanginga et al., 1985,
1986) in the field at IITA and Fashola in Nigeria.

At both places inoculated plants

produced more N and dry matter than the controls. This effect was statiscally equivalent
to the application of 150 kg ha"1 of urea. Further, the strains survived and competed well
in the field, as was shown in observations made 10 years after their establishment (Sanginga
unpublished data). Inoculation of field-grown A. mearnsii and F. albida rarely results in a
significant yield increase since most tropical soils harbor the competent rhizobia of the
cowpea miscellany (Dommergues, 1987).
The proportions and amounts of N2 fixed by NFTs is influenced by the effectiveness
of Rhizobium strains. In a field study conducted in Southwestern Nigeria, Sanginga et al.,
(1989) indicated that estimates with the 15N dilution method gave nitrogen fixation of 134
kg ha"1 in six months when L. leucocephala was inoculated with Rhizobium strain IRc 1045
and 98 kg ha"1 when inoculated with Rhizobium strain IRc 1050. This nitrogen represented
34-39% of the plant nitrogen.
Another experiment included six strains of Rhizobium spp. and two methods of G.
sepium inoculation i.e. seed or soil inoculation (Sanginga et al., 1991). The plants wer
harvested 14,35 and 53 weeks after planting. In the first harvest significant differences were
found between the number of nodules and the percentage and amount of N2 fixed. There
was also a significant correlation between the number of nodules and the amount of N2 fixed
(r = 0.92; P = 0.05). In the final harvest no correlation was observed, although there were
significant differences between the number of nodules and the percentage of N2 derived
from the atmosphere. The amount of N2 fixed increased with time (from an average of 27%
at the first harvest to 58% at the final harvest) and was influenced by the Rhizobium spp.

I
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strain and the method of inoculation. It ranged from 36% for Rhizobium spp. strain SP 14
to 71% for Rhizobium SP 44 at the last harvest. Values for the percentage of atmosphere
derived N2 obtained by soil inoculation were slightly higher than those obtained by seed
inoculation.
Awonaike et al. (1992) have also demonstrated that nitrogen fixation and general
performance of a G. sepium genotype was either low or high depending on the rhizobial
inoculum strain. However they showed that no one strain was superior over all the host
genotypes and no one genotype over the strains in nitrogen fixation in a study involving five
plant genotypes and five bacterial strains.

Conclusion
To date the use of NFTs (legumes or non legumes) in forestry and agroforestry has
been largely neglected. However, the success of introduction of species with a high N2-fixing
potential, for example L. leucocephala and G. sepium, is such that interest in NFTs is
increasing. Large plant-to-plant variation and genotype variation in nodulation and growth
have been recorded in NFTs. Further use of NFTs requires, as a first step, screening
between and within species to determine which exhibit the highest N2-fixing potential. As
a second step, it appears necessary to improve our knowledge of the requirements of the
selected trees with regard to their effective endophyte Rhizobium or Frankia in order to
prepare appropriate inoculants.

Nitrogen fixation can thus be maximized by judicious

selection of these. Due to their big heterogeniety, tree species are prime candidates for
vegetative propagation. Therefore, the integration of selection of high N fixing genotypes
and the biotechnology of mass vegetative propagation could lead to large increases in N
fixation in agroforestry systems.
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Abstract In developing as well as in developed countries, economic and environmental-hygienic
reasons force researchers to study the factors influencing the uptake of fertilizer N and to provide
information on how to increase the fertilizer use efficiency. Fertilizer behaviour and methods to
assess fertilizer use efficiency are discussed and several examples show that the use of labelled
compounds allow to accurately study the fate of fertilizers.
1. Introduction
The explosive growth of the world population during the present century puts a lot of stress to the
amount of food supply and the amount of agricultural land. It is expected that by the year 2100 the
population will stabilize at about 10.5 billion, of which 87% will live in developing countries [45].
Through famine, the fragile tropical and subtropical soil system may rapidly become depleted and
infertile.
Although the use of fertilizers can importantly help, they are often beyond the means of farmers.
In addition to this, the available soil water is often a limiting factor in productivity. In contrast to
developing countries, many industrialized countries, for which availability of fertilizers and
agrochemicals is a minor problem, are confronted with a problem of another kind. There is high
concern about the non-efficient part of the fertilizer.
It has been shown that the efficiency of fertilizers is often lower than 50% [34]. In addition, the
unrecovered part of the fertilizer might have an adverse impact on the environment such as
groundwater N03" pollution, eutrophication, acid rain, and g'obal warming [41]. This means that
while there is a continuous need for N use for sustainable agricultural production, important
environmental and economic factors impose an as high as possible N-use efficiency. This is not an
easy task because the N-cycle in soil-plant-water systems is of very complex nature. Indeed, its
primary processes are independently and interactively regulated by soil chemical and physical
properties, crop characteristics (N demand, root morphology and plant characteristics in general),
climate (temperature, rainfall, cycles of drying/wetting, freezing/thawing, radiant energy),
topography and anthropogenic activities (tillage, fertilization, management). It is quit clear that,
therefore, sufficient attention should go to increasing the effectiveness of fertilizers. Proper
management techniques, efficient use of water, proper mechanization, irrigation and use of
agrochemicals are very helpful in attaining this goal.
Isotopes are an excellent tool to study some of the processes and factors influencing the efficiency
of added fertilizers and to study the fate of the non-efficient part.
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2. Nitrogen supply and methods to assess fertilizer use efficiency
2.1. Sources of nitrogen
The extend to which crop growth is limited by insufficient presence of nutrients depends on the
crop demand and the capacity of the soil to supply them. As far as nitrogen is concerned, three
sources can be considered: the fertilizer (mineral or organic) source, the soil supply and the air as
nitrogen source.
With ample supply of water and nutrients, 20 to 30t of total dry matter ha"1 y'1 can be obtained
[20,38]. Warmer climates are more favourable because of longer growing periods and more
efficient photosynthesis [38]. The dry matter of crops grown with ample supply of nutrients seldom
contains less than 1.5% N, 0.3% P and 1.5% K [21,22,23]. However, if maximum yields are to be
achieved, crops must contain at least 300 kg ha"1 of N, 60 kg ha : of P and 300 kg ha'1 of K. These
quantities can only be obtained through application of fertilizers, because the amount of nutrients
provided by the soil itself is generally small.
The inherent capacity of soils to supply nutrients generally diminishes from temperate regions
towards the equator [13]. In hot climates, an important amount of plant nutrients have been leached
out of the soil, leaving a matrix, often mainly of A1203 and Fe203, with little capacity to hold
cations and high ability to absorb any applied phosphate. In addition, higher temperatures favour
faster breakdown of organic matter, resulting in a smaller reserve of nitrogen. And it should be kept
in mind that the long-term sustainability of soils and productivity of soils depends on organic
matter, in particular organic N and C.
Next to soil and fertilizer N supply, biological nitrogen fixation (BNF) is to be considered as an
extremely important N source [56]. Indeed, in a majority of countries, fertilizers cannot be obtained
because of high costs, the low per capita income and limited credit facilities of most farmers, as
well as because of lack of effective infrastructure for fertilizer production and distribution. It is
unlikely that the amounts of fertilizer actually used in these countries will importantly increase in
the coming years, on the contrary. In these areas N fixing crops such as legumes can play an
increasingly important role. They bring in atmospheric N2 and leave after harvest through their
nodulated roots and harvest residues a valuable source of N for replenishment of soil organic N.
In contrast to earlier findings [9,14,44], there is clear evidence that annual crop legumes contribute
to the subsequent crop and the organic N in the soil [30,57].
2.2. Fertilizer behaviour and efficiency
If water is not a limiting factor, application of fertilizers (especially N) normally significantly
increases yield. However, the amount of fertilizer N to be added depends on a number of factors
which influence positively as well as negatively the total amount of plant-available N (Fig. 1).
Fertilization should balance the N present in the root zone of the soil profile at sowing time plus
the N coming from mineralization during the growing period on one side and the need of the plant
for obtaining maximum yield on the other side. The amount of N which might escape out of the
rooting zone should hereby also be taken into consideration. The importance of other factors on
plant yield such as deposition, erosion, and fixation on clay minerals might be of minor importance,
although not always negligible. Ammonia volatilization, denitrification and leaching should,
however, be controlled.
It is thus clear that the effect of fertilization or the fertilizer efficiency is influenced by a large
number of factors. Before going into these factors, the term fertilizer efficiency should be clearly
defined.
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Efficiency of fertilizers or agrochemicals in general can be considered from various viewpoints
[5,12]: (1) fertilizer use efficiency: the yield increase (grain or tubers or other plant parts) per unit
of applied nutrient. According to Bock [4], this is an agronomic approach also defined as yield
efficiency; (2) nutrient uptake efficiency: the amount of a nutrient absorbed per unit applied
nutrient. This is an ecophysiological approach; and (3) physiological nutrient use efficiency: the
yield per gram of nutrient absorbed. This is a physiological parameter.
According to Greenwood [19], the term efficiency can also be defined in other ways including the
increase in the well-being of man or the increase in food production.

Rainfall
Mineralization

Fertilizer nitrogen

\

/
Fixation

Plant uptake
Immobilization

J
Volatilization
Runoff erosion
Denltrlfl cation

Fig. 1. Factors influencing positively and negatively the plant available mineral N (after [50])

Needless to say that for economic as well as for environmental-hygienic reasons, the uptake or
efficiency of fertilizers should be as high as possible. In addition, quantification and location of the
non-efficient part of the fertilizer is a necessity in order to be able to introduce the proper measures
to protect our environment.
All processes influencing the combined action of providing enough available nutrients but keeping
the environment clean are difficult to study without the use of isotopes. Indeed, nuclear techniques
are unique (1) to determine the efficiency and residual effect of the applied fertilizer, (2) to quantify
the amount of biologically fixed Nj, (3) to study the fate of the non-efficient part of the fertilizer,
and (4) to evaluate the amount and movement of water, in many cases the most important limiting
factor.
2.3. Methods to assess fertilizer use efficiency
Fertilizer N uptake can be determined by the non-isotopic difference method as well as by the
isotopic direct method [26]. The difference method uses the difference in N uptake between
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fertilized plants and non-fertilized plants. Also the slope of the linear regression relating the N
content in the plants and the rates of applied fertilizer N can be used. With this method, different
levels of fertilization (possibly also a zero fertilization) is necessary. The isotopic method
determines directly the amount of N derived from the applied labelled fertilizer in the plant. It can
also use the slope of the regression line between the labelled N uptake against the amount of
applied labelled fertilizer N.
Several experiments have been carried out to evaluate and compare these two methods. Both have
advantages and disadvantages, but they provide usually results which are closely correlated
[6,25,40,43,53].
When comparing both techniques a number of considerations should be taken in mind [5]. Because
the difference method compares data obtained from different levels of fertilization, the assumption
is made that all fertilization levels have the same influence on the soil N. This is seldom true
because of its influence on soil N turnover as well as on root development. The isotope method,
on the other hand, assumes that no biological interchange occurs between the labelled and nonlabelled N. In its excellent review on 'priming' effect, Jenkinson et al. [33] showed that also the
isotopic technique is not without shortcomings. The isotopic technique usually provides results
which have a lower variability and higher sensitivity, resulting in more accurate information in a
shorter period of time [16,17].
An important point, however, is that for both methods adequate field experimentation techniques
(lay-out, sampling and sub-sampling and analysis) are absolutely necessary [46,55].
It is clear that under conditions of low soil N, the indirect method can be preferred to obtain
general fertilizer recommendations. In soils with a high amount of native N, the isotopic method
is to be preferred. In addition, the isotopic method provides more accurate information on a shorter
period of time.
2.4. Experimental lay-out for efficiency studies
Each experiment on fertilizer N efficiency calls for a certain number of treatments and repetitions,
according to the basic principles of statistical analyses.
In the direct isotopic method, a clear distinction should be made between the isotopic plot and the
yield plot. In the classical experimentation, the isotopic plots are usually scattered microplots
covering the smallest possible area required to obtain a representative sample for a good estimate
of the isotopic parameter. The isotopically labelled fertilizer is applied to these small plots.
Micropiot size may vary from about lm2 (small grain cereals, pastures) to about 10m2 (widelyspaced row crops). Yield plots cover a relatively larger (10 - 15 m2) area in order to obtain precise
information on yield and other observations. With individually labelled microplots, the nonharvested border area might be quite high.
Another approach has been developed by Khanif et al. [36]. In their approach the labelled fertilizer
is applied in one area of the field and subdivided in a number of subplots. A same number of
subplots is also used outside the labelled place, to get information on yield. These subplots are
scattered ad random in the field (Fig. 2). The yield and variability in the labelled and non-labelled
subplots are then compared with the t-test and double-tailed F-test. This comparison allows to
conclude if information obtained on the labelled plots can be extrapolated to the whole field.
Because of less border effect, the same amount of labelled material allows to fertilize a higher
surface than with the approach whereby the labelled plots are scattered in the field.
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Experimental layout of 15N field experiments [36]

3. Results and discussion
,
Despite research during several decades, a scientifically justified N fertilization is still difficult. The
main reasons are the narrow limits for an optimum N fertilization and the complex N
transformation processes [31]. For most arable crops only a limited deviation of the optimum is
allowed and for environmental reasons, these limits are even more strict.
Worldwide seen, the use of fertilizers is approached in two different ways. In developed countries as a result of overproduction for several crops - farmers' interest moved from maximizing
production towards optimization with lower and more efficient use of production factors. On the
other hand, in developing countries, the first aim is still a search for maximization of production
and environmental concern is of second order.
During more than 25 years, fertilizer N efficiency studies have been conducted throughout the
world [5,12,29,31]. Factors such as fertilizer placement, timing, type of fertilizer, cultivation
practices (irrigation, plant density, cropping sequence), identification of N efficient genotypes,
competition in mixed agricultural and natural ecosystems, etc. have been studied and progress has
been made in selecting the best conditions for increasing the fertilizer efficiency.
The strength of the isotope in these studies is that information can be obtained without the abovementioned problems of interactions due to the effect of plant growth, nutrient uptake or other
factors that may be a result of the fertilizer treatment. The Soil Fertility, Irrigation and Crop
Production Section of the Joint FAO/IAEA Division, together with the Soil Science Unit at the
IAEA Seibersdorf Laboratory has played a key role in the implementation of research programmes
by developing isotope techniques, providing analytical services and transferring this technology to
the IAEA and to FAO member States [29]. To illustrate the potential of using labelled fertilizers,
a number of results will be shown related to different experiments on N fertilization.
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3.1. Nitrogen fertilizer studies with direct labelling
In the direct isotopic method, the N fertilizer itself is labelled and applied. The effects of fertilizer
management practices, doses, application times and many other variables can be studied simply.
In all these studies, the central goal is to control fertilization with the aim to provide the plant with
a certain amount of available N only when it is needed. However, one should realize that this
control can be interrupted by climatic conditions, influencing crop growth and indirectly influencing
fertilizer and nutrient uptake. As a consequence, part of the fertilizer can escape out of the
plant/soil/animal system and arrive somewhere it is not wanted. These flows can be grouped into
fluxes towards the groundwater (mainly nitrate), towards the atmosphere (NH3, N 2 0, NO, Nj) or
towards vertical movement (erosion and runoff). Their importance needs to be taken into account
when N fertilizer strategies are being developed [2]. As far as N is concerned, a high number of
papers related to efficiency studies under a variety of conditions is available. Some of the main
conclusions of these fertilizer studies are given in the next paragraphs and some are illustrated in
the following tables.
It has been demonstrated that good timing and a proper method of fertilizer application can result
in lower amounts of residual fertilizer N and consequently in lower leaching. High fertilization
and/or manuring rates in light textured soils, on the other hand, are favourable for leaching and
pollution of groundwater. However, plant cover and cropping conditions can be very helpful in
reducing leaching [24]. Split application may further increase the fertilizer efficiency [11]. This is
illustrated in Table 1.
Table 1. Influence of split application on labelled fertilizer recovery and loss (after [49])
Timing

Application

% N Recov.
plant

% N Recovery
soil (0-30 cm)

Unrecovered N-15
(% of applied N)

Basal
12 DT
5-7 DBPI
PI

Incorporation
Broadcast
Broadcast
Broadcast

5.1
20.6
46.3
34.4

8.2
26.0
26.2
16.4

85
53
27
49

DT: days after planting
DBPI: days before panicle initiation
PI: panicle initiation
According to [3] split application up to tree splits was effective in reducing leaching losses of N
beyond the root zone of rice, but increasing the number of split doses of urea from 3 to 10 did not
enhance the efficiency of the urea-N.
It should also be noticed that the availability of fertilizer N to crops is influenced by the type of
tillage. A study in Northeastern Thailand on poorly-drained rice-growing soils with low sorption
capacity, fertilized with labelled urea showed that a sizeable fraction of the fertilizer N remains in
the floodwater following application.
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The mode of fertilizer application is also very important. It has been found that band application
gives more efficient fertilizer use than broadcasting [39], and consequently less risk for loss. The
importance of the rate of application and timing is illustrated in Table 2 and 3.
Shallow rooting crops, such as potatoes, need high levels of N in the soil profile for economic
optimum yield, but leave substantial amounts of N in the profile susceptible for leaching, upon
harvest (Table 4).
Runoff can also be an important mechanism of nutrient loss in areas with high probability for
inundation following intense rainfall [48].
Table 2. N utilization coefficient by sunflower as a function of NP application rate [28]
1973

1972
Treatment

% Utilization
coefficient

Treatment

% Utilization
coefficient

P30N0
P30N30
P30N60
P30N90

29.3
33.5
29.7

P40N0
P40N40
P40N80
P40N120

38.2
36.2
38.4

P60N0
P60N30
P60N60
P60N90

25.0
30.6
31.6

P60N0
P60N40
P60N80
P60N120

45.7
42.3
42.7

Table 3. Effect of timing and type of fertilizer on fertilizer N uptake by wheat [28]
Time and Rate of
N application
(kg N ha 1 )

Kernel

Straw

I

II

in

25.3
32.7
29.0

7.9
9.0
16.9

6.1
7.0
13.1

20.3
23.3
21.8

32.0
37.7
34.8

10.6
13.0
23.6

8.3
10.2
18.5

27.7
34.0
30.8

Spring

I

II

in

NH4N03
60*
60
total

60
60*

8.0
10.4
18.4

7.6
9.8
17.4

NH415N03
60*
60
total

60
60*

10.2
12.0
22.2

9.6
11.3
20.9

Autumn

Total

n

m

15.9
19.4
35.3

13.7
16.8
35.3

45.6
56.0
50.8

20.8
25.0
45.8

17.9
21.5
39.4

59.7
71.7
65.6

I

15

I : % Ndff
II : N absorbed from fertilizer (kg ha')
HI: Utilization coefficient (%)
* : labelled with 15N

443

Table 4. Balance at harvesting time and distribution of applied labelled 15NH415N03 to potatoes [48]
Fertilizer recovery
kg N ha 1

% of applied N

1985

1986

1985

1986

Plant
Soil 0-10 cm
10-20 cm
20-30 cm
30-60 cm
60-90 cm
90-120 cm
total

45.5
28.1
7.9
1.8
23.8
8.3
9.2
79.1

84.4
25.7
2.1
8.6
4.4
6.0
3.6
50.4

25.3
15.6
4.4
1.0
13.2
4.6
5.1
43.9

56.3
17.1
1.4
5.7
2.9
4.0
2.4
33.6

Total

124.6

134.8

Loss

55.4

15.2

69.2
30.8

89.9
10.1

The behaviour of urea is somewhat different. Upon application it hydrolyses into ammonium ions
with an accompanying rise in pH. This can lead to important ammonia loss and lower efficiency.
The use of urease inhibitors, however, can slow down the hydrolysis rate, lower the pH rise and
ammonia loss, and consequently increase the urea efficiency and yield. According to Sakorn
Phongpan and Byrnes [47], however, not much difference was found between treatments with and
without an urease inhibitor, nBTPT (Table 5). It was found by Buresh et al. [7]) that band
placement of urea at 2 cm depth was more effective in reducing N loss than broadcasting urea with
the urease inhibitor, phenyl phosphorodiamidate.
Table 5. Recovery of I5N of urea and nBTPT-amended urea in the floodwater-plant-soil system at
37 days after fertilization (51 kg N ha"1) [47]
Distribution

Urea

Urea + nBTPT

Floodwater
Plant
Soil (including roots)
Total recovery
15
N unaccounted for

0.20
28.50
21.14
49.83
50.17

0.54
28.34
21.60
50.47
49.33

Under field conditions, values of fertilizer N recovered by plants are usually around 50 to 60%, as
illustrated in Table 6 [15,42,52,54,55]. But, low values can also be found, especially under severe
(cold, wet, dry) climatic conditions, leading to low yield (Table 7).
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Table 6. Balance of applied labelled fertilizer N to different types of crops in a temperate climate
[35,36,51]
Fertilizer N recovery, %

Plant species

Barley 1984
Barley 1983
Maize 1984
Maize 1983
Winter wheat 1984
1st application
2nd application
3rd application
Sugar beet 1982
Rye grass 1981

Non-accounted for N, % |

Plant

Soil

Total

57.1
79.3
17.5
84.2

32.5
11.8
68.1
10.5

89.6
90.1
85.7
94.7

10.4
9.9
14.4
5.3

52.6
59.4
66.8
64.0
75.0

20.8
21.7
19.7
25.0
11.0

73.4
81.1
86.5
89.0
86.0

26.6
18.9
13.5
11.0
14.0

Tabel 7. Recovery (%) of applied labelled (NH4)2S04 to sesame and sunflower in Egypt [1]
Plant fraction

%Ndff

%Ndfs

% Recovery

Sunflower
Seeds
Flower rests
Leaves
Stems
Roots
Total

47.5
34.3
39.5
18.6
19.9

52.5
65.7
60.5
81.4
80.1

14.4
2.1
4.5
0.7
0.6
22.3

Sesame
Seeds
Flower rests
Leaves
Stems
Roots
Total

33.3
31.8
33.5
29.2
29.2

66.7
68.3
66.5
70.8
71.7

5.0
2.0
2.3
2.6
0.4
12.3

Another advantage of the use of isotpes is that it allows to study the carry over of fertilizer to a
subsequent crop. This is clearly illustrated in Table 8.
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Table 8. Nitrogen utilization coefficient in wheat as a main crop and maize as a second crop [29]

Fertilization level
(kg N ha1)
120
240

% N utilization
wheat

% N utilization
maize (subsequent
crop)

% utilization
total

27.7
19.7

3.3
7.7

31.0
27.4

As a result of these types of fertilizer studies with information on the fate of fertilizer N, it has
been found that in order to minimize transfer of N into the environment (water and/or atmosphere)
the following management practices can help: (1) minimizing the period when the soil is left bare,
(2) avoiding to apply fertilizers and organic manures long before the plants can use them, and (3)
avoiding ploughing up of old grassland and clearance of old woodland [32].
3.2. Nitrogen fertilizer studies with indirect labelling
For those fertilizers which cannot be investigated by direct labelling, the isotopic dilution method
in which a labelled common source is added as tracer to the soil has been providing useful
information. A decline in the 15N/14N ratio of the treatment including the unlabelled source indicates
N uptake from the source. This technique requires a 'standard' treatment omitting the test source.
The studies with organic fertilizers such as guano, compost, animal slurry, green manures and crop
residues, biological N fertilization and contribution of Azolla N to rice crop are among the best
examples of this technique [10,18,37,56].
Table 9 illustrates the use of the indirect method to evaluate guano as organic fertilizer to barley.
The evaluation of commercial urea of different sizes can also be evaluated indirectly as illustrated
in Table 10. Out of this table it can be seen that a same amount of ammonia loss is noticed from
1 kg of powdered urea, 1.28 kg of prilled urea and 2 kg of 2.9 mm urea.
Table 9. Evaluation test of guano as source of N for barley by means of the isotopic indirect
method [5]
1 Fertilizer treatment

("NH^SO,
(I5NH4)2S04 + commercial(NH4)2SO„
("NH^SO, + guano (Peru)
(1SNH4)2S04 + guano (Zaire)
LSD(0.05)

Dry matter
yield
(g/pot)

N yield
(mg
N/pot)

%Ndf

A value
(mg
N/pot)

7.28
7.62
8.15
7.99
1.48

135
187
247
224
28

29.4
17.8
11.3
13.5
1.9

242
463
785
644
44
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Table 10. Relative comparison of different sizes of urea towards NH3 emission in different types
of alkaline soil
Soil type

Relative values
powder

prill

granule
(2.9 mm)

Light clay (pH 8.0)
Clay (pH 7.2)
Clay (ph 9.4)

1
1
1

1.20
1.35
1.29

2.22
1.96
1.81

Mean

1

1.28

2.00

4. Conclusions
Experiments with labelled fertilizers, through the direct experimentation or through the indirect
approach, form a strong tool to obtain precise quantitative information on the efficiency of
fertilizers, residual effect, movement and transformation. Under these conditions correct information
can be obtained on the amount taken up by the plant and on the fate of the non-used fertilizer.
Although a lot of information has already been collected on several crops under a variety of
conditions, still a number of questions need to be solved. Fertilizer uptake and nutrient carry-over
in mixed systems, the residual effect of fertilizers, fertilizer efficiency in agroforestry, study of
nutrient competition in mixed ecosystems, and study of N efficient genotypes are still important
topics to be studied.
Besides information on efficiency, the use of isotopes can also provide information on the fate of
the fertilizer part which has not been taken up as well as the contribution of gaseous nitrogen
compounds.
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Dynamics of phosphorus in soils and phosphate fertilizer
management in different cropping systems through the
use of isotopic techniques.
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Abstract. Soils in tropical and subtropical areas are often low in available P and therefore
require inputs of P fertilizer for optimum plant growth and production of food and fiber.
Studies on the "available" P status of the soil are essential to predict crop yield responses and
to determine the required P fertilization regime. There is still considerable error associated with
various chemical methods of extracting bioavailable P. The 32P radioisotope exchange method
while being non-destructive holds the advantage of providing three basic parameters to assess
soil P dynamics, quantity, intensity and capacity.
Due to economic considerations, the cost of applying imported or locally produced water-soluble
P fertilizers is often greater than utilizing indigenous phosphate rock. The agronomic
effectiveness of phosphate rock and its suitability for direct application needs to be properly
evaluated. The most appropriate approach for assessing the availability of P in phosphate rock
materials for crops is through the use of isotopic tracers.
The tropical soils of Venezuela under study were classified as having high, medium and low P
fixing capacities depending on wether the r,/R isotopic P adsorption capacity indexes were
<0.2; 0.2 - 0.6 and >0.6, respectively. An isotopic evaluation of the P extracted by Bray I
method in some Venezuelan soils showed that 10 to 98% of the available P was extracted by that
method.
In the volcanic ash derived soils in Chile the isotopic parameters showed a high to very high P
fixing capacity depending on their degree of weathering.
Results from the agronomic evaluation of phosphate rock materials using isotopic techniques
showed increases in dry matter production, P uptake and L values. All these parameters were
directly related to the solubility of P source in an Ultisol from Venezuela. In an Andisol of
Chile 3.8 and 6.4, 1.2 and 1.3, and 0.7 and 0.8 kg P from Bahia Inglesa and Bayovar phosphate
rocks were equivalent to 1 kg P from TSP during the first, second and third year respectively
in a wheat-oat-wheat rotation.
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Introduction. Soils in tropical and subtropical areas are often low in available P and therefore
require inputs of P fertilizer for optimum plant growth and production of food and fiber.
Studies on the assessment of the "bioavailable" P status of the soil are essential to predict crop
yield responses and to determine the required P fertilization regime to obtain maximum
agronomic and economic benefits.
Much research has gone into determining the bioavailability of P in soils (5). A large
number of chemical extractants are used for assessing bio-available P in soils, e.g. Bray and
Mehlich. However, there is still considerable error associated with various methods of
extracting bio-available P especially when mineralizable organic P is present or soil has not
reached equilibrium with addition of water-soluble P sources, and phosphate rock is present
in soil, and also when comparisons are made across varying fertilizer sources, soil types, and
environmental conditions. Common soil extractants do not necessarily remove the actual
fraction of P in soil that is bioavailable; they are also destructive due to chemical reactions,
and correlations have to be established for individual soil and environmental conditions. A
better method of assessing bioavailability would be a non-destructive one which would simulate
the ability of plant roots to absorb soil P. Methods that closely meet these criteria are resin-P
(18), Fe-oxide filter paper (10) and radioisotope exchange (12). Of these, radioisotope
exchange method holds the advantage of mesuring 3 critical parameters in assessing soil P
status, viz. quantity, intensity, and capacity (4). The resin and filter paper techniques only
measure quantity.
Due to economic considerations, the cost of applying imported or locally produced watersoluble P fertilizers is often greater than utilizing indigenous phosphate rock. The agronomic
effectiveness of phosphate rocks and their suitability for direct application needs to be properly
evaluated (9). The most appropriate approach for assessing the bioavailability of P in
phosphate rock materials for crops is through the use of the isotope tracers, 32P and 33P (26).
The Joint FAO/IAEA Division for the Application of Nuclear Techniques in Food and
Agriculture and the IAEA' Agriculture Laboratory are promoting research and development
as well as transfer of this technology to developing Member States of FAO and IAEA through
various mechanisms. This paper presents results from isotopic experiments carried out under
FAO/IAEA Technical Co-operation projects in tropical and sutropical areas in Chile and
Venezuela. Furthermore, future research strategies to be developed by an FAO/IAEA
international networked research programme will be outlined.
Materials and Methods
32

P isotopic method for the assessment of bioavailable soil P.
A laboratory method (4,20) based on the isotopic exchange kinetics of phosphate ions
performed in a suspension of soil in water in a steady state was followed. The characterization
of bioavailable soil P status was made through the determination of three parameters: (i) factor
intensity (I), ie: the phosphate ion concentration in the soil solution, (ii) factor quantity (Q),
ie: amount of P isotopically exchangeable during the first minute (E,), and (iii) instantaneous
capacity factor or the decrease with time of 32 P0 4 ions in the soil suspension. This method
was utilized to characterize the bioavailable P in soil in samples taken from the arable layer
(0-20 cm) from 6 locations in Venezuela.
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Isotopic evaluation of bioavailable soil P obtained using a chemical extraction method.
Common soil extractants do not necessarily proportionally remove the actual fraction of P
in soil that is bioavailable (3). In this experiment the 32P isotope was utilized to assess the
nature of the P extracted by a chemical method, Bray I, and to evaluate the proportion of
exchangeable or available phosphate extracted. The procedure described in detail by Morel
and Fardeau (11) consists of a sequential determination of the isotopic exchange to characterize
the specific activity in the soil solution (SAss) followed by the chemical extraction to determine
the specific activity in the extract (SAext). This technique was utilized in 5 tropical soils from
Venezuela. These soils are highly weathered, acid, with low fertility, generally with N, P,
Ca, Mg and S nutrient deficiencies and in some cases toxic levels of exchangeable Al and Mn,
resulting in serious constraints to crop growth.
Use of 32P isotope techniques in phosphate adsorption/desorption kinetics studies.
Some tropical (Ultisols, Oxisols) and temperate (Andisols, Ultisols) soils show a variable
phosphate adsorption capacity, thus requiring higher P fertilizer rates to obtain optimum yields.
Therefore, it is essential to obtain data on the P sorption characteristics of these soils to explain
differences in their response to P fertilizer application.
A series of laboratory experiments were carried out to establish phosphate adsorption
curves in volcanic ash derived soils in Chile (13,14,23). These soils classified mainly as
Andisols and Ultisols cover about 60% of the arable land of this country. They are very acid
(pH 4.1-5.5), low in available P and depending on their degree of weathering, contain variable
amounts of volcanic glass and allophone, which are major constituents affecting P sorption
capacity (22).
In order to illustrate the utilization of 32P a recent study will be reported here. The
Langmuir equation was utilized to describe the kinetics of P adsorption through the
determination of the parameters Q and I (1). Furthermore the following isotopic technique was
utilized: a suspension of 10 g soil in 0.01 M CaCl2 solution with increasing P concentrations
ranging from 100 to 2000 ppm was continuously shaken for 24 hours. After this equilibration
time, samples were filtered and the phosphate ions in the solution were determined
colorimetrically. Immediately thereafter, 32P was added as 20 ml KH232P04 with a SA of 0.2
/*Ci/ml. The suspension was shaken for 6 hours, samp' ^s were then filtered and both the
remaining radioactivity and the concentration of phosphate ions in the filtrate were measured.
Isotope techniques for evaluating the agronomic effectiveness of P fertilizers, in particular
phosphate rock.
The constraint of low P is normallly removed by application of water-soluble P fertilizers.
Another alternative P source is natural and modified phosphate rock products. However, this
practice requires basic knowledge about the agronomic effectiveness of the P source to be
utilized (9). Several isotopic techniques using P-32 labelled materials have been proposed to
quantitatively evaluate the bioavailability of P from phosphate fertilizers including phosphate
rock (6,7,8,25).
Greenhouse and field isotopic-aided experiments were carried out in Venezuela and Chile
to assess the best conditions for the utilization of locally available phosphate rock. The
procedures followed have been described in detail elsewhere (8,15,25,26).
A series of greenhouse studies was carried out to assess the agronomic evaluation of two
indigenous and modified phosphate rocks (Riecito and Monte Fresco) in tropical soils of
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Venezuela. Labile P (L values) was determined in an Ultisol (Valle La Pascua) according to
the modified procedure of Probert (7).
Isotopic-aided field experiments were carried out in volcanic soils in various agricultural
regions of Chile to assess the agronomic effectiveness of the local phosphate rock Bahia
Inglesa, applied at two P rates over a three year crop rotation. Phosphatic rocks were added
only once at the beginning of the crop rotation and the P-32 labelled superphosphate was
applied at planting time. The A value technique was utilized to evaluate the immediate and
residual value of the phosphate rock. Data of one crop rotation, wheat-oat-wheat, grown in
an Andisol, (series Santa Barbara) will be presented here.

Results and Discussion
"P isotopic method for the assessment of bioavailable P in soil.
As inferred from the physico-chemical analysis of the soils (data not shown), there are large
differences in all parameters measured to assess bioavailable P in soil (Table 1).
The intensity factor or the concentration of P (Cp) in the soil solution is related to the
reserves of P in the solid phase and to the adsorption capacity of the soil (Ratio r,/R). Watersoluble P in all soils was less than 0.2 ppm which is considered as critical value of the
intensity factor for most crops (19,21). The highest value of Cp for the Taguanes soil is likely
to be associated with higher reserves of P in the solid phase. Valle la Pascua, Portuguesa, Pao
and Guataparo soils showed deficient values. Therefore, it is important to assess the sorption
capacities of these soils for replenishing the soil solution (20,21). Soils with r,/R ratios higher
than 0.6, such as Taguanes and Valle La Pascua, do not fix phosphate ions particularly and
the applied P fertilizer remains relatively available. However, there are differences in the P
reserves of these soils, as mentioned before. Soils with r,/R ratios between 0.2 and 0.6 (Pao
and Portuguesa) have medium P-sorption capacities so leaving some proportion of the P
fertilizer applied available. Soils with a ratio lower than 0.2 (Paragua and Guataparo) have
an extremely high P-sorption capacity and so show a limited response to P fertilizer
application.
The kinetic value n is obtained from the decrease of radioactivity remaining in the solution
versus time (20). Values of n close to zero (Taguanes, Valle La Pascua) denote soils with a
good capacity to replenish the pool of labile P whereas values of n approaching 0.5 indicate
soils with a high P-sorption capacity, in particular of the applied water soluble P fertilizer (20).
The quantity factor or the pool of labile P is expressed by the E, value. It is observed
however, that the soils Paragua and Guataparo which have high P-sorption capacities showed
the highest E] value. It has been reported that E, values can be overestimated in soils with
high P-sorption capacity. To solve this problem, Fardeau and Jappe (2) have proposed the
determination of the pool of mobile ions M, through a double isotope dilution procedure.
The ratio E,/Cp is utilized as a capacity factor because it represents the apparent value of
phosphate ions in the solid phase. It is a relatively stable value based on soil type. Most soils
showed a low capacity factor, with the exception of the Taguanes and Guataparo in which the
overestimation of E, has a strong influence on this parameter (4).
Isotopic evaluation of biovailable soil P extracted by Bray I method.
The isotope 32P in this experiment was be used to differentiate the bioavailable P from the
extractable P on the assumption that the specific activity (SA) of P taken up by a crop is the
same as the SA of P in the soil solution (SAss). Therefore, a comparison of the SA values in
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the soil solution and any chemical extractant can be made for evaluating the predictive capacity
of the chemical method for bioavailable soil P (11).
Large differences in SAss and SAext were observed in four of the soils studied (Table 2);
only in Pao soil were the values similar. In the last column of the Table 2, the evaluation is
presented as an index of available P in Bray I extract; 10-89% of the P present in the Bray
I extract was bioavailable i.e. corresponded to isotopically exchangeable P. Only in one soil
was the value close to 100% (89% for Pao). Nevertheless, the values were extremely variable
indicating that there is still considerable error associated with this chemical method in these
soils. It is known that most chemical methods extract unavailable soil P and do not extract all
the available soil P (3,11). This makes the selection of an universal method of extraction very
difficult.
Use of 32P isotopic techniques in phosphate sorption kinetic studies in volcanic ash derived
soils of Chile.
The soils under study are listed in increasing order of P sorption capacity (Table 3).
Volcanic ash derived soils with relatively low degree of weathering (Lonquimay 1 and 2) also
showed relatively low Qmax, while more developed Andisols (Santa Barbara and Victoria)
are the soils with highest Qmax values. The other soils (Mirador, Merenco, Collipulli and
Perquenco)showed intermediate values. Similar trends were observed for the K values
(adsorption energy coefficient), which range from 0.0112 (young volcanic ash derived soil) to
0.1903 (Santa Barbara Andisol) with the highest energy of P adsorption.
The Quantity/Intensity (Q/I) curves shown in Figure 1 relate the amount of P adsorbed and
the concentration of P remaining in solution at increasing P concentrations ranging from 100
to 6000 ppm for the various soils under study. The highest leveles of P adsorbed correspond
to the Qmax values at the 6000 ppm P concentration. It may also be observed in Figure 1 the
differential P fixation capacity of the various soils. The curves located in the upper part
correspond to soils with the highest P fixation (Santa Barbara and Victoria), and those at the
bottom to soils with the lowest P fixation (Lonquimay 1 and 2). The curves of the other soils
occupy intermediate position.
The percentage of the radioactivity remaining in solution after 6 hours (r6h) in relation to
the initial radioactivity (R) is utilized as an index of the P sorption capacity of the volcanic
soils under study at various P concentration levels ranging from 100 to 2000 ppm (Table 4).
A P sorption capacity index (r,/R) has been proposed by Fardeau as one typical parameter to
characterize dynamics of available soil P (4). The method utilized here is an adaptation for
volcanic soils (1). It is observed that soils derived from volcanic ash (Lonquimay 1 and 2)
showed the highest residual activity of phosphate ions in solution, in particular at 500 ppm (1020%) and a corresponding relatively high fixation capacity. On the other hand, the Andisols
showed the lowest values almost irrespective of the P concentration added (less than 1%).
This indicates not only a higher P fixation capacity (Table 4) but also a stronger energy of P
adsorption, becoming non-exchangeable. A non-isotopic routine characterization of volcanic
soils was also made by the method of Blakemore et al. (data non shown here). The total
adsorbed P ranged from about 3% in the young volcanic ash derived soil (Lonquimay 1) to
94% in the Santa Barbara Andisol. The results are in agreement with those previously shown.
However, from previous experiments have shown that the critical P concentration depends
upon a series of factors, ie: soil type, temperature, etc.(13,14,23). The use of 32P allows rapid
quantification of the parameters characterizing the dynamics of available P in soil. It also
allows discrimination of the adsorbed P from the total P added. In this way, it is possible to
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get a better understanding of the soil characteristics affecting soil/phosphate behaviour and the
soil P parameters controlling phosphorus availability to, and fertilizer requirements of,
cultivated crops (24).
Agronomic evaluation of phosphate rock materials through the use of isotopic techniques.
Isotopic and conventional parameters were measured in three cuttings of Agrostis communis
for evaluating the agronomic effectiveness of indigenous and modified phosphate rock (PR)
materials. Values obtained in an Ultisol of Venezuela (La Pascua) are reported in Table 6.
In general, for all cuttings the addition of any P source resulted in an increase in dry matter
and total P uptake. Thus all P fertilized treatments showed higher dry matter production and
total P uptake compared with the control. No major differences were observed between P
fertilized treatments, except that the P uptake of TSP treatment decrease with time whereas
those of PR treatments remained almost constant. Thus at the 1st cutting the P uptake of the
PR treatments and Monte Fresco 40% partially acidulated phosphate rock (PAPR) was
significantly higher than that of TSP and Riecito 40% PAPR. Similar results were seen for
dry matter production.
L values for the Monte Fresco PR increased from 28 to 58 ppm P from the first to the third
cutting while those of Riecito PR remained constant with time (67 to 70 ppm). Thus Monte
Fresco PR showed a higher residual effect. The availability of P in the PAPR products tested
decreased with time. This decrease was more pronounced with Riecito 40% PAPR (from 95
to 70 ppm P). The same effect was noted with the TSP treatment (from 123 to 78 ppm). The
decrease of P availability (L values) from the P sources is related to a decrease in total P
uptake. In all cuttings the magnitude of L values was directly related to the expected
availabilities of the P fertilizer sources tested. The highest L values corresponded to the TSP
treatment and the lowest to the PR treatments. The PAPR products showed immediate values.
The isotopic parameters used for the field evaluation of the agronomic effectiveness of
phosphate rock materials over a 3 year crop rotation are shown in Table 7. The results of the
first year with wheat as head crop of the rotation showed that the percentage of P in the crop
derived from the phosphate rock was not higher than 22 % with Bahia Inglesa PR (RBI) at 350
kg P ha 1 . RBI was superior than Bayovar PR (RBY).
The best treatment was RBI at the lower rate of 175 kg P ha 1 . The TSP (standard
fertilizer) was the best P source under these conditions because the wheat crop used was a
high-yielding cultivar with high nutritional requirements. The magnitude of the AR values
expressed as equivalent units of TSP in Kg P ha"1 was low. As regard to the agronomic
evaluation: 1 kg P as TSP was equivalent to 3.8 kg P as RBI and to 6.4 kg P as RBY.
During the second year with oats as the rotation crop, the percentage of P derived from the
phosphate rock (%PdfR) increased to 45-47%. This effect was confirmed by the magnitude
of the AR values. Both phosphate rocks at the lower P rate 175 kg P ha"1 were superior to RBI
at 350 Kg P ha"1. Both phosphate rocks also showed a similar efficiency as the TSP during
this second year. Thus, 1 kg P as TSP was equivalent to 1.2 and 1.3 kg P as RBY and RBI,
respectively.
During the third year with wheat as the rotation crop, it was observed that the residual
effect of the P in the PR tested was very high. The % PdfR increased to 57-69%. The
highest % PdfR and AR values corresponded to the RBI applied at the higher rate of 350 kg
P ha 1 .
Both phosphate rocks were slightly superior to the TSP; thus 1 kg P as TSP was equivalent
to 0.7 - 0.8 kg P as RBI and RBY respectively. These results clearly demonstrate the residual
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effect of the tested PR, thus indicating that long-term field experiments are needed for the
agronomic evaluation of PR materials (6,26).
The relatively low agronomic efficiency of the PR materials during the first year suggests
that this would be improved by soil management or treatments that enhance P supply from the
beginning. For this purpose, new phosphate rock-based formulations are being developed
(Chien,SH, personal communication).
The isotopic method was very effective in measuring the P supply with time under the
experimental conditions. Factors affecting the agronomic effectiveness of PR materials such
as inherent PR characteristics, crop rotation and environmental factors (soil/climate) can be
easily studied with the isotopic method, which estimates the P in the plant derived from the
phosphate rock (%PdfR). This isotopic parameter is yield-independent and very sensitive for
evaluating the factors mentioned above (26).
Future prospects on the use of P-32 isotope techniques in agricultural phosphate research.
It has been demonstrated that P-32 isotopic techniques are extremely important tools in
agricultural phosphate research. They provide more reliable and accurate information on
various aspects of soil/phosphate behaviour. In order to take advantage of the potentiality of
these techniques, a FAO/IAEA consultants meeting was convened in Vienna, Austria from 1012 May 1993 to review the present status and future trends of agricultural phosphate research
with particular emphasis on the potential use of phosphate rock-based products, bioavailability
of P in soils amended with these products and use of radioisotope techniques for the
aforementioned studies.
The meeting recommended the creation of an international research network programme
with the following objectives:
a) To assess bioavailable P: soil using isotopic exchange techniques and other chemical
extraction techniques for comparison
b) To quantitatively evaluate P uptake from P fertilizers (water-soluble P fertilizers,
indigenous and modified phosphate rock products) by crops under a variety of soil and
climatic conditions. Research should also focus on ways and means to enhance the
agronomic effectiveness of phosphate rock-based products.
c) To obtain agronomic and economic recommendations on the use of P fertilizers.
Based on these recommendations the Joint FAO/IAEA Division for Nuclear Applications
in Food and Agriculture through the Soil Fertility, Irrigation and Crop Production Section with
financial support of the French Government is launching a 5-year Co-ordinated Research
Programme on "The Use of Nuclear and Related Techniques for Evaluating the Agronomic
Effectiveness of Phosphate Fertilizers, in particular Phosphates Rocks" to address the topics
above mentioned using isotopic techniques.
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Table 1. Parameters measured to assess bioavailable P in tropical soils of Venezuela.

Soils
Series - Classification (Soil Taxonomy)
Taguanes
Valle la Pascua
Portuguesa
Pao
Paragua
Guataparo

Typic Paleustult
Typic Paleustult
Aeric Tropaquept
Aquic Paleustult
Oxic Haplustalf
Tropeptic
Haplustox

cP

r,/R
ratio

n

mg P l"1
0.048
0.022
0.029
0.027
0.032
0.008

0.82
0.74
0.28
0.19
0.01
0.01

0.14
0.17
0.39
0.34
0.30
0.42
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E,
mg P kg'

E,/CP
lKg1

0.60
1.40
1.00
1.40
31.00
8.10

1.3
6.4
3.5
5.2
96.9
101.3

Table 2. Isotopic evaluation of bioavailable soil P extracted by the Bray I method
on five acid soils from Venezuela.
Soils
Series - Classification (Soil Taxonomy)

Tigre
Taguanes
Tachira
Portuguesa
Pao

1

Typic Paleustult
Typic Paleustult
Typic Tropoudult
Aeric Tropaquept
Aquic Paleustult

SAext"1
% /tg P g'1

Available P in

pH

SAss1
% tig P g"1

5.1
4.7
4.8
5.0
4.8

105.0
70.0
17.7
16.4
11.9

16.6
7.2
4.1
5.1
10.6

15.8
10.3
31.1
31.3
88.8

2

Bray I extract
(%)

Specific activity (SA) in a soil solution or in an extract at 100 minutes incubation time.
Activity in solution or extract

X 100

total activity added
SA
P concentration 0*g P g-1)
2

The percentage of the available P extracted by the Bray I method was obtained from the ratio
of SAext and SAss.
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Table 3 Qmax and K values derived by the Langmuir equation for volcanic ash derived soils
from Chile

fsoiis
1
Lonquimay 21
Mirador
Metrenco
Collipulli
Perquenco
Santa Barbara
Victoria

Classification
Vitrandepts
Vitrandepts
Rhodoxeralf
Paleohumult
Paleohumult
Haploumbrept
Andisol
Andisol
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Qmax

K

582.4
1045.7
3233.5
3248.2
3512.7
3610.4
4834.3
4882.7

0.0112
0.0213
0.0208
0.0202
0.0179
0.0386
0.1903
0.0629

Table 4 Percentage (%) radioactivity remaining in solution after 6 hours (r6h) in relation
to the initial radioactivity (R), at various P concentration levels for volcanic ash
derived soils from Chile.

Soils
Lonquimay 1
Lonquimay 2
Mirador
Metrenco
Collipulli
Perquenco
Santa Barbara
Victoria

lOOppm

200ppm

500ppm

lOOOppm

2000ppm

2.89
0.79
0.17
0.54
0.36
0.21
0.51
0.28

13.16
2.43
0.31
0.69
0.44
0.27
0.59
0.37

19.69
8.89
0.44
1.27
1.24
0.60
0.57
0.39

27.21
14.43
1.91
2.35
2.64
0.83
0.63
0.36

34.85
20.67
4.25
6.07
6.45
1.69
0.83
0.55

I
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Table 5 Greenhouse evaluation of various phosphate rock materials in an Ultisol (Valle la
Pascua) from Venezuela (data of 3 cuttings of Agrostis communis)

P Fertilizer
1 Treatments

P uptake (ppm)

Dry matter yield (g/pot)
C-l

L value (ppm)

C-2

C-3*

C-l

C-2

C-3

C-l

C-2

C-3 1

Control
Monte Fresco PR
Riecito PR
Monte Fresco 40%
PAPR
Riecito
4096 PAPR
TSP

0.51b**
0.67a
0.75a
0.78a

0.29b
0.79a
0.77a
0.75a

0.07e
1.06a
l.Olab
0.96b

3.1e
11.9d
19.2b
19.9b

1.7d
13.8bc
15.1b
14.5b

0.4c
14.3a
13.8a
14.3a

7.7f
27.9e
69.6d
76.2c

3.2e
54. Id
66.4c
70.1c

3.3d
57.9c
66.5b
68.0b

0.70a

0.66a

0.88c

16.5c

12.3c

11.5b

95.0b

77.2b

69.6b

0.78a

0.68a

0.79d

23.9a

18.5a

11.1b

122.7a

123.0a

78.0a

CV(%)

7.7

9.4

6.0

7.0

9.0

10.1

2.6

6.5

4.7

C-l, C-2, C-3 are cuttings 1, 2 and 3 .
Values within the same column with the same letter are not significantly different, according to the DUNCAN
multiple range test.
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Table 6 Isotopic-aided field evaluation of the agronomic effectiveness of phosphate rock
materials over a three year crop rotation in an Andisol from Chile.
1st Year crop: Wheat, cultivar Laurel
P fertilizer "
treatments

PdfR
%

AR value 2)
kg P ha"'

Amount
equivalent to
1kg P as TSP

T, RBI-175
T2 RBI-350
TjRBY-175

19.73b
21.59a
12.54c

47b
52a
27c

3.8b
6.7a
6.4a

Relative3'
efficiency
ratio
1.0b4)
1.8a
1.7a

2nd Year crop: Oat, cultivar Nehuen
Ir^fertilizer "
treatments

PdfR
%

AR value 2)
kg P ha"1

Amount
equivalent to
1kg P as TSP

Relative3'
efficiency
ratio

T, RBI-175
T2 RBI-350
TjRBY-175

44.8b
45.8ab
46.8a

131c
137b
143a

1.3b
2.6a
1.2b

1.1b
2.2a
1.0b

3rd Year crop: Wheat, cultivar Siko
P fertilizer °
treatments

PdfR
%

AR value 2)
kg P ha •'

Amount
equivalent to
1kg P as TSP

Relative3'
efficiency
ratio

T, RBI-175
T2 RBI-350
TjRBY-175

58.b
69.0a
56.6ac

236b
372a
219c

0.7a
0.9a
0.8a

1.0a
1.3a
1.1a

P Fertilizer treatments
T, RBI-175 denotes Bahia Inglesa phosphate rock applied at a rate of 175kg P ha'
T2 RBI-350 ditto but at a rate of 350kg P ha -1
T3RBY-175 denotes Bayovar phosphate rock applied at a rate of 175kg P ha"'
AR value is the available amount of P from the phosphate rock expressed in equivalent units of triple
superphosphate (P-32 labelled fertilizer used as a reference standard).
Relative efficiency ratio relates the amounts equivalent to 1kg P as TSP of the different fertilizer P
treatments tested.
Values within the same column with the same letter are not statistically different according to the
DUNCAN multiple range test.
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Fig. 1. Quantity/Intensity curves from volcanic ash derived soils in Chile.
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CHARACTERIZATION OF SOIL WATER STATUS
USING NUCLEAR METHODOLOGY
P.LJJbardi'and K.Reichardt. Department of Physics and Meteorology, ESALQ,
University of Sao Paulo, C.P. 9, 13.418-970, Piracicaba, SP, Brazil.
Introduction. The characterization of soil water status in eco-agrosystems is of prime
importance for their sustainable management. The technologies to monitor soil water have
improved considerably in the last decades and, as a result, we have today methods and tools
capable to characterize precisely and accurately soil physical parameters related to the
water status in the soil. Among these technologies the ones based on nuclear processes play
an important role, due mainly to the property of penetrating into matter with minor
interference in the medium under study. The neutron moderation and the gammaattenuation processes permit, today, efficient, non-destructive and time saving estimation
of soil water contents and other properties. Neutron moisture gauges and laboratory gamma
beams are now considered reliable instruments [1], used routinely for research and practical
investigations in agriculture and related disciplines. As can be seen in a series of papers
from IAEA [2, 3, 4] research on soil-water-plant relations relies heavily on these
methodologies.
It is the pourpose of this symposium paper to discuss the use of neutron probes and
of gamma beams, for the assessment of soil water retention and transmission properties, for
the establishment of soil water balances, and for the characterization of soil particles and
their arrangement as a porous medium. This is done, mainly, citing research work carried
out in Latin America.

Soil water retention and transmission properties. Neutron probes in combination with
tensiometers are extensively used to characterize soils, field plots and extensive areas
through soil water retention curves #m = <l>m{8) and hydraulic conductivity K = K(0)
functions. Buckingham-Darcy's equation for soil water flux density (q) in a rigid, non
saturated porous material, can be written as
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W)

ajae)

(1)

#

where 4>m is the soil water pressure head (or matric soil water potencial); 9 the volumetric
soil water content; 4>t the gravitational pressure head (or gravitational soil water potential);
z the vertical position coordinate; and k the unit vertical direction vector. Considering a
medium in which 4>m(6) is unique, the term d<j>m(0)/dz of equation (1) can be extended
through the chain rule, to obtain
-*(8)

db

Bg.

+

(2)

dz

D ( 6 ) ^ + *<sAk

(3)

cfc J

tte

where
Z)(6) = ÜT(8)

tf»w(e)
dO

(4)

D(0) being the soil water diffusivity.
These three functions 0m(0), K(0) and D(ö) are very important soil hydraulic
properties, the first refering to retention and the two last to transmission of soil water.
There are few examples of field determination of <j>m(d), using neutron probes and
tensiometers. One of these studies [5] has shown that spatial variability plays an important
role making it dificult to define useful representative average values.
For the case of K(0), simple field methods [6] have been developed based only upon
soil water content measurements obtained during the water redistribution process in a soil
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profile previously saturated, with the prevention of water evaporation at the soil surface.
For this type of measurements, neutron probes are extremely suitable, due to the possibility
of measuring 6 at exactly the same points, over long periods of time.
In the case of soil water diffusivity, a new equation was developed [7] to estimate
D(0) based on the concept of similar media [8] and using a simple "scaling" technique [9].
The experimental procedure of this method is very much facilitaded when using the gamma
attenuation technique to obtain soil water proflles. This method led to the development of
an equation to estimate K(0), published one year later [10].

Soil water balance studies. Examples of water balance studies are numerous in the
literature. Here some of these studies are pointed out, which allowed to estimate fertilizer
leaching in the soil profile.
The knowledge of soil water dynamics during a crop cycle gives essential elements
for the establishment and refinement of management practices which aim productivity
maximization. Water is a fundamental factor in crop growth, affecting mainly root
development, absorption and transfer of nutrients to plants. Its dynamics is traditionaly
studied through water balances, mainly based on information obtained in the atmosphere,
leaving to a second priority soil information. Studies of water dynamics that emphasize soil
water fluxes at the root zone are less frequent, in many cases incomplete due to the great
complexity of the required experimental procedures. In one example in which fluxes below
root zone are measured [11] the water balance of a corn crop growing on a medium
textured latosol was studied. During the 97 days of the crop cycle, drainage below root zone
reached about 50% of all losses, indicating the importance of these fluxes in this type of soil,
which may imply in significant fertilizer leaching.
The importance of nitrogen in agrosystems is well known, mainly in soils located
in humid tropical regions, in which the mobility of N, its high mineralization rate and the
high cost of fertilizres play a great role. Therefore, fertilizer use became limited, demanding
a deeper knowledge of the processes and interactions that occur in the soil-water-plant
system.
Studies related to N movement, availability, absorption and losses are many times
limited by the difficulty of distinguishing applied N from native N. Today, the most precise
methods to study the behaviour of applied N, use 15N labeled fertilizers [12, 13].
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To quantity N leaching losses below root zone it is necessary to know soil water flux
densities and N concentration in soil solution. With this objective, the group of the Soil
Physics Section at CENA, USP, developed several experiments in which leaching losses of
N were quantified [14]. Results are summarized in Table 1.
n
Table 1. Leaching losses of N at the 120 cm depth, in soils of the region of
Piracicaba, SP.
Authors

Soil

Crop

Period
(days)

[15]

Alfisol

beans

120

Fertilizer
rate (kgN/ha)

120

Total leached
N (kgN/ha)

Ferti lizer leaching
(kgN/ha)

Rainfall
(mm)

6.7

-

661

[16]

. Alfisol

beans

365

100

15.0

1,«

1382

[17]

Alfisol

corn

150

100

32.4

11,0

620

[18]

Oxisol

corn

130

80

9.2

0,4

717

[19]

Alfisol

beans

86

-

0,8

403

15,8

3,4

757

Mean

42
88,4

Using average values which certainly present several limitations, it can be verified
that for application rates of the order of 90 kgN/ha', only 4.5 g of fertilizer N are lost by
leaching, per hectare and per mm of rain. This indicates that such fertilizer rates showld
not cause ground water contamination problems. In these studies, N leaching fluxes (qN)
were estimated from
qN = q.CN

(5)

where CN is the concentration of N in soil solution, considered only as NO 3, which is the
most mobile N form in soils. Soil solution was extracted with ceramic porous cups [20].
Recently, a study [21] was developed in a sequence of four crops (beans, corn,
beans, corn), concluding (i) the failure to measure some components of the nitrogen cycle
might lead to erroneous conclusions due to the variability of the system; (ii) the leaching and
gaseous fertilizer N losses were negligible; (iii) the measurement of 15N concentration in
only one convenient part or organ of the plant is sufficient to estimate fertilizer N in the
whole plant; (iv) although applying 42 kgN.ha' as 15N enriched ammonium sulphate, at the
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end of the crop cycle, calculations recovered more than 100%, i.e. 77,26 ± 5,36 kg.ha"',
what indicates the importance of spatial variability independently of analytical erros, even
in small plots of 5x5 m.
This variability poses an enormous challenge to soil scientists in describing and
predicting soil water phenomena occuring under field conditions. Although having been
widely recognized since the beginning of this century, [22, 23], it continues to focus the
attention of researchers, mainly due to the fact that in recent years soil properties and
processes are being more intensively studied in the field. More recently the difficulties of
measuring soil water fluxes, due to soil spatial variabiliy have been studied [24] in
connection with the use of Darcy-Buckingham's equation. Working with an oxisol at
Piracicaba (SP) Brazil these authors [24] established water balances at 25 (5x5 m2)
experimental plots, distributed along a 125 m linear transect. An analysis of the
experimental shows the convenience of using neutron probes to estimate soil water contents
0, mainly because one can be sure that measurements made at different times are, in fact,
performed at the same location and, as a consequence, it is possible to analise the
contribution of soil spatial variability to the total variance of 0. One point, difficult to
ünprove, still remains: seldomly 0 measurements can be obtained with errors lower than 2%
and such errors play an important role when estimating K values from K(0) relations.
Hydraulic conductivity values may vary some orders of magnitude for these small variations
in 0. For sure, efforts have to be spent to improve 0 measurements, mainly with neutron
probes. It has been shown that in wet periods, 27 neutron probe access tubes would be
needed to estimate a new 0 mean, within 1% of acceptable error, at a probability level of
95%. In dry periods this number trippled, being 92 access tubes, which is much over the
25 used, and which is prohibitive. Therefore, the efforts to improve 0 measurements with
neutron probes should focus calibration aspects.
.
Soil particle distributions. The use of gamma-ray attenuation to study soil particles and
water started in the Fifties, and a comprehensive revision has been presented [25].
Monoenergetic beams were replaced by double beams in order to measure simultaneously
soil water contents and bulk densities. One shortcomming which still remains is the path
length of the radiation beam within the sample, which is difficult to be measured in oddshaped samples, and which might introduce significant errors in the measurements. The
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most recent improvement in these aspects is the use of computed tomography [26]. This new
technology can be used on any shaped sample, and starts to be used in Held diagnosis [27].
Another new development is the use of gamma attenuation to study soil particle
distributions [28]. The advantage of not interfering with the sedimentation process gives to
this method a high credibility and permits a more generalized analysis of Stocke's law. It
has been shown recently [29] that moving the samples under sedimentation, measurement
time is reduced about ten times, and that automation of the method becomes very practical,
making it much more attractive for routine soil analysis.

Conclusion. Although nuclear methodologies need further refinement for many special uses,
they have significantly contributed for the knowledge of the soil-plant-atmosphere system.
The main reason for that is the possibility of negligible interference in the system under
study.
•
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Abstract
An intensive multiyear and multidisciplinary experiment has been set up at the site of La Cöte
Saint-André, close to Grenoble (France). The major objective was to determine an optimal
fertilizer application scheme in an intensive agricultural system, with the dual goal of maintaining
the quality of the environment while maintaining a sustainable level of crop production. This
study is explicitly related to the cultivation of irrigated maize, a major crop production in the area.
The different terms of the water balance (consumption, drainage, soil storage) and of the nitrogen
cycle (mineralization, plant uptake, leaching) have been obtained from an intensive monitoring in
the upper layer of the soil (0.8 m, corresponding to the root zone of the crop) with the combined
use of a neutron moisture meter, tensiometers and soil suction cups. To determine the specific
fertilizer use, one subplot was fertilized with 260 kg-N/ha of ''NH^-^NOj (mean isotopic
excess, 1.2788 atom % of 15N). With the combined use of soil solution extraction and soil water
measurement, it has been possible to obtain on a weekly basis the dynamics and the mass balance
of water and fertilizer in the root zone layer during the whole crop cycle.
The results have shown that, in terms of the water balance, irrigation is extremely efficient, since
drainage (and nitrogen) losses under the culture are negligible during the crop cycle. The situation
is totally different during the intercrop period (October - April), when the soil is maintained bare
and evaporation is very small. Now, drainage corresponds to about 90 % of total inputs from
precipitation, and the nitrate leaching to about 155 kg-N/ha, of which 28 % originated from the
fertilizer. Finally the method of estimation of N balance has been successfully validated by a
comparison between N uptake determined by direct analysis on the entire plant and the value
estimated from the temporal variations of N in the soil. The two values of uptake were 300 versus
288 kg-N/ha respectively, 65 % originating from the fertilizer-N.
Introduction
Non-point source agricultural pollution of ground water has become a real threat to the
environment over the last 30 years. Although subject to controversy, the relation between nitrate
pollution and agricultural practices remains uncontested (14). In Europe, studies have shown that
only 50 to 70 % of the fertilizer is generally used by crops, the rest being volatilized, denitrified or
leached (5). Leaching of nitrate is responsible for the ground water pollution. There is a need to
determine optimal fertilization rate in such a way that the amount of N remaining in the soil after
harvest, and potentially teachable during winter, will be minimized, without negative economic
implications concerning the level of crop production.
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N labelling is probably the only tool able to allow an evaluation of the major phenomena
relative to the N cycle (5). Indeed, the selective labelling of the fertilizer N permits one to
distinguish between the nitrogen derived from the soil, or that from the fertilizer. During the last
decade, many studies have been conducted using this methodology; but up to now, the 15N
enrichment has only been determined on drainage water from lysimeters (5, 18), or on plants (1,
3, 4, 6, 10, 12, 13 ,17) or from soil samples (1, 2, 4, 10, 13). Weaknesses are the lack of
representatitivity of lysimeters studies, and the lack of reproducibility in time, at the same
location, for destructive sampling techniques. We have tried here to take advantage of a nondestructive and accurate measurement technique based on the simultaneous estimation of soil
water balance, with the combined use of soil moisture neutron gauge and tensiometers and
determination of the water flux with the use of Darcy's law, and of temporal changes in the
isotopic 15N dilution in the soil solution extracted from soil solution suction cups. Our aims were
i) to determine the proportion of the fertilizer N that leaves the system through the drainage water
during and after the growing season ; ii) to assess the amount of fertilizer N taken up by crops.
Our contribution to the development of such a strategy has been done within the framework of a
research programme initiated by the Commission of European Communities (DGXII-STEP) over
a multiyear experiment during the period 1991-1994. The results which will be presented in this
paper are related to the first year only, from April 1991 to February 1992. More detailed
information has recently been reported (7, 8).
Materials and Methods
The study was conducted on the Experimental Farm of La Cöte Saint-André, located 40 km
northwest of Grenoble, France. The site is a typical glacial terrace, with approximately 1 m thick
soil resting on a layer 10-20 m thick of gravels and pebbles of high permeability. The upper layer
(0-30 cm), is a loamy sand, rich in organic matter (2 to 3 %). An important point is the increase,
in % and size, of gravels and stones with increasing depth. As a result, the root zone is practically
no deeper than 0.80 m, and augering is scarcely possible past 1 m.
The treatments. In order to determine the amount of leaching (both water and nitrate) for
conventional farmers' practices and to obtain information on the response of the crop to
fertilization, different levels of treatment were applied. Two of them were instrumented for
intensive measurements (8) : conventional fertilization rate in the region, 260 kg-N/ha of
ammonium-nitrate, applied at sowing (April 22); or no fertilization. In the fertilized treatment,
the four 15N replicate microplots were 2 x 2.4 m. The 15NH*-I5N03 fertilizer was applied using
a hand sprayer, with successive crossed applications. The microplots were sampled at harvest
(October 8). The dry matter content of the aerial parts (cut immediately above the soil) was
determined. Soil samples from the 0-10 and 10-30 cm layers were obtained by mixing nine
separate cores taken from each micropiot. Six cores were taken from the 30-60 and the 60-90 cm
layers. The above ground parts and roots (0-30 cm layer) were analyzed for dry matter, total N
and i5 N. Soil inorganic N and organic C and 15N were determined according to (13). One of
these microplots was fully instrumented, as described later, in order to obtain continuous
measurements with the conventional methods.
Measurements. Measurements involved the following equipment (Fig. 1) :
- one neutron access tube to allow soil water monitoring every 10 cm down to 90 cm,
- five mercury tensiometers installed vertically at 15, 30, 50, 70, 90 cm,
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- six suction probes at 30, 50 and 80 cm depth, replicated in two series (northern and southern),
in order to account for the variability of N-nitrate concentration and the 15N enrichment in the
soil solution, even at a short distance,
- one rainfall recorder, at the level of the canopy.
Measurements of soil moisture and soil solution were taken weekly from June to October, and
then every two weeks until mid-February. Tensiometer readings were recorded daily from June to
harvest, and then every week until the onset of frost. Rainfall/irrigation and micrometeorological
data were obtained every 30 min with the use of a data acquisition system connected by modem
to the laboratory.
The soil solution extracted from ceramic porous cups was immediately sterilized in-situ with the
use of a 0.4 um Millipore filter (MELLEX SLHV 025LS) and then deep-frozen. The samples
were first analyzed by liquid chromatography, to obtain the nitrate concentration, then reduced by
dehydration, and the isotope ratio determined by mass spectroscopy at the "Service Central
d'Analyses-CNRS", Solaize-France. The unit of measure used here is the 15N per cent enrichment
compared to the standard :
15

N
TT—X 100-0.3663
N+"N
where 0.3663 is the reference standard in the air (9).
E%=T71 4

L[1]
J

Agronomic measurements were made every two weeks on samples of the entire plant in order to
assess total dry matter and total nitrogen uptake. Yield and grain analyses were also performed
with the same objectives.
Determination of water balance. The water balance was calculated from the mass conservation
equation :
AS = R - D - AET

[2]

where AS is the change in water storage in the root zone, R the rainfall and irrigation amount, D
the drainage at the depth zr below the root zone, and AET the actual evapotranspiration during a
given period of time At. Runoff was neglected, as this was practically nil on this particular field
site. In this equation, rainfall or irrigation were measured with standard raingages, the change in
water storage was obtained by the difference of water storage in the root zone (from 0 to 0.8 m)
as measured by the neutron probe between two consecutive dates. The remaining unknown terms
are then D and AET. For most of this work, the drainage component D was calculated from
Darcy's law :
D = q • At = - K(0) • gradH • At

[3]

where q is the mean volumetric flux density (mm/day) during At, K(8) is the hydraulic
conductivity (mm/day) corresponding to the water content 0 at z r , and gradH is the hydraulic
head gradient at this same depth. This method request that K(6) be known. This relationship was
determined through the use of the "zero flux plane" method described in detail by (15). A
typical result is given in Fig.2, the curve was fitted with a power law as was suggested by
previous results (16).
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In order to increase the accuracy of estimation of drainage, because of the high sensitivity of K
with 0, computations were done on a daily basis from June to September, following a method
detailed in (8).
Nitrogen movement and balance. It was proved by different tests (7) that nitrogen was, in this
experiment, essentially in the form of nitrate. The amount of N-nitrate in a soil layer was then
calculated from the formula :
[NO-lx0.xAz
N = * ÏJ
[4]
4.42
where [NO,] is the nitrate content in the soil solution, 0Az the mean water content of the layer Az
and N the nitrogen amount expressed in quantity per area unit, and 4.42 is the molar ratio
between NO, and N. It was assumed that the nitrate content of the soil solution extracted at 30
cm was representative for the 0-30 cm layer, and that at 50 cm for the 30-60 cm layer, and that at
80 cm for the 60-90 cm layer. From measurements of these depths, their summation gives the
total amount of N-nitrate in the soil profile. Finally, the amount of nitrogen leaching below the
root zone was obtained from the relation :
LN = D - C 0 8
[5]
were D is the water drainage calculated previously at 0.8 m and C 0 8 the nitrate content at that
depth. Obviously, this equation does not consider the effect of dispersion. It has been shown (1)
that the dispersive term of the full transport equation represents at a maximum only 6 % of the
value of the convective term. Finally in Eqs 4 and 5, the partitioning between N derived from
fertilizer and total N, was done with the use of the per cent enrichement obtained for every soil
layer :
N

E

= ^

[6]

where N E is the mineral N from the fertilizer, N T the total mineral N in the layer, E the 15N
enrichment in the same layer and E 0 the 15N enrichment of the fertilizer. Then, the amount
derived from the soil mineralization, N§, is obtained through the difference N s = N T - N E . In the
same way,
L

E

= ^

[7]

L E is the amount of fertilizer leached.
Results and Discussion
1 - Water Balance
The water input during the period of reference (April 1991 - February 1992) is reported in Table
l.This period is divided in three parts : from sowing (April 22) to the 6-leaf stage (June 22), and
from then to harvest (October 4), and finally the intercrop season until February 12. Irrigation
was applied with a sprinkler gun at an interval of approximately 10 days and occured only from
mid June to September. The total amount of water input during the crop cycle was 563 mm,
238 mm of which was by irrigation in 6 applications.
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A characteristics of this soil is a very quick response to water input, due to its sandy and rocky
nature, as illustrated in Fig. 3 for three depths. Very clearly, the tensiometer at 90 cm responds to
a water application on the same day. It is because of this dynamic behavior that it becomes
necessary to establish the water balance with the use of Darcy's law on a daily basis, as discussed
previously.
Cumulative drainage is reported on Fig.4. It occured essentially either before emergence of the
plant, or at the end of the cycle when physiological activity had stopped, or after harvest. During
the active crop cycle, it is important to note that drainage losses are negligible. This is a good
proof of the efficiency of irrigation. During the intercrop period, water losses are important
however and amount to approximately 90 % of the rain. In terms of evapotranspiration,
cumulative values amount to 490 mm, with a distribution during the period of reference given on
Fig.4. Results are summarized in Table 1.
2 - Fertilizer recovery
Evolution of the fertilizer-N. The evolution with time of total N available in every soil layer,
together with the partition between the amount derived from the fertilizer (filled symbols) and
that derived from the soil (open symbols), is shown in Fig. 5. In order to analyze these results, one
has to take in account two important pieces of information obtained during this experiment on
another instrumented sites, and reported in (8) :
- the production of N-nitrate by mineralization of the soil organic matter amounted to
approximately 150 kg-N/ha during this specific year (a result obtained on the non-fertilized sites).
- the plant nitrogen uptake on the fertilized sites (resulting from plant analysis done on a twoweeks interval (Table 2)) represented a maximum of 12 kg-N/day during the first two weeks of
July.
Fig. 6 shows clearly that due to interactions between nitrogen transformations and plant uptake,
the peak of total nitrogen available in the root zone was followed by a very fast decrease, such
that at the end of the period of maximum plant uptake (mid July) the soil was almost totally
depleted. In terms of the evolution of fertilizer (filled symbols), two characteristics points merit
analysis :
i) for an input of 260 kg-N/ha, and a plant uptake of about 220 kg-N/ha from sowing to mid July
(Table 2), the total amount of N fertilizer remaining in the soil in mid-July is almost nil. The
deficit in the mass balance, at least 40 kg-N/ha, can only be explained by conversion of the
fertilizer from mineral to organic form, and by gazeous losses.
ii) during a second mineralizing flush, between mid August and mid September, there is an
increase of about 50 kg-N/ha of nitrogen fertilizer in the soil. This can be attributed to the
mineralization of the previously-immobilized N fertilizer. This could also have been arising from
decay of plant roots.
Nitrogen andfertilizer leaching. With the continuous monitoring of the isotopic ratio in the soil
solution concentration at 80 cm, and the use of Darcy's law, it has been possible to estimate the
amount of nitrogen from the fertilizer that is leached. During the crop cycle, leaching was almost
nil, in logical agreement with the fact that drainage of water is negligible.
At harvest, the mineral N residue was 156 kg-N/ha of which 32 % is from the fertilizer N. Most
of it was found in the layer 0-60 cm (see Fig.5). During the intercrop period, climatic conditions
were favourable for nitrate leaching which amount to a total of 155 kg-N/ha as illustrated in
Table 1, with the partition between nitrate originated from the soil and from the fertilizer. It is
therefore important to note the increasing proportion of the fertilizer contributing to the leaching
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after the harvest (Fig. 7). Some 28 % of the leaching during the entire intercrop period originated
from the fertilizer. This represented 17% óf the total input, which is proof that the traditional
fertilization scheme is excessive.
Recovery of the fertilizer-N by plant. Finally, the fertilizer uptake was calculated as the amount
of fertilizer N in the soil profile at sowing (260 kg-N/ha), and less the fertilizer nitrate remaining
at harvest (50 kg-N/ha), and less the amount leached during the crop cycle (0), less any
denitrification or immobilization. Because of the climatic conditions, denitrification was assumed
to be negligible. The fertilizer-N immobilized into soil organic compounds amounted to 41 kgN/ha at the end of the growing season. This value was obtained from nitrogen analysis (mineral
and organic, including 15N) on soil samples taken on this site just after harvest. Thus the estimate
of the fertilizer plant uptake was 169 kg-N/ha, i.e. 65 % of that applied. The total N uptake was
288 kg-N/ha, a result in good agreement with that obtained directly from plant analysis on plant
samples taken on that site after harvest (300 kg-N/ha).
Conclusions
This experiment has demonstrated that the tensiometer - neutron probe method, coupled with
utilisation of ceramic cups is suitable for assessing the water and nitrogen balance by field
monitoring. Clearly, under the experimental conditions, irrigation was not responsible for
pollution by nitrate leaching during the crop cycle. Conversely, it is clear that a
misunderestimation of the potential mineralization of the soil, which in fact was not taken into
account by farmers when choosing the N application rate, resulted in excessive N-nitrate residue
in the root zone at harvest. This was responsible for important leaching during winter rains.
The use of ceramic porous cup samples for 15N determination was satisfactory because :
- i) methodologically, the approach is convenient for characterizing the simultaneous evolution of
the nitrogen from fertilizer, or from the soil in field conditions. Thus, sampling can be repeated
during the growing season, without altering the water and (consequently) nitrate dynamics. Plant
and soil sampling at regular intervals can do this.
- ii) the results are consistent. Hypotheses concerning the non participation of the fertilizer to
leaching during the crop cycle were verified. However the total recovery in the plant is only
65 %. The residue at harvest, 50 kg-N/ha, i.e. 20 % of the input, remains essentially in the top
layers of the soil. This confirms that the rate of application was excessive. Leaching occured
during the intercrop period, so that by February, two-thirds of the 23 kg-N/ha fertilizer residue
remaining in the soil had passed below 60 cm. Fertilizer N is about 28 % of the total N leached.
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Table 1 : Water (mm) and nitrogen (kg-N/ha) balances under the maize crop
R/lrr

AS

Dr

AET

Dn

Phase I

141.1

21.6

44.2

75.3

2.3 (0)

Phase II

422.1

-18.4

25.3

415.2

4.3 (0.2)

Phase III

320.7

18.8

273.1

29.0

154.5 (43.5)

Total

883.9

22.0

342.6

519.5

161.1 (43.7)

Np

288 (169)

-

[Phase I : from April 22 to June 19 ; Phase II: from June 19 to October 4 ; Phase III: from
October 4 to February 12 ; R/Irr : rainfall, irrigation ; AS : variation of the water storage ; Dr :
drainage at 80 cm ; AET : actual evapotranspiration ; Dn and Np respectively nitrogen
leaching at 80 cm and plant N uptake (in parantheses, nitrogen from the fertilizer)]

Table 2 : Evolution with time of the cumulative dry matter and nitrogen uptake by the maize crop
[Source : Lycée Agricole J
Dry matter (tons/ha)

Nitrogen uptake (kg/ha)

05-June

leaves +
stems
0.0

0.0

leaves +
stems
1.9

12-June

0.1

0.1

3.3

3.3

19-June

0.2

0.2

9.8

9.8

26-June

0.7

0.7

29.0

29.0

03-July

1.8

1.8

65.4

65.4
221.4

Date

ear

total

ear

total
1.9

17-July

8.5

8.5

221.4

30-July

10.7

10.7

200.6

15-August

14.5

0.3

14.7

218.8

3.7

222.5

28-August

14.3

6.4

20.7

182.6

67.1

249.7

05-September

12.2

11.6

23.7

145.4

145.3

290.7

16-September

12.2

11.6

23.7

144.7

145.2

289.8

2 5-September

9.5

12.9

22.4

110.1

182.9

293.0
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Crop Production in Deleterious Soils with Special Emphasis on
Acid Soils
S. Urquiaga, and R. M. Boddey. . EMBRAPA, Centro Nacional de Pesquisa
de Agrobiologia, Itaguai, 23851-970, Rio de Janeiro, Brazil.

Abstract
Some soil properties can cause significant losses in
crop production. Because of the extent of the areas affected, the
most important detrimental factors are: soil acidity (associated
principally with aluminium toxicity), salinity, and heavy metal
pollution. This last is of increasing importance as man increases
his impact on the environment. With reference to acid soils of
the tropics, especially those with aluminium problems (Oxisols,
Ultisols and some Andisols), efficient management practices
(liming and/or gypsum addition) have been developed such that
today
Al
toxicity
is
no
longer
an
insoluble
problem.
Unfortunately, these techniques are only being widely applied in
the USA, Brazil and South Africa, and very infrequently in the
rest of the World. The control of strong acidity in the sub-soil
can be of tremendous benefit in terms of increasing the fertility
of highly weathered soils of the tropics especially those subject
to dry periods during the cropping season. The control of acidity
of the subsoil promotes deeper rooting of crops enabling plants
to recover more of the nutrients leached down from the ploughed
layer. Some evidence for this has been obtained from experiments
with 1 5 N . Little attention has been given to the effect of
organic matter on the control of soil acidity and there are
doubts concerning the positive effects of green manures on the
decrease in Al activity and other toxic elements in acid soils.
In these studies isotope techniques would be of great help in
understanding these processes. In the case of heavy metal
pollution, while there are situations where contamination has
caused decreases in crop production due to direct toxic effects,
the phenomenom is more serious in terms of the effects on human
health and the environment. The microbial processes in the soil
seem more sensitive to intoxication by heavy metals. Here there
are examples of effects on nitrification, N2 fixation by freeliving microorganisms, and the survival of effective
Rhizobium.
This observation may allow the identification of microbial
parameters which indicate pollution of the soil by heavy metals.
On the other hand plant breeding offers good prospects to
alleviate these problems. Nuclear techniques, which until now
have been little exploited, could be most useful in investigating
the detrimental effects of the phenomena mentioned above.
1.0
Introduction
The soil and its interaction with climate,
are considered as one of the principal factors which influence
crop production. Independent of the effect of climate the
productive capacity of a soil will depend on, amongst other
factors, the availability and the balance of nutrients, the
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degree of acidity of the soil which affects the solubility of
elements (Al and Mn) toxic to plants, the degree of contamination
by heavy metals and soil salinity. In these last three
situations, where plants can suffer toxic effects of certain
elements, crop production can be seriously reduced. These
constitute soils deleterious for crop production.
It should be pointed out that in many cases the problems
mentioned above, especially soil acidification and salinization,
has been aggravated in many areas of the World by poor management
practices. This together with erosion has contributed to the
reduction of crop production potential of immense areas which in
many situations are difficult to recuperate. It is estimated that
between 6 and 11 million hectares of cultivated land deteriorate
each year, an area greater than those incorporated
into
agriculture (15,32).
Many studies are being conducted to reduce the expansion of
areas of "problem soils" and recover existing ones. For this the
use of corrective soil management practices, together with the
selection of tolerant species/varieties is yielding good results.
In this paper the problems associated the management of highly
acidic soils of the tropics and soils polluted with heavy metals
are discussed, giving emphasis on technigues which are being
applied to attenuate the limitations for crop growth. Problems of
the management of soils affected by salinity are the subject of
another symposium at this congress and not addressed here.
2.0 Deleterious soils for crop production
Amongst the worst
deleterious soils are those which are strongly acidic, and within
this group because of the large areas involved, are the acid
soils of the tropics. Of the 1,600 to 2,200 million hectares of
potentially cultivatible land in the tropics of Africa, Asia and
Latin America (13), almost 140 million ha are planted with rice
and approximately 700 million ha are occupied by other crops. The
remainder (800 to 1400 million ha) are yet to be utilized in
agriculture (32), and more than 50% of them (Oxisols, Ultisols
and some Inceptisols) are acid with high levels of soluble
aluminium and poor in nutrients (68,81). It is these soils which
must support the food crops for the future of humanity (32,71).
One problem, which in recent years is receiving more
attention, is the contamination of the environment with heavy
metals. In the case of agriculture, soils which present this
problem do not permit the normal growth of crops, principally
because the contaminants are toxic to microorganisms useful to
them (47). In fact, nearly all the soils contaminated with heavy
metals are result of recent human activity, often due to the
intensification of agriculture, and the increase in the use of
fertilizers and pesticides, and the spreading of organic residues
from urban sewage which are important sources of heavy metals
(47,78).
•
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2.1. Acid deleterious soils for agriculture
2.1.1. Acid soils with aluminium toxicity problems
Acid
soils have a wide global distribution and constitute a large
proportion of many soil types. However, acid soils with problems
of aluminium toxicity and low nutrient availability only occur in
a part of these areas, which in the tropics occupy approximately
1500 million ha (Oxisols, Ultisols and some Inceptisols), and in
the temperate regions (Ultisols) approximately 600 million ha
(72).
Within certain limits, the low pH values recorded in these
soils are not per se a great restriction to crop growth. The
greatest problem occurs when the pH of the soil diminishes below
5.5 or 6.0. The exchangeable aluminium and the A l 3 + activity in
the soil solution may attain levels toxic to plant growth (and/or
soil microorganisms), and hence diminish crop productivity
(1,40,42). A level of 60% aluminium saturation of the cation
exchange complex (effective CEC) of the soil, is considered as a
minimum reference value in the identification of acid soils with
aluminium toxicity problems (38,72). The restriction of strong
soil acidity and aluminium toxicity has been largely resolved by
management of the soil (eg. liming, application of gypsum) and by
plant breeding programmes which have managed to select, or
generate varieties, or genotypes capable of tolerating high
levels of aluminium saturation.
2.1.2. Control of soil acidity (aluminium toxicity) by liming and
the growth of crops.
It is difficult to identify the level of
acidity (pH or aluminium toxicity) where this becomes prejudicial
to plant development. It is considered that a pH between 6.0 and
6.5 is ideal for plant growth as these are optimum conditions for
the physico-chemical and microbiological activity which favor the
balanced availability of nutrientes in the soil and their
absorbtion by plants.
Normally liming of the soil is the most viable economic means
of correcting the problems derived from acidity. However, there
is not as yet an adequate definition of which parameter should be
followed (pH, or soil aluminium saturation) in recommending the
level of lime addition which permits adequate plant growth
(41,54,60). From the point of view of the control of aluminium
toxicity, the degree of aluminium saturation of the soil would
seem to be the most convenient reference and it is this parameter
which is most applied in highly weathered soils of the humid
tropics (41). Using this parameter, the modest levels of lime
recommended, do not raise the soil pH to neutrality, which
results in a practice which is less expensive and more in line
with the economies of poorer tropical nations, where the cost of
lime is often high. It is important to realize that in highly
weathered soils, a large change in pH can cause a disequilibrium
in the nutrient availability (decrease the availability of some
micronutrients), or in the soil microbial population, prejudicing
plant development, as was observed by Kamprath (39).
The response of crops to liming does not only depend on the
degree of neutralization of exchangeable aluminium, or in the
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RELATIVE
CROP YIELD (%)

PHOSPHORUS APPLICATION kg P/ha
Without lime

2 Mg lime/ha

Fig. 1. Response of grain yield of maize (hybrid PM 265) and tuber
yield of potato (cv. Mariva) to application of lime (2 Mg
ha ') and superphosphate grown in an Inceptisol of pH 5.7
(maize), and an Alfisol of pH 5.5 (potato), with low
available P (4-6 ug P g soil * - Olsen). Unpublished data
of Villagarcia and Urquiaga.
rise of pH, but also on the interaction with other soil
parameters (eg. availability and balance of nutrients). For this
reason it is not unusual to see positive responses of some crops
(maize, potato, triticale, soybean, cotton, groundnuts) when soil
pH is increased above 5.6 (14,21,55,58). In the case of crops
like groundnut, the response to high rates of applied lime may be
associated with its higher demand for calcium. Apart from this,
the response of crops to liming to pH close to 6.0 may be
associated with the control of high levels of manganese, which
are frequently encountered in highly weathered soils (68). On the
other hand, in acid soils with pH less than 5.5 but with no
aluminium toxicity problem, which occupy 25% of the tropics (1100
million ha), failures to correct soil acidity by liming can limit
the growth of crops sensitive to low pH such as cotton, alfalfa
(72), and legumes dependent on biological nitrogen fixation such
as Phaseolus
beans (23). Another common justification for liming
such soils is that without this it would be necessary to add
higher amounts of fertilizers to attain the same yield. An
example of this is shown for potato and maize where these crops
responded significantly to the application of 2 Mg ha" 1 of lime
(Fig. 1 ) . Even though the potato variety (cv. Mariva) is renowned
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RELATIVE
CROP YIELD (%)

Without lime
I

Fig.

I Control

2 Mg lime/ha

Without lime

Superphosphate

2 Mg lime/ha

I Rock phosphate

Effect of line and the addition of 70 kg P ha - 1 of two
sources of phosphorus (single superphosphate with 8.7% P,
and natural Bayovar rock phosphate with 8.7% P) on the
yield of potato tubers (cv. Nariva) and maize grain (hybrid
PM 265), on an Oxisol (pH 4.8) low in available P (3 ug P g
soil 1 - Olsen) in the locality of San Ramon, Junin, Peru.
Unpublished data of Villagarcia and Urquiaga.

for its high tolerance to aluminium (82) it responded well to
liming. In this experiment, liming may have improved the
availability of phosphorus in the soil as was indicated by the
large
response of the crops to applications of up to 70 kg P
ha - 1 .
In acid soils showing high aluminium saturation, apart from
the problem of aluminium toxicity, there is a low availability of
phosphorus. The fixation of phosphorus in soil occurs in
practically all soils, independent of pH, but in highly acidic
soils there is the additional negative effect of the active
presence of exchangeable aluminium and usually sesguioxides of
iron and aluminium (17) which decrease the availability of P in
the soil and the efficiency of phosphorus fertilization (28,68).
According to Coleman et al.
(17), 1 c mole kg - 1 of exchangeable
3+
Al
can fix approximately 70 ppm P, such that P fertilization
becomes a way of neutralizing A l 3 + , which Sanchez (68) called
"liming with phosphorus"; clearly an uneconomic means of
controlling soil aluminium toxicity.
In the soils of the humid tropics and edaphic savannas (eg the
Cerrado of Brazil) which are very phosphorus deficient, it has
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only been possible to obtain high crop yields when P levels have
been corrected with the generous application of superphosphate
(44). As an more economic alternative the application of rock
phosphate has been proposed, taking advantage of the acidity of
the soil to dissolve this source of P, of low solubility compared
with superphosphates. In Brazil, in the Oxisols of the Cerrado,
the rock phosphates of Araxa, Catalao and Patos did not give the
hoped-for results (29,87). Urguiaga et al.
(80) using 3 2 P , also
observed a low fertilizer use efficiency of the Araxa rock
phosphate. This rock phosphate (13% P) had an efficiency
eguivalent to a soluble phosphate with only 1.75% P.
According to Leon et al.
(43), the efficiency of rock
phosphates depends basically on the nature of the phosphate,
those of sedimentary origin (eg. Bayovar rock phosphate from
Peru) being the most efficient. The data presented in Fig. 2,
illustrate the importance of liming and the application of rock
phosphate for the production of potato and maize in an highly
acid Ultisol low in available P. The Bayovar phosphate had an
efficiency comparable to single superphosphate although in the
unlimed treatments the rock phosphate was more efficient. These
results show the importance of acid soil conditions in the
solubilization and fertilizer use efficiency of this rock
phosphate.
In areas of the tropics dedicated to traditional shifting
cultivation, the use of low input technology for food production
is a good option in consideration of the socio-economic problems
which freguently
limit the large additions of lime and
fertilizers for crop production (70). In low input systems the
use of high-solubility rock phosphate would be a great help in
view of the high cost of superphosphates. The use of rock
phosphates for crops which tolerate soil acidity favours their
efficiency as the plants grow in conditions which favour the
dissolution of these phosphates. Several studies indicate the
possibility of the direct use of rock phosphates of high
solubility in acid soils low in P (6,24,62). Another possibility
is the application in split doses of soluble phosphates. Using
32
P Bastidas et al. (5) showed promising results with potato.
2.1.3. The control of acidity of the sub-soil and its influence
on crop growth.
The correction of acidity in only the ploughed
layer of the soil in many cases has been shown to be insufficient
for good crop growth, especially in regions of the humid or semiarid tropics where during dry periods in the rainy season, the
plough layer does not supply sufficient water for crop growth.
This is a conseguence of the poor growth of roots in the sub-soil
due to its acidity and aluminium toxicity.
The inhibition of root growth caused by aluminium toxicity in
the sub-soil is common in tropical Oxisols and Ultisols and in
Ultisols of temperate regions (2,28,69,76). In the case of the
acidic soils of the Brazilian savannas (Cerrados), the limitation
to root growth in the sub-soil created a great problem for
agricultural production in this region. Despite the high clay
content of most of these soils they behave as very sandy soils
because of the strong aggregation of the clay particles, and in
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consequence, the retention of water is very low. More than 90% of
the available water in these soils is stored at tensions less
than 0.1 MPa (66), from which is can be deduced that the only way
that plants will obtain more water is by the development of a
deeper rooting system, whereby they exploit a greater volume of
soil. The problem becomes critical when during the rainy season
there are occasional periods of drought (15 to 70 days) known in
Brazil as "Veranicos". Wolf (86) showed that in the Brazilian
Cerrado maize starts to wilt after 6 days without rain. Some
authors (34,86) have considered that sustainable economic crop
production is not possible, especially in the poorer soils of the
humid tropics, without soil management practices which favour the
development of the plant rooting system.
Studies on the effects of deeper incorporation of lime in
these soils have shown significant increase in crop production,
which was associated with the reduction of aluminium saturation
of the
sub-soil
and
a greater
availability
of
calcium
(8,30,31,76). Gonzalez-Erico et al.
(31) found that maize grown
in a medium textured Oxisol of the Brazilian Cerrado produced
1300 kg more of grain where lime was incorporated to 0 to 30 cm
than when liming was only in the surface layer (0 - 15cm). This
was explained by the improved exploitation by the roots of water
stored in the subsoil.
As the correction of acidity of the sub-soil by deeper
incorporation of lime is difficult and not economically viable,
research workers have studied the means by which this can be
achieved (11,20,49,50,55,57,61,64,74,76).

These studies started more than 30 years ago when it was
observed that the residual acidity of nitrogen fertilizers
stimulated the movement of bases within the soil profile
improving the root growth of crops in Latosols with strongly acid
sub-soils (51,85). Other authors also observed that the type of
management of the plough layer, including the application of lime
and fertilizers, and the time under cropping, favoured the
movement of calcium to the sub-soil (31,62,64). The best results
were achieved with high rates of gypsum applied in the plough
layer. Gonzalez-Erico et al.
(31) and Ritchey et al.,
(64) found
that the greater effect of single superphosphate versus triple
superphosphate on maize yield was associated with a significant
decrease in the saturation of A l 3 + in the sub-soil which
permitted better development of the maize roots. This could only
be explained by the significant proportion of gypsum in the
single superphosphate. The data of Ritchey (64) showed that where
single superphosphate was applied, maize roots reached down to
120cm, while in the treatment with triple superphosphate the
roots did not exceed a depth of 45cm, below which the aluminium
saturation was greater than 60%. Apart from this it is apparent
that there is a positive interaction of liming and gypsum
application in the correction of acidity of the sub-soil. Liming
diminishes the adsorption of sulphate by the soil in the plough
layer favouring the vertical movement of calcium and magnesium
down the profile, increasing the efficiency of the gypsum (18).
Although gypsum can cause large decreases in the saturation of
aluminium in the sub-soil, the pH tends to remain stable, and
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when changes are observed this is generally of the order of only
0.2 to 0.3 pH units. The explanation for this comes from the
reaction between gypsum and the soil, in which Ca + + replaces H +
and A l 3 + (which hydrolyses to produce H + ) , and SO4-" which
replaces OH~ in ion exchange reactions. Consequently the
resulting pH depends on the extent of the two reactions in each
case (74). This explains the apparent contradictory results
concerning soil pH changes when gypsum is applied. In soils with
high A l 3 + saturation the liberation of H + by the hydrolysis of
A l 3 + can exceed the liberation of OH", resulting in a lowering of
pH (50) and the opposite can occur in highly weathered soils with
lower levels of exchangeable aluminium (20,64).
On the other hand there is a close relationship between
exchangeable A l 3 + (or Al saturation) with the level of Al in the
soil solution (68). In many cases root growth is not well
correlated with pH and Al saturation, but more with the activity
of A l 3 + in the soil solution (3). For the same concentration of
aluminium in the soil solution an increase in the concentration
of Ca + + decreases the chemical activity of the A l 3 + . Studies
performed with soybean (49) and coffee (12) in solution culture
have reinforced this hypothesis.
There are many reports in the literature concerning the
response of crops to gypsum application (or phospho-gypsum, a
byproduct of the phosphoric acid industry) in soil (see review of
Shainberg et al.,
74), but apart from the hydric factor little
attention has been given to other variables which could also have
a strong influence on the positive responses of crops to its
application. Gypsum is an important source of calcium and sulphur
for crops and calcium especially is found in low levels in highly
weathered sub-soils (64). In the case of groundnut, known for its
high susceptibility to calcium deficiency derived from the
necessity of the pods to absorb significant quantities of calcium
directly from the soil (84); gypsum has been shown to be the best
fertilizer (48). Regarding sulphur it should be noted that in
soils under intensive agriculture there is a tendency for the
natural reserves of this element to decrease due to continuous
decomposition (oxidation, erosion etc) of soil organic matter,
the principal source of this nutrient. The problem is becoming
more serious because, owing to high fertilizer transport costs,
there is a transition towards the utilization of fertilizers of
high nutrient content and low in sulphur, such as urea, anhydrous
ammonia, triple superphosphate and potassium chloride. In
consequence today there are large areas where significant crop
growth responses to sulphur application are observed. In these
areas the greater part of any response to gypsum is likely to be
due to its sulphur content (48,83).
Another aspect of the advantages of deeper rooting systems is
the greater exploitation of nutrients from the sub-soil if the
aluminum toxicity of this layer is corrected.
Amongst these
nutrients, the most important is NO3 . Several authors have
reported that nitrogen fertilizer use efficiency for various
crops is in the region of 50%, the remainder being left in the
soil or lost by leaching, denitrification and/or ammonia
volatilization (63,79). The residual N is normally the largest
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fraction of the N not absorbed by the crop and usually subsequent
crops do not succeed in recovering much of this. A part of this
residual N may be in the subsoil and not recovered by the crop
owing to poor root growth in this zone.3 + In Japan, Saigusa et al.
(65) studying two Andisols with high A l
saturation in the (nonallophanic)
subsoil and another with an allophanic sub-soil 1with
3+
low A l , observed that the low recovery (4.7%) of applied 5 N labelled ammonium sulphate was associated with poor root growth
in the sub-soil. In the case of the soil with no aluminium
problem the N fertilizer recovery was much greater (30.5%). It
was only possible to improve fertilizer use efficiency (to
approximately 50%) when the fertilizer was added later when the
roots in the surface layer were already well developed and the
plants had a greater demand
for N. The authors recommended that
for soils with high A l 3 + saturation in the subsoils which limits
root growth, the N fertilizer should be fractionated or slow
(56) and
release forms should be used. In Brazil Quaggio et al.
Sou2a and Ritchey (75) observed that the application
of high
doses of lime or gypsum favoured the absorbtion of NOo - by maize,
and this was associated with a greater recovery of NO3 from the
sub-soil. Quaggio et al.
(56), found that in the absence of lime
the roots- 1of maize only penetrated the 0 to 20 cm layer, but when
6 Mg h a
of lime were added roots reached 50cm and at the
highest lime application (12 Mg ha 1 ) they reached 100cm. On the
other hand, according to Raij et al.
(59) the preferential
absorbtion of nitrate and sulphate by the plants increased the
anion:cation ratio which contributed to the reduction of acidity
by the efflux of 0H~ and HCQ-v
. More studies on t;hi,s subject are
required, preferably using 1-t>N for greater precision, with the
aim of increasing the efficiency of the recovery of N fertilizer
and other nutrients by crops.
2.1.4. Soil organic matter and the activity of aluminium in soil.
Generally, under favourable climatic conditions and free soil
drainage, the organic matter content of a soil is synonymous with
its fertility. In acid soils, with high A l 3 + saturation, organic
matter generally attenuates the toxic effects of this element.
Organic matter can act as a source of nutrients, increase the
cation exchange capacity (CEC) of soil and its water retention,
block phosphorus fixation sites and reduce the activity of
aluminium (2,33,68). Aluminium in soil can be complexed by
organic colloids to non-exchangeable forms or to those with lower
activity, such that aluminium toxicity is reduced (7). It is
important to mention that under shifting cultivation with minimal
inputs where, for economic reasons, lime and fertilizer are
rarely used, the rapid loss or degradation of soil organic matter
can result in a considerable detrimental effects for sustainable
agriculture. This is possibly one of the reasons why traditional
peasant farmers of the humid tropics resort to deforestation. In
Amazonia alone, 500,000 families of settlers clear approximately
1.5 million ha year -1 of either primary or secondary forest for
their subsistence.
Unfortunately little has been done to adequately understand
the great importance of the management of organic matter in acid
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soils. It is possible that the positive effects of green manures
on crop growth is less associated with the provision of plant
nutrients and more with their effect as a physical conditioner of
the soil and the complexing action of the organic colloids
derived from the plant residues which inactivate toxic elements
such as aluminium.
More studies should be realized to better understand the role
of organic matter in the physico-chemical processes of soils,
with the aim of improving its management. In these studies
isotopic tracers would be of great value.
2.1.5. Varietal tolerance to aluminium. Liming is the technique
generally used to control soil acidity and increase plant growth.
However, in many parts of the World this technique cannot often
be used, either because of high cost, or because of the
difficulty to incorporate lime into the soil, especially in subsoils having high aluminium saturation (20,62). Because of this,
the use of acid-tolerant crops or varieties offers great
perspectives especially as an important contribution to minimum
input systems for the humid tropics (70).
The differences between growth and/or production of different
crops in acid soils depends principally on their respective
tolerance to low pH and active A l 3 + and M n + + of the soil and
their requirement for phosphorus, calcium and maqnesium, or a
combination of these factors (36,68). In the case of cassava,
which
pineapple and the forage legume, Stylosanthes
guianensis,
are highly dependent on VA-mycorrhizae and also highly tolerant
to acid soil conditions, it is not yet clear if this tolerance is
influenced by the mycorrhizal infection (36). There are also
crops such as cotton which, although also highly dependent on
mycorrhizae, do not show tolerance to high soil acidity, other
crops which are very tolerant and grow and yield well in acid
soils, where sensitive crops such as maize and soybean die out,
are coffee, rubber and tea.
As the greatest limitation to crop growth in highly acid soils
is related to aluminium toxicity and low phosphorus activity,
plant breeding programs have principally addressed these two
problems which, incidently, are closely related and difficult to
separate. Great advances have been made in this area and highly
tolerant genotypes have been produced for rice (37), sorghum
(46,53,67), maize (67), wheat and barley (22) and common beans
(46,67) amongst others.
On the other hand it should be pointed out that most genotypes
or varieties with high tolerance to aluminium and low soil
phosphorus availability ajre not high yielding and still await
finalization of the breeding programs before liberation for
commercial planting. Varieties with proven tolerance and good
yields which have recently been released are: Alondra 4545
(wheat), Cross XXXIV (barley), G-PIR (sorghum) and ICA-Catumare
(cassava) (36). In Brazil the National Centre for Maize and
Sorghum Research (CNPMS) of EMBRAPA, has recently released acidtolerant high-yielding maize and sorghum varieties and the double
hybrid of maize, BR 201, is already planted in almost 1.5 million
ha (4,45).

2.2. Soils contaminated with heavy metals
Although it is not easy to find information concerning the
direct toxic effects of heavy metals on the growth of plants in
contaminated soils, this subject is of growing importance,
principally from the point of view of human health and
environmental considerations (77,78). The contamination of soil
and the environment with heavy metals has been common over the
last 150 years, ever since the industrial revolution led man to
use ever increasing quantities of metals in daily life. In
consequence industrial waste and sewage effluents are important
sources of contamination (25,77). To dispose of these wastes the
cheapest and most common alternative has been to deposit them on
the soil, in rivers or in the sea. Organic residues from cities
or cattle or pig slurry have been widely applied to agricultural
soils as a source of nutrients and to improve the physical and
chemical properties of the soil. Continuous application of these
materials for long periods has led to soils becoming contaminated
with high levels of heavy metals (47). Generally the areas
closest to urban districts or industry have been most affected.
In agricultural practice usually the principal sources of
contamination are fertilizers and pesticides. In the case of
fertilizers, the greatest concern has been with regard to cadmium
(Cd) due to the intensive use of phosphate fertilizers which are
important sources of cadmium (77), and this element is relatively
easily transferred to plants (73). Tiller (77) suggested that the
direct application of rock phosphates in the field is more likely
to distribute cadmium in the environment than the application of
sewage residues from cities. This subject should be examined with
great care as actually, because of the low cost, there is a trend
to use more rock phosphates in low input agriculture systems in
the humid tropics (70). On the other hand it should be remembered
that some heavy metals (Cu, Zn) essential for plants are very
often at levels where the plants are deficient, especially in
highly weathered soils (Ultisols and Oxisols) of the tropics.
Possibly the better performance of the rock phosphate Bayovar
over that of triple superphosphate with various crops in
infertile soils of the Andes in Peru (Villagarcia - pers. comm.)
is associated with the additions of "heavy metals" to the soil.
Another important source of contamination of agricultural
soils with heavy metals are agro-chemicals, starting with the
well known Bordeaux sprays, which are based on copper and have
been used as fungicides in many parts of the World. In some
regions of Costa Rica, where for centuries copper-containing
products have been used to disinfect bananas for exportation,
today banana plants show symptoms o ^ copper toxicity (extreme
zinc deficiency) (Cervantes - pers. comm.). Other insecticides
and fungicides based on salts of zinc, copper, lead arsenates and
organo-metallic compounds are still widely used (77).
Crops grown in areas contaminated with high levels of heavy
metals generally do not present visible symptoms of toxicity and
in many cases no good correlations are found between the quantity
and frequency of application of contaminated sludge additions and
the concentrations of these elements in the plants. Several
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authors (16,19) observed no change in the levels of zinc and
copper in common beans, or cadmium in forage crops, grown in
soils which had been subject to many years of sludge addition.
Hinesly et al.
(35) observed that 4 years after the last sludge
addition, the concentration of cadmium and zinc in maize grain
diminished to close to background levels, while leaves still
maintained high concentrations. The question arises whether
plants can show such high discrimination of a heavy metal
(cadmium in this case) between the different tissues.
The availability of heavy metals in soil depends on the clay
content, the levels of organic matter, pH, and the interaction of
these variables (77) and little is known about what fraction of
the metal is available (78). However, soil is an important medium
which can fix or decrease the activity of heavy metals, as has
been shown in many experiments where their extraction by plants
decreased significantly as time passed (77).
It appears that soil microorganisms are much more sensitive to
high levels of heavy metals than plants, and legumes, which rely
on biological nitrogen fixation, can suffer large decreases in
production unless the crops are fertilized with nitrogen (26,47).
In a soil which until 25 years ago haa received more than 30
years of applications of heavy metals, it was observed that the
low yield of white clover was associated with N deficiency
because of the lack of nitrogen fixation by the
Rhizobium
leguminosarum
biovar trifolii
(47). In contaminated soil only
ineffective strains of the Rhizobium
survived, and when the
clover was inoculated at seeding with effective strains N2
fixation was significant. However, when efficient strains were
exposed to the soil 2 months before seeding, again N? fixation
was zero, indicating that the toxicity of the metals affected the
survival of the bacteria in the soil but not within the nodules
(26). It was also observed that R. meliloti
was less sensitive
than Rhizobium
leguminosarum
biovar trifolii
and R. loti
(27). In
this highly contaminated soil other microbial parameters such as
the size of the microbial biomass, hydrogenase activity,
nitrification,
N2
fixation
by
free-living
bacteria
and
cyanobacteria were reduced, while the mineralization of organic
carbon and nitrogen were only slightly affected (9,10). These
results open up the possibility of finding microbiological
parameters which could be used to indicate levels of heavy metal
pollution in soils.
3.0. Final considerations and perspectives for future research
The production capacity of immense areas actually, or
potentially, used for agriculture in the World is reduced either
by high soil acidity or by high levels of salinity. In very
acidic soils the greatest problem is aluminium toxicity, which
actually can be controlled by liming and application of gypsum.
The application of gypsum which permits the greater movement of
bases into the sub-soil, facilitates root development in deeper
layers in the soil, which allows the plants to better exploit the
nutrients and water stored in the sub-soil. These techniques have
only received much attention in the USA, Brazil and South Africa,
but should spread to other regions, especially in those countries
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fighting for self-sufficiency in food crops.
Attention should be given to the effect of gypsum on the
movement of magnesium and potassium within the soil profile with
regard to the possibility of increased losses. Also little
attention has been given to the influence of organic matter on
decreasing the activity of A l 3 + , but it is known that in many
highly weathered soils the organic matter accounts for more than
80% of the CEC of the soil. On the other hand the increased
rooting depth caused by gypsum addition opens up the possibility
to increase the recovery by the plants of nutrients prone to
leaching applied to the plough layer. Isotopic tracer techniques,
along with the use of neutron probes for soil moisture
estimation, offer a great help in understanding these phenomena.
In recent years great interest has been shown in the possible
losses in crop productivity on soils contaminated with heavy
metals. Although this contamination rarely causes direct losses
in crop yields, in many cases there are significant accumulations
of metals in plant tissues which may cause risks to human or
animal health. The information available indicates that the
microbial population of the soil is more sensitive to heavy metal
toxicity than higher plants and this can be expressed as reduced
nitrification and N2~fixing activity as well as inhibition of the
survival of effective Rhizobium,
drastically reducing legume
yields in N deficient soils.
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FOREWORD

Soil acidity is beyond any doubt, one of the most important
limiting factors for agricultural production and environmental
protection; therefore, insertion of a symposium on this topic is a
must within the framework of the XVth World Congress of Soil
Science.
The objectives of this symposium are to highlight the extent
of the problem of soil acidity in the tropics, to review the
current status of knowledge of the management of tropical acid
soils and to point the opportunities for improving their
management. An attempt was made to cover acid soil management in
the different world regions and the different techniques employed;
those that aim to modify the plant and those directly related to
the soil. Many other papers in the proceedings of the XVth WCSS
deal with relevant topics of acid soil management which, in
conjunction with those here presented, constitute a glimpse at the
enormous challenge faced by mankind towards a proper management
of tropical soils.

R. J. K. Myers, IBSRAM, Thailand.
A. Aguilar Santelises, UACh, Mexico.
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Management of soil acidity in the tropics.
R.J.K. Myers. IBSRAM, Bangkok, Thailand
Abstract
More than half of the world's acid soils occur in the tropics where increasing populations
and low income encourage their exploitation. On these soils, predominantly Ultisols and Oxisols,
traditional systems are no longer sustainable and improved systems of farming must be found.
Techniques for managing acid soils can be grouped into those that avoid the problem, traditional
techniques with low inputs, those that use better-adapted plants, and those that improve soil
fertility. Techniques that aim to modify the plant or the soil require correct diagnosis of the major
limitations since yields on different acid soils are low for different reasons. Converting such
techniques into successful strategies must consider external factors. The use of alternative plants
depends on availability of markets for the products. The use of soil inputs depends either on a
local source of the inputs and/or sufficient cash flow to be feasible. Different strategies may be
required in different environments.
Introduction
Papers such as this usually start with statistics regarding the extent of acid soil in the
tropics, the very large areas of acid soils in South America, Africa and southeast Asia, and the fact
that they are under increasing pressure because of the large populations in these regions. Such
introductions help to make citation classics of publications such as the 1979 soil map of the world,
but they also serve as a useful reminder to those who do not live in these regions. Von Uexkull
and Mutert (27) have recently summarized the existing knowledge on the global extent,
development and economic impact of acid soils. They point out that 60% of the world's acid soils
occur in the humid tropics which are also areas of high and increasing human population density,
and of low per capita income. Twenty-seven percent of tropical Africa has acid soils, totalling
490 million ha, compared with 51% of tropical America (852 million ha) and 38% of tropical
Asia/Oceania (350 million ha). Just over 5% of the acid tropical soils are wetlands, of which
about half are in south and southeast Asia.
Some authors draw a contrast between the acid soils of the tropics and those of the
temperate regions, making the point that managers of land in the temperate regions have had to
work hard to create the acidity, by applying fertilizers, by growing legumes and by developing
polluting industries, whereas soil acidity is easier to obtain in the tropics, particularly the humid
tropics. There is no need to repeat these arguments.
Problems of managing acid soils in the tropics are not new. What is new is that the
traditional management options are becoming less usable. Traditionally these lands were not used
for agriculture. With low population density, one could choose to use only the more fertile land.
Alternatively farmers could crop the land for a year or two and, when yield declined, could move
to another site. This 'slash and burn' or shifting cultivation was a long rotation, long enough for
fertility to be restored before cropping the area again. Unfortunately as populations have
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increased, rotations have shortened so that fertility restoration is not completely effective. The
upland acid soils occur on sloping or steeplands so that increasing intensity of cultivation has led
to severe soil erosion, particularly in southeast Asia. Erosion has added to the rate of fertility
decline under cultivation and also reduced the capacity of the soils to recover during fallow. Thus
the farmers farming these lands are amongst the poorest in the world.
Diversity of acid soils in the tropics
The term 'acid soil' is used for soils from a large number of soil groups, but in the tropics,
most acid soils are Ultisols (Acrisols) or Oxisols (Ferralsols). The two common soil classification
systems, USDA Soil Taxonomy and the FAO Soil Map of the World Legend, at their higher
levels of categorization, recognize some important differences in properties relevant to
management between these groups. However, there are many points of overlap in management
properties that can only be separated at the lower levels of classification or at the individual
profile level. The Fertility Capability Classification (22) provides a tool for grouping the major
constraints commonly associated with acid soils in the tropics. The classification is useful in that
it groups acid soils into five classes: acid, aluminium toxic, low CEC, high P fixation or low K
soils. This recognizes the diversity of acid soils and that in any one soils the major constraint to
plant growth may be any one of a number of factors. It could be toxicity of Al or Mn, deficiency
of P, Ca, Mg, Mo, K or N, or it could soil physical condition. The constraint could be on the
growth of the plant itself, or if the plant is a legume, it could be a problem of poor nodulation.
Management options for acid soils
Managing acid soils in the tropics for sustainable crop production presents no major
technical difficulty. Provided that the specific constraints to growth in that soil can be identified,
technical solutions exist that permit good production levels to be achieved (3, 5, 26). These
solutions can be divided into those that try to avoid the problem of acidity, those that try to treat
the soil, and those that use better-adapted plants.
• Techniques that try to avoid the problem: This simply means using the land for purposes other
than growing economic plants. Such uses include use for urban development, use for
conservation reserves, or abandoning the land. Of these, mankind has been more inclined to use
the option of abandoning land than the other two options. Farmers whose land includes both
acidic and non-acidic soil, and who own sufficient land, organize their cropping patterns to utilize
spatial variability in soil pH (E. De Pauw, pers. comm). For example, on some plateau areas of
eastern and southern Africa, adapted crops are grown on the upper, more acidic parts of the
landscape, whereas on the lower slopes, which are less acid, acid soil sensitive crops may be
grown. As population pressure increases, and farm size decreases, this option becomes less
viable. With regard to conservation, there has never been any particular effort to make national
parks from land containing acid soils. Nor has there been any tendency towards using acid soils
for urban or industrial development and saving the more productive soils for agriculture.
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• Treating the soil ~ traditional methods: Traditionally, acid soils have been managed using
fallow and fire. Fire is used to transfer nutrients from the existing standing vegetation to the soil
in a relatively available form. The ash acts as both fertilizer and liming material. A range of these
'slash and burn' techniques exist (Table 1) which provide a short (1-3 years) period of enhanced
fertility after which a long fallow is required to restore fertility. Most of the slash and burn
techniques are only acceptable where ample land is available. In some cases the extra land is a
source of vegetation that is imported into the burn area to provide extra nutrients for cropping.
The Chitamene system of Zambia and neighbouring countries is an example of this where an area
ten times the future cropping area is cut to provide material to import into the cropping site. As
population density increases modifications to these techniques tend to evolve. The lesser-known
technique of 'ecobuyage', which is based on slow combustion under reduced oxygen availability,
is an adaptation to a more settled agriculture where the fertility enhancement and toxicity
alleviation brought about by burning appear to be more long-lasting (16). In northern Zambia,
where prolonged use of the chitamene system has resulted in loss of woodland and therefore a
loss of importable fuel and nutrients for the system, 'fundikila' is now practiced, a system where
grassy residues are composted in the field inside mounds of soil (13).
Table 1. Traditional fire-based techniques of fertility replacement and toxicity alleviation (21).
System

Operations

Description

Slash and
burn

Burn and
plant

Slash and
burn

Burn, hoe and Savanna areas. Fire eliminates most vegetation. Remaining trees
cut, plant
and bushes cut. Similar to cut, burn, plant system.

Slash and
burn

Cut, burn,
plant

Most common method. Vegetation cut towards end of dry
season, dries, burnt as rainy season approaches, then soil
prepared for planting.

Slash and
burn

Cut, plant,
burn

Vegetation residues burnt after crops (banana, plantain or
cassava) are growing ~ only done in forested areas. Clearing
done over a long period; crops planted as soon as smaller
vegetation cut. After felling trees, burning does little damage to
established crops.

Cut, add extra
wood, burn,
plant, hoe
Ecobuyage Cut, bury,
burn, plant
Slash and
burn

Thick, dry secondary vegetation burnt off.
Crop planted
immediately, matures before secondary vegetation recovers
sufficiently to produce brushwood and leaves.

Chitamene (Zambia). Bush cut and carried from surrounding
area to obtain hotter fire with more ash.
Grassy, herbaceous vegetation cut and piled, covered with earth
and burnt with slow combustion.
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• Using better-adapted plants: Much existing use of acid soil in the tropics depends on the use of
adapted plants. Farmers know these crops and for centuries have used them on acid soils.
Certain crops are known to be either sensitive or well-adapted to soil acidity, but there is also
much variation within a species such that well-adapted cultivars may exist in sensitive species such
as alfalfa (29). In some countries, soybean and sugarcane are regarded as intolerant of soil
acidity, but elsewhere are observed to do well on acid soils.
There is now considerable effort to select cultivars that are tolerant of soil acidity. Pandey
et al. (17) report on their apparently successful breeding programme to find corn cultivars that
perform well on acid soils. At other centres there are programmes for other crops such as rice,
peanut, sorghum and others. However, because of the complex nature of the problem, there is
the risk that adaptation will be found for one component of the soil acidity complex. Kirk and
Zeigler (12) provide a thoughtful discussion of the likely mechanisms of adaptation to soil acidity
and the continued need for selection and breeding of adapted cultivars. The search for adapted
legumes needs to embrace the symbionts and the nodulation process, in addition to the legume
host, since nodulation failure in acid soils is common. Strains otRhizobium adapted to acid soils
have been identified and some have been shown to do well under field conditions (2, 6).
Farmers have long practiced the cultivation of adapted cultivars. Amongst the range of
adapted plants in the tropics are several perennials, notably rubber, oil palm and coffee, and some
shorter growing cycle crops such as pineapple and cassava. Unfortunately the success of these
species has led to overproduction and depressed prices, as has happened with coffee and rubber.
Clearly there is a need to provide alternatives, particularly if they are food crops. In some cases
there are alternative, well-adapted crops that are illegal. Many forest tree species are welladapted to acid soils. As the forest resources of tropical countries decline, it may become
attractive for smallholders to practice tree farming. This is already happening in one southeast
Asian country and is likely to become a much more widespread practice in Asia where, of the 12
countries with the largest annual area of deforestation, five are in southeast Asia (14).
• Techniques that improve the soil: Fallowing has been the traditional method. In forested
systems, 1-3 years of cropping followed by 20 or more years of forest regrowth. In this form it is
felt to be an ecologically sound low input-low output system. With increasing pressure on land,
and with shorter rotations, this option has become less viable, particularly on steep lands where it
leads to adverse effects downstream. Farmers and scientists now seek systems that maintain
production without reverting to forest or grassland fallow (22). This requires that the causes of
low production must be tackled through importing or growing inputs that can correct toxicities
and deficiencies. The inputs include liming materials which raise soil pH, organic materials that
result in Al being removed from the soil solution, and fertilizers or green manures that overcome
nutrient deficiencies. Various authors have demonstrated the role of certain organic acids in
reducing soil solution levels of Al (4, 11). Hakim reported on the degree to which organic
materials could substitute for liming (8) and Wong et al. (30) report some recent laboratory and
field studies on the role of humic acid in reducing Al toxicity. Determining the correct amounts of
lime and mineral fertilizers needed is technically feasible through soil and tissue testing, but
making such technology available to the smallholder farmer still remains a major challenge.
Whatever the technique used to improve an acid soil, a major practical difficulty remains in
treating the subsoil. Because of the difficulty and cost of incorporating ameliorating agents into
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subsoil, much effort has been expended on devising methods whereby such materials can be
moved into the subsoil with percolating water (18, 19). Kirk and Zeigler (12) also address this
question in their paper. Gypsum (CaSC>4) has proved beneficial under experimental conditions (7,
20).
Techniques or strategies?
It is not enough to have a technical solution to a problem. In order for widespread use to
be made of a new technology it must satisfy economic and social criteria as well. Many past
failures have been because of the high cost of the new technology for poor farmers. One
important principle in devising management strategies for farmers in the tropics is that a strategy
must aim to offer a growth path from the traditional system, rather than to attempt to replace it in
one step. The traditional system is the starting point, and improved systems develop by
identifying and correcting key problems in the traditional systems. In the case of shifting
cultivation, transitional systems would aim to intensify land use gradually without eliminating the
fallow periods needed for fertility restoration. Such transitional systems are not optimal in terms
of agronomic and economic performance but, being low cost, they are attainable. Sanchez et al.
(23) describe a transitional system for the Peruvian Amazon region which is based on a
combination of management techniques ~ traditional slash and burn clearing, use of adapted crop
cuitivars, rotations of adapted crops, maximum use of crop residues, no fertilizer use, and legume
fallow at the end of the rotation to smother weeds and restart the cycle.
Siem et al. (24) describe research that aims to develop better upland systems for the
smallholder farmer in southeast Asia. Such a farmer probably has 0.5-5 ha with 1500-2000 mm
rainfall, sufficient to grow two crops per year. This farmer puts a lot of effort into a small home
garden which grows a variety of annual and tree crops for grain, vegetables and fruit. Animal
manure or any fertilizer that can be afforded goes traditonally to the home garden. Unless the
farm is very small, not all of it is cropped every year because of limited labour. In many cases
cassava is grown although more successful farmers grow maize, peanut or sugarcane, and many
farmers aspire eventually to grow higher value tree fruit crops. The path for transitional
development is one of change from low input, low value crops to higher input, higher value crops.
Such development has its risks. Will the organic matter used or the mineral fertilizer purchased
provide sufficient return on the investment? Unless the correct inputs for the particular situation
are used they may not provide a good return. Technically it is possible through experimentation,
plant and soil analysis, to provide input recommendations tailored to the particular situation.
Because of the high degree of local and regional spatial variation that exists in tropical acid upland
soils, and the lack of resources of cash-poor farmers and of governments, it is not feasible to
provide such recommendations.
As Siem et al. (24) point out, liming is not always effective on acid upland soils —
particularly if the Al saturation is low, if other deficiencies such as Mg, P or K are not corrected
at the same time, or if poor surface management permits erosion to continue. Likewise organic
inputs may not be effective, either because the quantity of material provided is inadequate or if its
quality is inferior. Siem et al. (24) provide examples of ineffective materials. Some organic
materials provide low risk inputs. Palm oil mill effluent, available in large quantities in certain
countries (1), sugarcane mill mud (15) available in cane-growing areas of many countries,
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farmyard and poultry manures (25), some green manures (28) and some urban wastes provide
high quality organic inputs that provide nutrients and also complex the toxic agents in acid soils
(10).
The need for different strategies for different environments
There is tremendous diversity in the acid soil environments in the tropical world, diversity
in climate, in social and economic circumstances of the people, preferred farming systems,
constraints imposed by population density and markets, and in the soil itself. It is unlikely
therefore that simple global strategies for management of soil acidity will work. Rather strategies
have been, and will continue to be, adapted to particular local conditions.
Should a strategy be aimed at providing a certain but expensive solution, or should the
cost of the strategy be reduced and its profitability increased by tailoring it to the specific needs of
the situation? Should the strategy seek a low cost, low input (but also low output) solution that
would be feasible for a resource-poor farmer or seek maximum profits where there is no
constraint on the level of inputs? The final decision is the farmer's. It is the farmer who is taking
the risk, and who knows best the cost of borrowed money and the opportunity cost of using that
money. Research information provided to that farmer that indicates the likely benefits is likely to
be of variable quality, given that responses to treatments are variable in time and space. In the
research network described by Siem et al. (24) it has been observed that the best local
recommendations have been proven incorrect in several cases. There is therefore an opportunity
within this region at least for improving the choice of strategy by improving the quality of
information. The ideal information needed by a farmer includes the degree of response of the
crops of interest to the various limiting nutrients, and the extent to which this response is modified
by liming materials or organic inputs. Given that such site-specific information is unlikely to be
available, the next best, but more expensive, option would be a professional advisor using soil and
tissue testing. But often in tropical regions, the next best thing may be a test-strip on a different
soil type conducted many years previously in a neighbouring province, or it might be a nationwide recommendation based on too-little research done too long ago. There is a need to improve
on this by making existing knowledge more available, and byfillingthe obvious research gaps.
Both needs can be provided for in a coordinated programme. Such a programme might
test inputs of liming material, organic materials and mineral fertilizers on key soils in a region, and
at the same time collect the type of soil, crop and weather data that would permit the extending of
the results as widely as possible. Some experiments should continue as long-term studies since
long-term effects may differ from short-term effects, since the only true test of sustainability is
field-testing, and such studies are rare in the tropics.
Collaboration and coordination is needed in order to maximize the value of past, present
and future research. Too much research has only local value, or cannot be extended beyond its
location for want of additional measurements, or unknowingly repeats what others are doing or
have done elsewhere. The tools for extending the results might include simple extension to
similar soils and climates elsewhere, regression analysis, simulation modelling, or GIS and expert
systems technology. In view of the diminishing resources for international research, it is
important to use the most cost-effective research tools. The emphasis must be on improving the
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quality of the output and the effectiveness of getting the information to farmers. At least two
examples currently exist of decision-support systems to assist with liming decisions (9, 31).
In putting together the papers in this symposium, we have been very conscious of the need
to address some of these issues. Thus we have put the emphasis on practical strategies for
managing acid soils in the tropics. The speakers have been chosen to address some potential and
existing practical strategies including the use of organic inputs, lime and mineral fertilizers, and
also not to forget the human factor. We hope that the symposium will be interesting and
stimulating.
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Socioeconomic Aspects of Acid Soil Management: The Case of
Southeast Mexico.
W. Lopez, D. Gonzalez, and E. Casas. Instituto Nacional de Investigaciones
Forestales y Agropecuarias and Colegio de Postgraduados, México.
Abstract
In this paper an evaluation is made of the economic profitability
(the social cost) of resources invested in an adaptive research
project carried out in the maize farming systems of La Fraylesca,
Chiapas. The analysis includes the impact of acidic soils liming
techniques in comparison with the investment required for their
generation and transfer. Economic indicators are calculated on the
basis of three different adoption scenarios. The main results
confirm the hypothesis based on this and other experiences which
show that investment in research and transfer of technologies for
the study and management of acidic soil contribute significantly to
increase agricultural productivity. Also it is recognized that in
the context of the comprehensive natural resources management, the
liming practice is just a partial and temporary solution to the
soil degradation problem in La Fraylesca. To achieve sustained
development of this resource other technologies must be implemented
after liming in order to preserve and recover land capability.
1.

Introduction

Soil acidity is a serious problem broadly extended in Mexico;
according to Nufiez (1985), a total of 13*128,300 ha dedicated to
forestry, livestock and agricultural activities could be affected
in a higher or lower grade. In order to face this situation, liming
of soils is the most common practice used.
Despite of the fact that the relationship between liming and crops
response is very well known and supported by numerous scientific
reports, there is still too much to investigate in order to obtain
the best efficiency and profitability.
The majority of research works developed in Mexico have been
oriented to evaluate crop response to liming with the use of lime
materials available in the study areas. There are scarce research
works on evaluating with certainty the areas affected by acidity
and the extent of the problem as well.
On the other hand, economic evaluations in order to determine
profitability of liming are almost never considered in research
works. This is mainly because it is very difficult to measure
during several years the residual effects of liming on
representative farmers* lands.
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In this paper an experience gained in an important maize producer
zone of southeast Mexico is discussed. This study began with a
diagnostic phase to detect problems. Then, it was concluded with an
adoption and profitability study which involved the liming process
and the research project itself. The information here displayed was
obtained from the Master of Science thesis presented by the first
author in the Centro Agronómico Tropical de Investigación y
Ensefianza (CATIE) of Costa Rica (Lopez, 1991).
Authors wish to acknowledge the following persons for participating
in the different works which were involved in the M. S. thesis
above mentioned: R. Tripp, A. Hibon, M. Morris and G. Sain, from
CIMMYT1 and A. Zamarripa and R. de la Piedra from INIFAP2.
Contributions of Luis E. Valdez, Jaime Villa and Fernando Rulfo for
the preparation and revision of this paper are also acknowledged.
2.

Material and Methods

2.1.

Background and objectives

In 1983 in La Fraylesca, Chiapas, Mexico, INIFAP, CIMMYT and
CIRAD/IRAT3 initiated an adaptive research project in farmers'
lands with emphasis on rainfed maize.
The objectives of the project were to identify causes and solutions
to the main problems in the maize production process and to design
a research strategy in order to increase productivity and farmers'
revenues as well. Such strategy involves the relationship between
farmers'practices and climatic and socioeconomic conditions.
(Byerlee et al.,
1980; Hibon, 1987).
2.2.

Features of the study area

2.2.1. Location and description
La Fraylesca is located on the central part of Chiapas, which is
ranked third place in the production of maize in Mexico. More than
95% of maize produced in this state comes from rainfed areas.
Rainfall period begins in late May and ends in late October. The
annual precipitation in that region reaches 1,200 mm. Soils
(Fluvisols and Luvisols mainly according to FAO-UNESCO) have more
than 65% of sand and they are relatively poor in organic matter
(1-1.5%) and exchangeable bases as well (CEC: 4-5 meq/100 g of
soil). A great portion of those soils are very acidic, having pH
values of 5 or less and more than 20% of aluminum saturation
(Triomphe et al., 1990).
Centro Internacional para el Mejoramiento de Malz y Trigo.
Instituto Nacional de Investigaciones Forestales y Agropecuarlaa.
Centre de Cooperation Internationale en Recherches Agronomiques pour le
Dévelopement, France/Institut de Recherches Agronomiques Tropicales et des
Cultures Vivrières, France.
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The agricultural surface (140,000 ha) has been distributed
according to the type of land property. The social type has 65%
whereas the private type has 35%. Each farmer cultivates 6.5 ha of
maize in average. The majority of farmers (80%) has access to
credit with which they cover more than 75% of production costs. The
availability of workers is not a serious problem. However the
demand for workers can be increased in certain periods of the crop
cycle. There are no problems in product marketing.
2.2.2. Crop practices
Most of the cultivation practices are intensive. Seventy-two
percent of farmers practice maize production as monoculture, with
no rotation. The production cost per hectare including prices and
wages during 1983-1987 was equivalent to 1.89 ton/ha of maize. With
this figure, a farmer needed a minimum yield of 2.31 ton/ha in
order to recover his investment which includes capital cost (12%
real annual) and management factor (Table 1 ) .
Table 1. Structure of the Production Costs of Rainfed Maize.
1983-1987. La Fraylesca, Chiapas, Mexico.
Practices

Production Costs
ton/ha
%

Soil tillage
Sowing
Weed control
Fertilization
Pest control
Harvest

0.26
0.11
0.41
0.65
0.12
0.34

14
6
22
34
6
18

Total cost

1.89

100

Minimum yield required

2.31

Soil fertility is restored by applying nitrogen and phosphate. The
application level of nitrogen is high (180 kg/ha as an average).
2.2.3. Yields
The maize average yield in the region at the time this study was
finished amounts to 2.6 ton/ha, which is very low in comparison to
the estimated potential yield of 7 ton/ha. Under these
circumstances, the technological package used by farmers is very
expensive, because they need an investment equal to 2.31 tons of
maize per hectare. This cost includes crop practices, rent of land
and the capital cost itself. This means that the profitability of
maize crop is low, even negative in some cases for many farmers who
hardly obtain the average yield.
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2.2.4. Main problems of the production process
Soil compaction, erosion and a high level of aluminum saturation
were the main problems we found in that region. According to the
objectives indicated above, the first part of the project was aimed
at problems that apparently seem to have solution in a short time.
2.3.

The research and transfer project on the acid soils
management

2.3.1. Probable causes of soil acidity
A diagnostic study carried out in 1985 and brought up to date in
1986 shows several interrelated factors as responsible for
acidity/high aluminum saturation" problem on La Fraylesca soils. The
soil origen itself and climate (granitic sand and heavy rain) and
the agriculture type (monoculture, burning postharvest residues,
inappropriate methods of soil tillage and using fertilizers of acid
residual effect such as ammonium sulphate) are considered as the
main culprit. Erosion and leaching of bases play an important role
on interaction with the above mentioned factors.
In summary, the acidity/aluminum saturation is a consequence of a
broad problem of inadequate soil management in that region. In such
a situation, the use of fertilizers and soil correctives becomes
just a partial solution to the La Fraylesca problems. (Ange, 1989) .
2.3.2. Experimental strategy
Having tested the utility of liming throughout explorative
experiments in 1984, trials about levels were established in the
1985-1987 period. Those trials were addressed to determine
technique and economic levels. In order to estimate actual
profitability of liming, residual effects were measured as well.
Special attention was paid to the interactions between liming and
fertilization not only due to technical factors (phosphate
immobilization in acid conditions, possible advantage of using urea
instead of ammonium sulphate) but also because of economic factors
(change of optimum economic levels of fertilizers while liming).
Later, validation/verification plots managed by the same farmers
were established
(with previous training and surveyed by
researchers) in order to evaluate such technology in subcommercial
plots. Finally, this technology was applied in farmers' commercial
plots. Results were shown to farmers, technicians and government
functionaries. In 1990, both, an operative program of liming and an
interinstitutional comittee of evaluation and continuous actions
were established.
2.3.3. The liming recommendation
The cumulative actions of the project until 1989
suggest the following recommendations:
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were used to

a) To consider both criteria based on pH (less than 5.0) and
percentage of aluminum saturation (higher than 20%) not only as
indicators of existing problems, but also as indicators of the
economic response probability to liming. Based on a plotrepresentative sample of soil, these two features are determined by
laboratory analysis.
b) To apply 2.0 ton/ha of lime having more than 70% of calcium
carbonate. The lime particle might be of regular size, having
magnesium as well. With this material it can be assured that a
single application effect may be maintained for four years,
obtaining a suitable balance between nutrients such as calcium and
magnesium at once.
c) The application might be at least a week prior to sowing. Lime
must be applied homogeneously over a previously tillaged soil. The
lime must be incorporated to the soil immediately. As an additional
recommendation it is suggested to use urea as more economic
nitrogen source which has less residual acid effect than ammonium
sulphate.
2.4.

Associated benefits to liming

2.4.1. Social aspects
The potential benefits of liming are linked with 5000 farmers in
about 33,500 ha having acidity problems. Farmers willing to use
this strategy could obtain net revenues equivalent to 2.3 ton/ha of
maize, after having been paid production, transportation and lime
application costs (Table 2 ) . Furthermore, liming application can
provide jobs to many workers in a period of time when many of them
are unemployed.
2.4.2. Environmental aspects
Although liming is just a partial solution to a complex problem on
soil degradation, this is the only immediate solution both to
improve
farmers' productivity
and to indirectly
reduce
environmental degradation on watershed highlands.
If farmers apply lime, they will not leave poor soils of fragile
steeped lands to sow on. The later process is an important factor
on increasing deforestation and erosion rates. Moreover, in a lime
improved soil it will be feasible to sow maize applying sustainable
traditional systems that include beans and peanuts, both
marginalised due to acidity problems.
2.4.3. Macroeconomic aspects
If farmers decide to lime all of the land affected by acidity,
maize production would be increased in 110,550 ton. Consequently
the dependency of foreign supply would be reduced. Using 1991
figures (173 dlls./ton) this production could have represented
savings by 20 million of dlls.
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Table 2. Profitability of liming on rainfed maize. La Fraylesca
Chiapas, Mexico.
Indicators
Annual yield increase
(ton/ha) a
Sum of discounted
increase b

1987

1988

1989

1990

1991

1.4

1.05

0.70

0.35

0.0

_3:3

Increase in gross
profits (ton/ha)

3.3

Increase in total
variable costs
(ton/ha)c

0.8

Increase in net
benefits (ton/ha)

2.5

Marginal return rate

312%

1

Total net benefit
(ton/ha)d
a

Residual effect during 3 cycles: experiments from 1985 to 1987.
Actual discount rate: r= 0.06
Cost of 2.0 ton of lime, including transportation and application.
Once substracted both capital and management costs.

2.4.4. Additional benefits to regional agriculture
Additional benefits of liming include a change in nitrogenous
fertilizer supply policy. At the present time, in this region there
is available ammonium sulphate, ammonium nitrate and urea.
The residual effect of liming has been used to provide a short term
credit (3 years) in order to speed the adoption of such innovation.
At the present time the creation of a soil lab to operate in a
commercial way to cope with the regional demand is in negotiation.
2.5.

Diffusion and adoption of liming among farmers

The level of adoption and diffusion of liming technology among
farmers was evaluated, in order to know the level of efficiency on
utilizing assigned resources, during both research and transfer
processes. We consider the farmer as final judge in deciding the
potential impact of liming over both maize production and social
benefits linked to investment devoted to research and transfer.
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2.5.1. Interviewing farmers
Based on Bernstein's recommendation (1979), a poll was carried but
over 26 farmers who applied lime to their parcels of land in the
1990 crop period. The objective of this poll was to know the
farmers' point of view about such technology and to know the
farmer's willingness about applying lime to another plot. A
different survey was made with 21 farmers. These farmers did not
apply lime, though their lands had acidity problems, according to
laboratory results. The objectives of this poll were to determine
the diffusion level of liming technology, the information sources
and the farmer's willigness about liming a plot, despite the lack
of a previous evaluation. Additionally, a poll among 10 farmers
with no soil acidity problem was developed. This survey was aimed
at knowing the diffusion level of such technology, even among
farmers who do not need the liming technology, but who show some
interest in applying it (Campo Experimental Centro de Chiapas,
1987).

3.

Results and Discussion

3.1.

Liming technology adoption

According to the poll (Table 3) the majority of farmers did apply
the lime following the recommendations without facing problems,
because this process is both easy and practical. A minority of them
did apply lime after sowing.
Table 3.- Liming evaluation by farmers (n =26) . La Fraylesca,
Chiapas, Mexico. 1991.

n

Concept

How did you apply the lime?
Manual, broadcast, after sowing
3
Manual, broadcast, before sowing
23
How did you consider the application?
Easy
25
Difficult
3
When did you observe the liming effects?
At plant emergency time
18
At harvest time
4
How much did the yield (ton/ha) increase ? * 1.23
Which effects does the lime have?
It increases the crop yield
14
It increases the crop yield and acts like
insecticide
7
How many farmers were visited in their plots? 22
* Standard error (95%).

%
11.53
88.47
96.19
3.81
81.80
18.20
+/-0.13
66.6
33.3
84.6

Increase in yielding for the first year was both very consistent
and
between
the
rank
observed
on
experiments
and
validation/demonstration plots. Farmers indicated that such an

526

increase was due to liming, because no other modification was made
to the traditional production process. Some producers did observe
that lime has a positive effect on controlling soil pests. Very
remarkable is that using lime, farmers increase their yields, even
in a poor rainfall year. Those factors were pondered positively
when farmers evaluated the liming technology. Furthermore, 93% of
them agreed in applying for credit in order to lime another plot.
Hibon (1987), indicated that when certain technology is compatible
with the production system, which is profitable and with few or
even lack of associated risks, such technology has a high
probability of being adopted by producers.
Farmers who did apply lime when maize was already germinated, did
not observe effects on yielding. From the studies performed in that
region we deduced that soil acidity affects both maize germination
and surviving. The same effect was observed in bean crop. This
means that the main effect of liming is in the beginning of the
cultivation period (Buerkert, 1989; Triomphe et al., 1990). The
same farmers when observing limed plots which showed increases in
yield, were convinced about goodness of liming, specially when this
practice is opportunely realized. Moreover, they showed willingness
to lime continuously.
During the crop period, more than 80% of farmers who did lime were
visited by other farmers in their own lands. This fact can be seen
as an interest that liming has raised among maize producers,
regardless this year there was lack of official diffusion
activities.
3.2.

Liming technology diffusion

As can be observed in Table 4, liming practice has been widely
diffused among farmers. This conclusion is based on the amount of
farmers (85.7%) who knew the goodness of liming, even though they
did not use lime yet.
Table 4. Diffusion level of soil liming among farmers (n=21). La
Fraylesca, Chiapas, Mexico.
n

Concept
How many farmers knew about liming?
What did they know about liming? *
It increases the crop yield
Lime disinfects soil
Lime is not useful at all
How did you get knowledge about liming? *
By other producers
By technicians in extension
How many people visited a liming plot? *

%
18

85.7

16
1
1

88.9
5.5
5.5

12
6
14

66.6
33.3
77.7

* Percentages are estimated on basis 18-100%

The main means of technology diffusion have been the farmers
themselves. In fact, 75% of farmers interviewed visited a limed
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plot. Government technicians contributed to the diffusion process
as well. Seventy per cent of farmers indicated to have been
oriented by technicians of official institutions.
Ninety point five per cent of farmers agreed on asking for credit
in order to lime a plot, even though they did not have previous
experiences in their own plots. These results indicate that when a
technological innovation is linked to the farmers' circumstances
and practices, the mental process of individual adoption indicated
by Rogers (1966) can eliminate the trial phase. This phase is
achieved when farmers use the new technology in small scale in
order to determine its utility in their own situation.
The high percentage of surveyed farmers convinced of liming's
goodness, is an indicator that generated technology for the project
area has been feasible from both agronomic and economic point of
view. This technology represents a viable solution to soil acidity
problem, that many farmers have been faced with in that region.
Even though the diffusion, of generated technology in liming of
soils has been satisfactory on the project area, attention might be
paid in selecting farmers intended to lime their lands. This is
because 100% of farmers having no acid soils, showed interest in
asking for credit to lime their plots. The main argument they
expressed was that if liming increases maize yields in degraded
soils, in rich soils such yield could be even better. This
affirmation is wrong, even worse, it can produce other problems on
soil fertility, like could be lack of copper and zinc, also it may
unbalance calcium/magnesium relationship and form insoluble
compounds that reduce the phosphorus absorption (Campo Experimental
Centro de Chiapas, 1987).
3.3.

Economic Returns to the Project Investment

3.3.1. Cost Flow of the
Project
The cost flow indicates
that 80% of the funds
invested in the project
was used for wages of
skilled
and
semiskilled
labor. The prevailing wage
was used to assess the
social
cost
of
labor
(Gittinger,
1989).
The
costs, attributable to the
technology
development
phase, covered the period
from September 1983 to
March 1990, and they were
adjusted to the 1990
Mexican peso (Chart 1 ) .

1963

1964

1966

1966

1967

1968

1989

1990

Ta * r Ê
Chmrt 1. On-Fhrm Research Project Coat Fiom.
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In 1988, the budget was increased substantially to cover the
organization cost of an international workshop attended by more
than 60 professionals of Mexico and other countries. Beginning in
1990, that is, during the adoption period, the cost of maintenance
related to technical assistance and adoption of liming was
included.
Summaryzing, 97% of the project cost (1'850,000 thousands of 1990
Mexican pesos) corresponds to the research phase, and only 3% of
the aggregate cost (47,203 thousands of Mexican pesos) corresponds
to the transfer of innovations.
3.4.

Benefits Flow of Project

3.4.1. Maize Supply and Demand Curve
It was assumed that the demand to be satisfied by the region is
highly elastic, not only because La Fraylesca constitutes 2.2% of
the national production but also because less than 2% of the total
area is used for maize cultivation, and since there is a guaranteed
price for the crop. In other words. La Fraylesca is a region of
minor importance in the context of the maize market in Mexico.
Then, it is assumed that prices are regulated outside the region
and that the increase of production resulting from the project will
not cause any substantial change in maize prices (Hibon et al.,
1989) .
Given the characteristics of the project, it was deemed appropriate
to evaluate the impact on the trend of the short-term regional
maize supply curve. Although there are no available estimates about
its elasticity, some empirical evidences (such as the fact that
land and labor have always been fully used despite the short-term
variation in prices) support the hypothesis that in the short-term,
the supply curve is highly inelastic. Furthermore, the fact that
the monoculture of maize is the main component of the region's
agricultural activity supports this hypothesis. This means that in
the short-term there will not be a significant variation in the
number of farmers engaged in maize production. In other words, the
area used for maize cultivation in the region was deemed as
invariable.
3.4.2. Impact of the Project
Project impact evaluation was made considering only direct benefits
associated with the increase of maize's crop productivity, due to
the fact in this work quantitative data related to liming effects
(positive and negative) on other natural resources are not
available. Liming implies an increase in profitability as well as
an additional cost to achieve its objective. The calculation of the
total profits is as follows:
B = Bl - B2
Where:
Bl = (AR) (H) (HAS) (Pm)
B2 = (AC) (H) (HAS)
Bl, B2, AR, A O 0
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Where:
BI = Value of additional production as a result of liming
AR = Yield increase as a result of liming
•

H = Net proportion of area in which the practice was adopted
HAS = 33,500 ha (total project area)
Pm • Social price of maize
B2 = Additional cost related to the growth in production
AC = Increase in variable social cost/ha
Therefore the equation is as follows:
B = H * HAS(AR*Pm-AC)
The calculation of each variable of the above equation is described
as follows:
a) Yield increase as a result of liming (AR)
The source of the data was the results of the experiments and the
validation/demonstration plots (Table 2 ) . The reliability of the
data was verified through surveys made of the adoption and
diffusion of liming technology.
b) Social Prices (Pm,Ac)
In the social evaluation, Mexico was considered as an importer of
maize and La Fraylesca as an exporting region within the country4.
The project's net production is actually reflected on the resources
diverted from another supply source which is the foreign market
(Dasgupta and Sen, 1972). The real value of the project is the net
amount of foreign currency saved.
As a result of the overvaluation of the currency during the period
of study (Byerlee and Longmire, 1985), the international price was
adjusted in accordance to the distortion in the rate of exchange
estimated by Sagarnaga (1990). This author also provided the FOB
(Free on Board, United States Gulf) prices and the CIF (Cost,
Insurance and Freight, Port of Veracruz) prices of white maize
which were used as a basis for the calculations. The information
related to the consumption centers (Oaxaca, Tabasco and Southern
Veracruz) and the production center (La Fraylesca) was added to
these prices to obtain a social price equivalent to the parity
price of importing maize in La Fraylesca, which is estimated at
500,780.00 pesos per ton.
4 Since 1970 Mexico has been grain importer. It was estimated that 4 million tons
of maize were imported in 1990 (Hibon and Triomphe, 1990). Seventy percent of the
La Fraylesca production is exported to other regions (De la Piedra, 1987).
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c) Field Price of Lime (AC)
Agricultural lime is an input which price is not under government
control; it is used only in agricultural activities, and apparently
without international price. According to Pagliettini (1986), the
market price of lime is a good indicator of the price that people
in La Fraylesca are willing to pay, assuming that the lime used in
the project reduces its availability and that there is competition
in the purchase.
Liming of soils requires labor in seasons other than those of
greater demand in the region. The social cost of the daily wages
required to apply the lime, was calculated in the context of an
imperfect labor market (Gittinger, 1989). In consultations with
experts and based on the scarce information available, it was
assumed that the opportunity cost of agricultural labor represents
60% of the prevailing wage in the market. In 1990, the social field
price for liming one hectare was estimated at 290,000.00 pesos,
including product, transportation and application costs.
d) Net Proportion of Adoption (H)

Influenced
by
the
p r o j e c t , 2,231 ha have
been limed in the region
(321 ha in 1990 and
1,910
in
1991).
In
agreement
with
the
institutions
dealing
with
the
operative
development
of
the
liming program, three
adoption
alternatives
were
taken
into
consideration
to
estimate the area t o be
limed in the future.
Chart
2
shows
the
r e s u l t5i n g
adoption
curves .
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The f i r s t a l t e r n a t i v e i s
based on the real dynamic of the liming program in the f i r s t years.
I t i s assumed that the adoption process w i l l continue with 1,910 ha
per year, as was in 1991. The second a l t e r n a t i v e considers the
adoption as a s o c i a l learning process which would be estimated
through a l o g i s t i c function (Martinez, 1983). The third a l t e r n a t i v e
was formulated so as t o have an idea about the s e n s i t i v i t y of
economic indicators in the event of any delay in the adoption
process, and i t i s assumed that 1,000 hectares per year w i l l be
limed in the future.
5 The method proposed by Martinez and Sain (1983) for cases of scarce information
was used in estimating the6 5second
a l t e r n a t i v e . The r e s u l t i n g l o g i s t i c function
was:
h l ( t ) -0.90/e-t- - 2 1 4 * 1 - 9 9 1 5 » .
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For all the alternatives a 0.90 adoption ceiling was set. In other
words, the liming practice will be adopted in 90% of the 33,500 ha
of the project area in the long term. This value is justified
because: 1) the innovation met the criteria for selecting an
appropriate technology, and 2) the survey made among
producers
indicated that 90% of them agreed to obtain credit for liming a
plot of land, including those who had not evaluated the technology
in their plots.
3.4.3. Net Social Profits Flow
Net profits per hectare (Table 5) were calculated through the
partial budget method (Perrin et al.,
1976). In addition to the
field price of lime, the soil sampling and soil analysis costs were
considered like variable costs which were not considered for the
calculation of liming profitability (Table 2) . The annual flow was
obtained by multiplying the net profits (summarized in Table 5) by
the net adoption area shown in Chart 2, for each adoption
alternative. Additional expenses per hectare inherent to the
transfer and adoption of liming practice and the use of urea since
1990 were taken into consideration for the calculation.
Table 5. Net Social Profits of Liming on Maize Crop.
La Fraylesca, Chiapas, Mexico. 1991.
Description
1) Yield increase (ton/ha)

r
19926

s
19936

1.40

1.05

0.70

0.35

501

501

501

501

3) Gross profits ($/ha*l000) 701.4

526.0

350.7

175.3

526.0

350.7

175.3

2) Price of maize ($/ha*1000)

4) Variable costs ($/ha*1000)
Liming (2 ton/ha)
Soil sampling
Soil analysis
5) Net profits ($/ha*1000
6

e
a
19916

Y
1990

412
290
65
57
289.4

Residual effect of liming.

3.5.

Project's economic profitability

In estimating the updated indicators applied to determine the
project's value, 1993 was chosen as the base year. The discount
rate applied was 15%.
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3.5.1. Expected Minimum Returns
Taking into consideration only the 2,231 hectares accumulated until
1991, the regional social returns do not exceed the investment. The
present net value (PNV) is negative and reaches 494'436,000.00
pesos; the internal rate of return (IRR) is equivalent to 4.2%, and
the cost/benefit (C/B) ratio is less than 1 (0.54). However, it
should be considered that the area limed in these first years
represents only 6.6% of the total project area.
Furthermore, in order to pay the investment of the project in the
next year (that is, in 1992), an area of at least 2,206 hectares
has to be limed. The calculations are shown as follows:
In equating the total profits to the total costs, the result is:
UVC = UNP/ha*HA
Solving HA:
HA = UVC/UNP/ha
Where:
UVC = Updated value of the project's cost equivalent to
494'436,000.00 pesos, which is the result of the difference
between the updated costs (1,081'949,000.00 pesos) and the
updated profits (587'513,000.00 pesos) which are attributable
to the area limed in 1991. This difference is equal to the
above negative PNV. It is assumed that the expected minimum
aggregate profits will be the same as this value.
UNP/ha = Updated net profits from one limed hectare in 1992,
equivalent to 224,110.00 pesos.
HA =

Number of hectares in which the liking practice will be
adopted.

Substituting values:
HA = 494'436,000/224,110
HA = 2,206
Based on this area, in 1992 the PNV would be approximately 0, the
IRR would be similar to the updating rate (15%), and the C/B ratio
would be very close to 1. However, it should be clearly understood
that in strict sense and under these conditions, the project
neither will show losses, nor will produce a profit.
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3.5.2. Expected Potential Returns
These returns were calculated on the basis of the adoption
potential of the three considered scenarios (Table 6 ) . In general
terms, it has been noted that the three adoption alternatives of
the On-Farm Research project do generate revenues over their costs.
In every case the PNV is positive, the IRR is higher than the
discount rate used, and the C/B ratio exceeds 1.
A more specific analysis shows that the second alternative
(logistic curve) is the only option in which research costs would
be paid in 1992, since the area to be limed in this year exceeds
significantly the minimum area of 2,206 hectares mentioned above.
Furthermore, under this alternative the highest benefits of the
project are attained, since an increased profit flow is achieved in
a minor period. The opposite case is the third alternative, since
the area that is limed every year is smaller than in the other
alternatives. The first alternative is considered as intermediate
with respect to the updated indicators of the project's value.
Table 6.. Project's potential profitability for the acid soils
management. La Fraylesca, Chiapas, Mexico.
Indicator
PNV (pesos*1000)
IRR

(%)

C/B ratio

A 1 t e r n a t i v e s
(2)
(3)
(l)
2'361,388
5'035,106
1'193,870
28.5

41.4

3.18

5.60

23.1
2.10

In regard to the IRR, it can be noted that the three alternatives
exceeds the discount rate. Even in the worst of the cases (the
third alternative) , the project is able to recover all the capital
and operation costs incurred at a 23% interest rate.
These results are compared favorably with the profitability of the
investment in other research projects, which are summarized by
Ruttan (1983). In a study carried out in Valle del Yaqui, Sonora,
Mexico (Traxler, 1990), the estimated rates of return ranged from
16 to 23%. The author deemed adequate that the investment in
research contributes in a significant manner to the growth of
agricultural productivity.
Because of the great range of objectives and methodologies applied
in these studies, it is difficult to make a much more specific
comparison. It can only be stated that investment return rates in
the La Fraylesca project can be compared favorably with those
reported in other studies.
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However, the following requirements should be borne in mind in
order to achieve a rapid productivity growth: 1) ability to
generate adaptable methods of technology to the farmers'
circumstances which foster a sustained development of natural
resources and 2) resources invested in research can only be
efficient if generated technologies are adopted by farmers.
4.

Conclusions

The results
conclusions:

obtained

in

this

study

lead

to

the

following

1)
The costs, profits and impacts of the research-transferadoption process in the study and management of acid soils can be
quantified and evaluated. This fact makes.it possible to obtain
useful references for the proposal of future projects on generating
and transferring technologies related to the comprehensive and
sustained management of natural resources.
2) These results confirm the hypothesis based on this and other
experiences which show that investment in research and transfer of
technologies for the study and management of acid soils, contribute
significantly to increases in agricultural productivity.
3) It is convenient for the Mexican state of Chiapas to continue
the investment in the operative development of liming project in
next years.
4)
It is recognized that in the context of the comprehensive
natural resources management, the liming practice is just a partial
and temporary solution to the soil degradation problem in La
Fraylesca. To achieve sustained development of this resource, other
technologies must be implemented after liming in order to preserve
and recover land capability.
5.
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Abstract
Acid upland soils belonging to the Ultisols and Oxisols comprise more than 50% of the
land area of Southeast Asia. These soils contain large amounts of variable charge colloids, have
low CEC, high levels of toxic cations and are low in organic matter. Al toxicity is widespread, as
are deficiencies of P, K, Ca and other nutrient elements. Existing farming practices have resulted
in degradation as cultivation has resulted in loss of organic matter and intensified soil erosion.
Research aimed at improving the management of these soils has been coordinated in the
ASIALAND Management of Acid Soils network. In this network, sites with a range of latitude
(2-23°) and rainfall (1250-3070 mm) have been established. Experiments examine the effect of a
range of treatments, principally using liming, organic inputs and mineral fertilizer, on cropping
systems appropriate for the site. Results are reported from the first three years of the network
which demonstrate that crops can be grown profitably and apparently sustainably on upland acids
soils in southeast Asia. Responses to lime are obtained on some soils but not on others and this
can be at least partly explained by exchangeable Al concentration in the soil. The value of organic
matter inputs appears to be related to the quality and quantity applied. Lime and organic matter
inputs need to be accompanied by mineral fertilizer inputs for high yields. From soil analyses there
are indications that soil fertility is maintained or improved by these inputs. Some examples of
farmer adoption are described. It is anticipated that integration of data across sites will add value
to the individual results.
Introduction
Acid tropical soils, which belong to the orders Ultisols and Oxisols of the U.S. Soil
Taxonomy, represent the largest land area of the world, covering 1 675 million ha or 38% of the
land area between the tropics of Cancer and Capricorn. In southeast Asia, an estimated 212
million hectares, or 54% of the land area is covered with acid soils (2). The largest areas are in
Indonesia where there are 71 million ha (38% of the land area), Thailand where there are 42
million ha (82% of the land area) and Myanmar where there are 39 million ha (58% of the land
area).
In Indonesia, there is increasing pressure on the acid mineral soils due to increasing
populations and transmigration, particularly in Sumatra and Kalimantan. Many constraints are
recognised on these marginal lands - biophysical constraints including low soil fertility, soil
erosion, soil and environmental degradation, and socioeconomic constraints such as lack of
capital, cultural factors and lack of acceptable, adapted technologies
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In Malaysia, where 75% of the area is acid soil, and southern Thailand, where 68% of the
land is acid soil, the land is also generally steeply sloping, the acid soils are used extensively for
smallholder oil palm and rubber. As well as the plantation crop being constrained by the multiple
nutrient deficiencies, there are opportunities for improving soil management and increasing farm
production through intercropping of young plantations with food crops. In northeastern and
eastern Thailand, soil acidity problems are exacerbated by unreliable water supplies.
In the Philippines, where 32% of the land is acid soil, there are extensive areas of acid
soils, particularly on the island of Mindanao where many of the poorest farmers live. Although
relatively fertile in comparison with many acidic soils, profits from food crop production are
limited by distance from markets.
In Vietnam, 70% of the land has acid soils. They have suffered from soil erosion and
productivity is low. Here there is a need to develop means for improving soil fertility so that more
profitable cropping systems can be utilised.
The acid soils of Southeast Asia contain large amounts of variable charge colloids, low
cation exchange capacity, low cation saturation and low organic matter. Al toxicity is widespread
in these soils, as are deficiencies of many nutrient elements including P, Ca and K. Attempts to
crop these lands, especially with annual crops, have resulted in degradation, with much of the
organic matter lost through cultivation and erosion. There is increasing pressure on these lands as
populations increase and there is no further opportunity to exploit lowland systems further. To
prevent further degradation there is an urgent need to develop sustainable farming systems for the
acidic upland soils.
There is no single, simple solution to these problems. Acid soils are not uniform and there
is no single acid soils fertility correction factor. Different acid soils suffer from one or more of
several constraints, including low pH, high exchangeable Al and Mn, low cation exchange
capacity, low Ca, Mg and K, low cation saturation, low available P, low organic matter, low
water-holding capacity, compaction and erosion. Because of the complexity of the problem, it
was believed that a network research approach to acid soil management would be the most
effective one. As a result of the desire of a number of countries in Asia to conduct a coordinated
programme to improve the management of acid soils, the ASIALAND management of acid soils
was initiated in 1990 (1). This network concentrates on adapting farming and soil management
systems to a range of situations through the careful use of inputs. This paper describes some of
the results of the first three years of field research.
Rationale and approach
The rationale for this work is that:
• Liming can alleviate the toxicities in many of the acid soils of Asia, but at a cost that may
prevent its adoption by small farmers.
• Organic-matter amendments can produce organic acids that can complex soluble Al and
therefore alleviate toxicity (4), but adoption depends on the availability of such materials
• Liming or organic matter may be ineffective unless deficiencies of nutrients are corrected.
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Figure 1. Location of sites in the ASI ALAND Management of Acid Soils network.
In order to identify the best combination of inputs for particular systems, sites have been
established across the region (Figure 1), at which adaptive or applied research projects are being
conducted. The sites include a range of soil types, climates and management systems (Table 1).
The cooperating scientists at each network site undertake to conduct an experiment in which a
range of inputs are tested. At many sites they also conduct one or more satellite experiments
which may study in more detail a range of organic inputs or different fertilizer inputs. Typically a
core experiment consists of a set of treatments in which a normal farmer's practice is used as the
control treatment and is compared with treatments with inputs of lime, fertilizers and organic
matter. The treatments might therefore be:
•
•
•

Farmer's practice
Plus lime (low input)
Plus lime (high input)
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•
Plus organic matter (low input)
•
Plus organic matter (high input)
•
Plus lime and organic matter (high input).
The experiments are conducted according to BSRAM's methodological guidelines (3)
which ensure a high quality of field experimentation and that data are collected that show crop
performance and which permit a realistic economic evaluation of treatments. Supporting weather
and soil data are collected to permit effective interpretation of the results and extension of the
findings as widely as possible.
Table 1. Some details of sites in the ASIALAND Management of Acid Soils network.
Site

Latitude (deg.)

Rainfall (mm)

Soil type

System

Indonesia
Malaysia

4
2

3070
2000

Paleudults
Kandeudults

Philippines
Sth Thailand

7
7

2330
2090

Paleudults
Haplohumults
Paleudults

NE Thailand
E Thailand

15
13

1070
1380

Paleustults
Paleustults

Vietnam-1

21

1840

Paleustults

Vietnam-2

21

1600

Paleustults

Vietnam-3

19

1540

Paleustults

Corn/peanut
Corn/peanut in
young rubber
Corn/peanut
Corn/peanut
Annual crops in
young rubber
Corn
Cassava/corn
/peanut
Cassava/black
bean or peanut
Cassava/black
bean
Orange with rice
and peanut

In this paper we present some selected lesults from the network in order to provide an
outline of the type of findings that are coming from the research. We report results from
Indonesia, Malaysia, Philippines and from one site in each of Thailand and Vietnam
Results
Effect of organic inputs
The quality of organic matter inputs has proven to be as important as the quanitity that is
applied. Quality factors include C:N ratio, lignin and polyphenol contents (5). Organic materials
assessed to be of low quality, such as chopped foliage from felled rubber trees, used in southern
Thailand, and composted alang-alang grass (lmperata cylindrica), used in Indonesia, produced no
measurable increase in yield of annual crops, even when applied at 20 t ha"1 (Figure 2). In the
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case of the Philippines site, the compost applied was of good quality but the use of basal fertilizer
in the control and treated plots may have led to the lack of crop response.
Elsewhere when the organic material applied was of sufficient quality, as for example with
the farmyard manure used at the Indonesian site, there was an increase in the average corn yield
from 0.74 to 2.87 t ha"1 and peanut yield from 0.53 to 0.99 t ha"1 (Table 2). Very high rates of
application were necessary to obtain these yields and the response did not appear to have peaked.
We suspect that some nutritional deficiency may have prevented better yields and this is now being
investigated. In northern Vietnam, modest applications (3-6 t ha'1) of farmyard manure increased
tuber and seed yields of intercropped cassava and mungbean (data not shown).
Crop yield (t h a')
2.6

2.39 2.40

2.4
2.2
1.98

2.0

1.82

18
1.6
1.4
1.13

1.2

n q? 0.95

n 01

1.0
0.8
0.6

•

0.4
0.2
0

•

Control

'
»OM

Corn
(mean of
4 crops)

Control

'
+OM

Peanut
(mean of
4 crops)

Indonesia

Control

'
+OM

Corn
(mean of
4 crops)
Philippines

Control

'
+OM

Upland
rice
Southern

Tha land

Figure 2. Effect of organic inputs on crop yield on acid soil sites in Indonesia, Philippines and
southern Thailand.
Effect of liming
Liming was ineffective on the soil at the Philippines site but application of lime more than
doubled corn yield in Indonesia and upland rice yield in southern Thailand (Figure 3). The
differences between the sites is probably partly associated with low exchangeable Al at the
Philippines site and high exchangeable Al at the southern Thailand site. However, this argument
does not hold at the Indonesian site where Al is less than 20% of the effective CEC. In Vietnam,
with similar Al saturation to that in Indonesia, modest but consistent responses to lime were
obtained with cassava and peanut (data not shown).
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Table 2. Intercropped corn and peanut yield improvement by farmyard manure (FYM) in South
Kalimanatan, Indonesia (mean of 4 crops).
Treatment
t FYM ha"1

Peanut seec

0
1
5
10
20

0.53
0.59
0.77
0.86
0.99

Corn grain
I hjl - l -

0.74
1.18
1.46
2.01
2.87

Crop yield (t ha')
3 35*
3.0

.
2.42

25

1.90 2.01

2.0

1.50

1.5
1.0

1.33
0.91

0.92

0.5
0

Control

Control
+Lime

••

Corn
(mean of
4 crops)

'
+Lime

Peanut
(mean ot
4 crops)

Ir donesia

Control

1
+Lime

C ontrol

'
+Lime

Corn
(mean ol
4 crops)

Upland
rice

Philippines

Southern
Thailand

* Part of this wou d be due to fertilizer

Figure 3. Effect of lime on crop yield at sites in Indonesia, Philippines and southern Thailand.
Experiments such as these need to run for long enough to establish both the initial and
residual value of the material. At one of the Malaysian sites, where the soil initially had an Al
saturation of 50%, the experiment was established in 1987 and residual effects of a single
application of lime may be compared with annual applications. Table 3 shows that after five years
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a small annual application of ground magnesium limestone can increase corn cob numbers fourfold
and peanut seed yield by 50%. An annual application of 1.0 t ha"1 maintained high yield whereas
a single application of 8 t ha -1 initially depressed yield but was still producing 90% of the annual
application yield after five years. Nevertheless an annual application of 1.0 t ha"1 appears to the
the best treatment.
Fertilizer inputs
The need for fertilizer inputs to supplement or balance the other inputs is clear at most
sites in the network. This has been demonstrated very well at the site in southern Thailand, where
an analysis of the results of nutrient concentration in index leaves of the first four crops has
revealed clear indications in some treatments of deficiencies of N, P, Ca and Mg (Table 4). Here
and elsewhere, there are strong indications of the need for appropriate inputs of mineral fertilizers
(Figure 4).
Table 3. Effect of annual versus once-only application of ground magnesium limestone on corn
and peanut in an Ultisol in Malaysia (means of two crops after five years).
Treatment
t GML ha"]

Corn cobs
1000 cobs ha"!

0 annually
0.5 annually
1.0 annually
2.0 annually
2.0 once only
4.0 once only
8.0 once only

Peanut pod yield
t ha"]

7
22
33
30
16
29
30

1.27
1.97
1.84
1.88
2.20
2.03
1.71

Table 4. Nutrient limitations to annual crop production at the southern Thailand site as indicated
by analysis of indicator leaves.

1
2
3

Crop

Limiting nutrients

Peanut
Upland
rice
Supersweet corn

P, Ca
N, P, Ca, Mg
N, P, Mg

At the Vietnamese site at Hoa Son (Vietnam-1 in Table 1), the most serious nutrient
deficiencies were K, P and N in that order. Mineral fertilizers without lime or organic matter
inputs can increase cassava yields by 34-46%. P is the major deficiency with peanut, and mineral
fertilizers can increase pod yields by 48-70% through increased seed/pod ratio and decreased
percentage of 'pops'. N and P have been shown to more than double upland rice yield on acidic

544

soil in southern Vietnam (NT. Siem, unpublished). Further studies by the Institute for Soils and
Fertilizers and elsewhere (E. Mutert, pers. comm.) indicate that these problems are widespread.
Simple benefitxost ratio analysis of such data usually indicate B:C values of 3.0-6.4 indicating that
fertilizer application is quite profitable provided the farmer can afford to obatin the fertilizer to
apply. Farmers must also consider risk and with upland rice nitrogen application brings with it the
risk of lodging.
Crop yield (t i a ' )
3.2
3.0

2.89

2.8
2.6

2.40

2.4
2.2
2.0
1.8

•

1.6

•

1.70
1.50

1.4
1.2
1.0

0.91

•

0.91
0.74

0.8
0.57

0.6
0.4
0.2
0

'
1
Control '
tFert.
Corn
(mean ol
4 crops)

Control

'
+Fert.
Peanut
(mean of
4 crops)

Control

'
4Fert.
Corn
(mean of
4 crops)

Indonesia

Philippines

Control

'
+Fert.
Upland
rice

Southern
Tha land

Figure 4. Effect of mixed fertilizers at recommended rates on crop yields in Indonesia, Philippines
and southern Thailand.
Analysis of indicator leaves has indicated that fertilizer application together with other
inputs has, in most cases, brought tissue concentrations to adequate levels. In the Malaysian
experiment, for example, application of palm oil mill effluent (POME) with or without ground
magnesium limestone has raised the corn leaf concentrations of P, K and Ca, but has not been so
effective in the case of N, Mg and micronutrients (Table 5). However, with peanut, only Mg
concentration was improved whereas N, P, K and Ca concentrations were unchanged (data not
shown).
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Table 5. Effect of inputs of palm oil mill effluent (POME) and ground magnesium limestone
(GML) on nutrient concentrations in youngest expanded corn leaves at the Malaysian site.
Treatment

P

K

Ca

Mg

Cu

0.19
0.25
0.23
0.24

2.27
2.31
2.31
2.43

Mn

Zn

Hgg'•1

%
Control
40 t POME ha"1
2 t GML ha' 1
401 POME + 2 t GML ha"1

Fe

0.47
0.52
0.56
0.64

0.19
0.20
0.21
0.23

10.6
9.3
9.0
8.7

201
136
182
155

38.3
59.4
35.1
41.5

13.2
17.2
13.7
16.3

Soilfertility maintenance
In Malaysia, both annual applications of ground magnesium limestone and single
applications made five years ago have increased soil pH, raised exchangeable Ca and Mg and
lowered Al saturation (Table 6). During a two year period in the more recent experiment in
Malaysia, POME at 5 t ha-1 failed to improve the exchangeable Ca, Mg and Al, whereas ground
magnesium limestone was beneficial (Table 7).
In southern Thailand, during the growth of the first four crops (peanut, upland rice, corn,
upland rice), soil changes occurred according to the inputs provided. Thus, without inputs, which
is equivalent to existing farmer practice, surface soil pH declined by about one unit, organic matter
remained at about the same level, and exchangeable Al and acidity increased by about 20%
(Figures 5-8). With a high level of inputs (including lime), surface pH tended to increase, organic
matter may have increased slightly, and exchangeable Al and acidity declined to almost zero.
Table 6. The influence of different liming practice on soil chemical properties at Negeri Sembilan,
Malaysia.
Treatment

PH

Exch. cations (cmo•l(+) kg' 1

Al
saturation
%

(CaCl2)

Ca

Mg

Al

Control
2 t GML ha -1 annually
8 t GML ha"1 once only

3.9
4.6
4.4

0.77
2.05
3.61

0.27
0.61
0.64

2.21
0.83
0.50

68
56
11

LSD 0.05

0.4

1.20

0.43

0.56

24
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Table 7. Time changes in exchangeable Ca, Mg and Al as influenced by inputs of POME and
GML in an intercropped rubber system in Malaysia.
Treatment
Property
cmol(+) kg'1

0

56

Days after input
127
191 419

594

766

Exch. Ca

Control
2 t GML ha"1
5 t POME ha"1

0.44
0.86
1.20

0.61
1.86
0.36

0.47
1.13
0.65

0.54
1.82
1.18

0.69
1.84
1.27

0.30
0.79
0.86

0.32
0.89
0.51

Exch Mg

Control
21 GML ha"1
5 t POME ha"1

0.05
0.10
0.15

0.22
0.58
0.08

0.13
0.52
0.10

0.19
0.66
0.21

0.15
0.80
0.22

0.29
0.84
0.25

0.06
0.41
0.09

Exch Al

Control
21 GML ha"1
5 t POME ha"1

2.03
1.42
1.53

1.78
0.89
2.19

nd
nd
nd

2.05
0.64
1.70

2.28
0.97
1.90

1.77
0.82
1.35

2.13
0.92
1.90

Economic viability
Indications are that the highest input systems are not necessarily the most profitable. At
the Philippines site, although net returns were increased by several treeatments and the highest net
returns were with the highest input treatments, benefitxost ratios remained close to 1.5 over a
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Figure 5. Changes in soil pH during two years of intercropping young rubber in southern Thailand
— effect of high input system.
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range of treatments. The lowest net return was from a treatment that followed the management
and relatively high inputs required to obtain a bank loan.
At the Indonesian site, inputs of mineral fertilizers increased the benefit/cost ratio from
about 1.4 to 1.7. Although farmyard manure increased yields up to very high rates of application,
the maximum benefit:cost ratios were at the intermediate levels of application.
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Weeks
Figure 8. Changes in exchangeable acidity during two years of intercropping young rubber in
southern Thailand - effect of high input system.
In southern Thailand, the most profitable treatments were those that had modest inputs of
mineral fertilizers and with the use of green manure.
Conventional benefitxost analysis on a year-by-year or crop-by-crop basis has
shortcomings for this type of study. Benefitxost ratios vary for the same crop according to its
position in the rotation and the time that has elapsed since land improvement commenced. As the
results from the network become more complete more thorough economic analysis over a longer
time-frame, and taking into account soil fertility changes and residual effects will be carried out.
Discussion
The results presented must be viewed as interim results. In a research network, not all
sites are established at the same time. Thus the results reported tend to be from the earliest
established sites. As the network evolves the results will permit a more integrated story to be told.
In the long-term the network will be judged from the additional value provided by being able to
integrate results from different sites in different countries and to make these results more valuable
than the individual sets of results. In the short-term the value of the network lies in the
enhancement of the research quality for which a significant contribution comes from the sharing of
ideas and expertise amongst the network cooperators.
The individual findings to date from the research support the notion that the acid upland
soils of southeast Asia can be intensively utilised for economically viable crop production provided
that adequate inputs are provided. However, this requires the use of management packages that
include liming, organic inputs and mineral fertilizers, rather than hoping that any single input will
solve the problem. However, the development of technical solutions that provide good sustainable
yields is not enough. The solutions must be acceptable to fanners, and in the past there have been
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many such solutions that were not adopted by farmers. Fortunately there are already good
indications of farmer adoption in this network, particularly in Indonesia and Vietnam. In Indonesia
the neighbouring farmers have readily accepted the idea of using farmyard manure on corn crops
along with sensible amounts of mineral fertilizer. As a result the price for farmyard manure has
increased during the past two years. In Vietnam, local farmers are requesting seed of the
hedgerow species being used in experiments, have adopted the idea of intercropping mungbean
between cassava rows, and are now requesting that the researchers test the idea of growing two
legume crops per year without cassava.
The challenge is to extend this success across the region. It is anticipated that in the future
it will be possible to tailor recommendations for cropping on acid soils to particular sets of soil,
climate and cropping system. It should also be possible to evaluate systems in terms of the longterm effects of inputs such as lime and organic matter. We need to be aware that the short-term
profitable system may not be sustainable in the longer term. There is a need therefore for some
sites to continue as long-term studies in order to confirm that the systems recommended are
sustainable in the long term.
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The Management of Acid Soils in Africa. An Assessment of
Contraints, Management Solutions and Research Approaches
through a Case Study from Northern Zambia
S. Phiri, E. De Pauw, and A. Mapiki. Misanfo Regional Research Centre,
P. O. Box 410055, Kasama, Zambia; International Board for Soil Research and
Management, P. O. Box 9-109, Bangkhen, Bangkok 10900, Thailand.
Acid soils cover more than a third ofSubsaharan Africa. Their constraints are related to poor
fertility, aluminium toxicity and vulnerable structural properties. Their agricultural
productivity is low and declines rapidly under cultivation. The sustainable use of these soils
requires adequate inputs of nutrients and amendments in the form of fertilizers, organic matter
and sometimes lime.
The constraints, management solutions and research approaches for managing acid soil in
Africa are illustrated by a case study in northern Zambia. The experimental work carried out
at the Misamfu Regional Research Centre in Kasama is highlighted and its relevance in a
broader African context.
OVERVIEW
Acid soils in Africa
The term 'acid soils' comprises a heterogeneous group of soils of which the common
denominator is a low pH (conventionally limited at 5.5 in water). Most of the acid soils in
Africa have been conditioned by a wet tropical climate, and to a lesser extent by the
vegetation cover. These soils are particularly dominant on old stable surfaces that have been
exposed for a long time to a tropical weathering regime. In the new FAO soil classification
system (F.A.O, 1988) these low-pH soils belong to the orders of Ferralsols and Acrisols and
to a lesser extent Plinthisols, Alisols and Nitisols. They cover approximately more than one
third of Subsaharan Africa.
Much of the land in Africa with low-pH soils is still very lightly used or unused and covered
by woodland and forests. However, such forested areas are rapidly diminishing as a result
of population increases and are being replaced by a mosaic of smallholder agricultural
systems varying from shifting cultivation to more intensive fallow systems. Where population
pressure is most intense, permanent cultivation systems have evolved as in Rwanda, Burundi
and some parts of East Africa. Estates with large-scale production, while covering a relatively
smaller area, produce on these soils cash crops such as rubber, oilpalm, coffee, sisal,
pineapple and are important earners of foreign exchange for many African economies.
The central problem of acid soil management is that the intensification of land use
necessitated by the increase in Africa's population is severely hampered by the inherent
fragility of the tropical low-pH soils and inappropriate farming methods.
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With the exception of the Nitosols, which are relatively fertile, most acid soils are chemically
poor soils. The low fertility is mainly related to one or more of the following conditions:
- low nutrient retention capacity;
- frequent deficiencies of major nutrients such as nitrogen, potassium, calcium, magnesium
and sulphur;
- strong immobilization of phosphorus, especially in Ferralsols;
- frequent deficiencies of micro-nutrients at low pH.
As a result of the low nutrient retention capacity, any nutrient amendments given to correct
the low fertility status need to be very carefully balanced to avoid that the equilibrium of ions
in the soil solution is upset to the extent of creating secondary deficiencies. At the same time
much of the nutrients provided risk being lost through leaching under the high rainfall
intensities of the tropics and the generally good permeability of these soils.
A second major constraint of these soils is aluminium toxicity. Soluble aluminium affects root
growth and inhibits nodulation in legumes. Sensitivity to high levels of aluminium also causes
drought stress to many crops because roots can not go deep enough to tap moisture from the
subsoil. For this reason it is quite common, even in the humid tropics, for crops yields to be
reduced as a result of short-duration dry spells (ten days or less).
A third constraint is the structural instability of these soils, especially in Acrisols. If bare, soil
aggregates disintegrate easily under the impact of high-intensity tropical rainstorms, compact
under heavy machinery and form surface caps or subsurface pans. These risks are increased
by inappropriate land clearing methods that cause the removal of the organic topsoil, and
recur at the start of the growing season when crops are not yet sufficiently developed to cover
the soil fully.
In view of these various constraints it is not surprising that the agricultural productivity of
these soils is generally low and declines rapidly under cultivation.
Traditional management techniques
The traditional techniques of shifting cultivators to manage acid soils in Africa rely on the
role of fire to concentrate and reincorporate rapidly the nutrients from the natural vegetation
into the soil, suppress temporarily aluminium toxicity and retard the encroachment of weeds.
The ashes act both as fertilizer and as lime amendment. However, all 'slash-and-burn'
methods offer only a short period in which fertility is adequate to raise crops, usually 1-3
years. The systems practicing 'slash-and-burn' are therefore low-intensity, 'shifting systems'
in which actual cropping would occur in less than one year out of three. Long fallows are
required to restore natural fertility to original levels during which time another piece of land
is removed of vegetation, burnt and cropped.
Most of these 'slash-and-burn' methods, while sustainable under low population pressure, can
only be in a state of equilibrium when land is unlimiting. A typical example, the Chitamene
system in northern Zambia, is discussed further in this paper. Where land is getting short
adaptations of the fire-based techniques have occurred in several parts of Africa, which has
allowed to absorb larger populations. Examples of such intensification of shifting cultivation
are the Fundikila system in northern Zambia, which is described in this paper, and the
technique of 'écobuyage'. The latter is a method of fertility enhancement in savanna areas
in Africa whereby grassy and herbaceous vegetation is cut, piled, covered with earth and
burnt under a slow combustion process characterized by reduced oxygen availability. This
system already represents an adaptation to a more settled agriculture, as its residual effects
in terms of fertility enhancement and toxicity alleviation have been shown to be longer-lasting
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(Nzila, 1992).
Cornerstones of modern management techniques for acid soils
1) Use of liming materials
Liming aims to reduce the toxicity of aluminium and possibly manganese. Reducing this
toxicity allows to increase the number of crops that can be grown, to increase the nutrient
retention capacity of acid soils and to improve the availability of major nutrients such as
phosphorus, nitrogen, calcium, magnesium and potassium (von Uexkül, 1986).
The first issue to be considered is the liming need, which varies according to the soil type
and has to be based on soil testing. Liming to raise the pH to a near neutral value is now
generally discredited in tropical soils as being unfeasible because of the often very large
amounts required. The currently recommended method for estimating lime requirement is the
one based on the exchangeable aluminium content of the soil (Kamprath, 1970), adding 1.65
ton.ha ' of CaC03-equivalent per milliequivalent of exchangeable aluminium per 15 cm soil
depth. The method requires lower doses of lime, which can be further reduced by liming to
target aluminium levels that correspond to the toxicity thresholds for individual crops.
When opening land that has been under fallow for cultivation, it has even been demonstrated
that it is better to apply lime well below the Kamprath recommendation because overtiming
is easy on soils with low buffering capacity and can result in lime-induced deficiencies of
phosphorus, potassium and/or micronutrients.
Because short-duration dry spells during the growing season are common in most parts of
Africa, liming will only be fully effective if its benefits can be extended to the subsoil where
it is mainly needed to improve moisture uptake. Chemical means using calcium and
magnesium carriers are still in the research stage and early indications are that they may be
only feasible in situations where the problem to be addressed is calcium deficiency, not
aluminium toxicity. Physical means such as deep subsoil ing require heavy machinery and are
not at the disposal of smallholders.
Whereas liming is an accepted practice in high-input/high-output agriculture, the application
of lime by smallholders is critically determined by the economics of lime use. The latter is
determined by the cost of liming (which depends on availability, transport costs, the severity
of the aluminium toxicity problem, and possible subsidies), the price per unit of produce
(which is determined by the local or world markets) and the crop response to the lime
applied, which is determined by the particular soil type and crop, and the effectiveness of
application (Oygard,1987). Because lime is an amendment to be applied in bulk, it is not
often used by African smallholders except in the most favourable conditions, such as lavish
subsidies, a good road infrastructure or nearness to a processing plant, or where the toxicity
limitation is such that there is no other solution.
2) Fertilizer use
Ideally fertilizer rates should be such as to compensate for the nutrient removals from target
yield levels, but such rates may not necessarily lead to maximum yields as a result of
phosphorus immobilization and low potassium retention.
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The preferred approach to the problem of P-fixation is to use large amounts of low-cost
phosphorus sources such as rock phosphates, which, when of suitable composition, have the
added benefit of a liming effect by increasing available Ca, raising pH and lowering
exchangeable aluminium. The low reactivity of rock phosphates can be improved by fine
grinding and the strong residual effects pay off over the years. As with lime, it is important
to incorporate phosphorus in the subsoil, if feasible.
New promising technologies for enhancing the reactivity of phosphate rock rely on the
transformation of phosphate rock into more reactive forms, such as fused or partially
acidulated phosphate rock (PAPR) or compaction with soluble phosphate fertilizers, such as
single or triple superphosphate. Field tests are currently being carried out on different
phosphate rock sources in Africa to evaluate the agronomic and economic feasibility of these
transformation technologies (Govere, 1993, Phiri et al.,1993).
Potassium often becomes a limiting factor once acid soils have been improved by liming and
phosphorus application and its requirements can then be established on the basis of target
crop yields, potassium removals and soil analysis.
3) Organic matter application
Inorganic fertilizers are expensive and require a distribution infrastructure, which is in many
African countries still underdeveloped. One key direction of current agricultural research and
extension is therefore to induce African farmers at making better use of on-farm generated
organic matter as an integral component to enhance fertility, alleviate element toxicity and
provide soil protection. Crop residues allow to return some of the nutrients exported in the
form of crops whereas green manures allow the carry-over of substantial quantities of
nitrogen to the subsequent crop. At the same time they provide the soil with protection
against erosion and extreme temperatures. Organic matter in the form of crop residues, green
manures or composts has also been demonstrated to reduce the effects of toxic agents by
taking some of them out of the soil solution through formation of organic compounds.
However, socioeconomic factors make it impossible to give generally applicable prescriptions
for including organic matter as a key component in the management of acid soils. Applying
organic matter to the soil is in many cases an unattractive option for African farmers.
Crop residues can not always be returned because they have an economic value, especially
when animals are an important component of farming systems. The benefits of mulches are
often offset by detrimental effects such as increased pest incidence. As population increases,
it becomes increasingly difficult to spare organic residues for use on the soil, rather they are
used for food or fuel.
The opportunity cost of labour involved in the transformation, transport and application of
organic matter is an important consideration for smallholders. Improved green manures are
often unpopular with African farmers. They are averse to growing a crop which occupies the
land for the whole or the major part of the growing season without giving any direct return
and which demands labour for planting and for digging-in at times which are competitive with
the labour requirements for food crops (Webster & Wilson, 1980).
The acceptance of agroforestry systems is primarily hampered by the time horizon needed
to see the benefits of the improved nutrient efficiency from the association of trees and shrubs
with annuals. In addition, many acid soils are located on old stable surfaces with thick
weathering mantles and little nutrients. In such circumstances recycling of nutrients by trees
is unlikely to achieve the necessary efficiencies.
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4) Introduction of acid-tolerant cultivars
Many tropical crops are already fairly tolerant to soil acidity. Tropical perennials such as
coffee, rubber, cocoa, tea are well adapted to acid soils and provide cash income to many
smallholders in Africa. However, overproduction has lead to steadily declining producer price
for several of these commodities. As a result one sees in many African countries farmers
abandoning their perennial cash crops and reverting to their traditional low-input/low-output
systems of raising food crops.
The possibility to raise yields through acid-tolerant strains of major food crops has not
received much attention so far in Africa. There are several reasons for this. New highyielding acid-tolerant cultivars of sorghum, maize, soybean, wheat and legumes such as
Centrosema and Leucena are currently being developed in Latin America and screened in
many African field conditions, but the introduction of adapted varieties in farmers' fields is
still many years away. In addition, in most field crop breeding programmes in Africa yield
maximization and pest/disease resistance have always been the main breeding objectives, not
aluminium tolerance. A major constraint is that the poor fertility status of most low pH-soils
requires high inputs of fertilizer, which makes the use of these improved varieties only
feasible for large commercial farms and does not really address the problems of smallholders.
Management strategies for smallholders
The challenge for Africa is to transform traditional smallholder systems, adapted to lowintensity use of unlimited land into more intensive, sustainable smallholder systems on smaller
land areas before population pressure leads to massive and irreversible degradation. For this
to happen, the outlined components of acid soils management need to be integrated into
management packages that are affordable and adoptable by small farmers.
An important principle in devising management strategies for resource-poor farmers in Africa
is that the improved system must offer a growth path from a traditional system and not
attempt to replace it completely in one giant step (Jurion and Henry, 1969). The traditional
system is the starting point and improved systems develop by identifying and correcting key
problems in the traditional system. In the case of shifting cultivation, improved systems would
aim to intensify land use gradually without completely eliminating the fallow periods needed
for fertility restoration. Such transitional systems are not optimal in terms of agronomic and
economic performance but, being low cost, they are attainable and offer further prospects for
intensification and income generation (Myers and De Pauw, 1993).
In Africa the following development pathways are considered feasible and have, in different
agroecological and socioeconomic contexts, a good chance of being adopted by farmers:
(i) gradual intensification by reduction of fallow periods;
(ii) improved intercropping methods;
(iii) agroforestry systems.
The first pathway is based on the introduction of low fertilizer additions and return of crop
residues into existing or improved intercropping or rotational systems. Lime may or may not
be applied depending on the severity of the aluminium toxicity problem and the tolerance of
the selected crops. Legumes may be included in rotations. The objective is to extend the
cultivation period and reduce the fallow period. When after a certain number of years crop
yields decline, an improved fallow with a legume cover crop follows for one or two years.

after which the cropping sequence is repeated.
The second pathway aims to improve the complementarity of perennial cash crops and annual
food crops at the farm level. Perennial cash crops such as coffee and cocoa are becoming less
attractive to smallholders because of declining or strongly fluctuating world prices and
competition from food crops for land. However, perennials are often the only source of farm
income, providing at the same time useful residues that can improve the fertility status of land
on which food crops are grown. Improved intercropping systems could be envisaged that
would maximize the complementarity between the different parts of the field by growing
annuals in the first years when perennials are not sufficiently tall to overshadow them. The
period in which annuals could be grown could possibly be extended by a succession from
shade-sensitive to shade-tolerant crops. Useful crop residues from the perennials could be
transferred to the food crops, which , with low fertilization, could in turn yield adequate
biomass to increase the productivity of the perennials.
Agroforestry systems are based on the premise that the matching of certain trees with specific
crops can yield benefits that exceed the sum of the individual system components as a result
of the 'nutrient pump' mechanism of agroforestry trees. The aim of such systems is to
combine suitable legume trees with food crops in non-competitive arrangements that exploit
the role of the trees in concentrating nutrients by fixing nitrogen and drawing up nutrients
from the lower parts of the soil.
From management strategies to management packages
Although the technical component solutions for managing acid soils are well known, the real
challenge in Africa is to design location-specific management packages that are technically
sound, socially acceptable and economically attractive. Working out local management
solutions that are relevant in a given agroecological and socioeconomic context is the realm
of adaptive research and the task of national agricultural research institutions. Once a
recommended management package leaves the research station, it requires further testing and
eventual modification in farmers' fields to adapt the general package to a wider range of
conditions than exists at the research station. Such adaptations of the general package could
concern, for instance, the quantity and quality of liming materials, crop residues, fertilizers,
simple water management or soil conservation practices and would be decided in consultation
with the individual farmers concerned. Fine-tuning the management of acid soils up to the
level of farmers' fields would be an ideal situation because it would greatly enhance the
chances of adoption of modern methods.
To achieve these objectives, a viable adaptive research and development infrastructure and
functional liaison mechanisms between research and extension must exist. In Africa this is
more the exception than the rule. At the Misamfu Regional Research Centre near Kasama in
northern Zambia an adaptive research and development programme been set up by the
Zambian Government with the assistance of NORAD, with the specific objective of
developing technological packages for acid soils. The setting and research story of this
programme, the Soil Productivity Research Programme (SPRP), are described in the
following case study.
MANAGEMENT OF ACID SOILS IN ZAMBIA. A CASE STUDY
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Acid soils in Zambia
Acid soils are mainly found in northern Zambia. They cover extensive tracts of Northern,
Luapula, Copperbelt and North-Western provinces. This part of Zambia lies between
latitudes 8° and 14°S of the equator at an altitude ranging from 1200 to 1600 m above sea
level. This area covers a total of 355,545 km2, which represents almost 50% of the total land
area of Zambia. This natural region is part of the central African plateau with elevations
ranging from 900 m in the valleys to above 1800 m in the highest parts.
The region has a high reliable annual rainfall of around 1400 mm, with low inter-annual
variability, and a relatively long growing period of 140-200 days between November and
April. The dry season is from May to October, and consist of a cool and a hot phase, with
the former from May to mid-August and the latter from mid-August to October. Pan
evaporation is around 5 mm d' in the rainy and cool dry seasons, rising to 8 mm d' in the
hot dry season.
The main vegetation types found in the province are locally called Miombo, Mpane, Chipya
and Mateshi. The Miombo is the most extensive woodland and extends over the greater part
of the area. It is often named Bruchystegia-Julbernardia-woodland after the two dominating
tree genera, which are both leguminous and fire-resistant. The Miombo woodland forms a
single-storey, deciduous woodland with a light canopy cover at about 15-20m. The floor of
the woodland is densely covered with high shrubs and grasses (15-30 % ground cover).
Brachystegia spp. are usually found on deep, well-drained soils that retain moisture during
the latter half of the drv season.
Soils in the region are predominantly Oxisols and Ultisols that have been subjected to
leaching and intense weathering. These soils have developed over non-basic rocks (Mansfield
et al.,1975), are dominated by low-activity clays and occupy about 35% of the total arable
land in Zambia. They are generally acidic and have a low nutrient content. Especially
nitrogen and phosphorus severely limit crop growth, while high exchangeable aluminium is
toxic to most cultivated crops. These soil provide little support for permanent agriculture. In
the flood plains and lake basins (Bangweulu and Chambeshi), soils are poorly to imperfectly
drained. Similar soils are also found in river valleys, lake regions and shallow depressions
on the upland. These soils are generally acidic though the fertility status of some of them
could be higher than that of the upland soils.
Ultisols are the most widespread soils of the region. They include Mufulira, Konkola, Katito
and Maheba soil series (Oxic, Rhodic, Oxic and Rhodic/Acric Paleustult respectively). The
clay minerals are predominately kaolinitic and are less weathered than those found in Oxisols.
Thus, shrinking and swelling clays may be present to give them poor physical properties,
including instability and susceptibility to erosion. They are also sensitive to compaction by
heavy machinery. Water infiltration through the argillic horizon may be slow and cause
waterlogging and anaerobic conditions within the profile.
Oxisols include both Misamfu yellow and Misamfu Red (Typic Haplustox). The clay
mineralogy is dominated by kaolinite and oxides of Fe and Al. Weatherable shrinking and
swelling minerals such as montmorillonite are very few. These soils have good physical
properties even at high clay content. They have rapid water infiltration rates, good drainage
and a relatively low erosion hazard compared to Ultisols.
For crop production they need to be supplied with macro-nutrients (N, P, K, S, Ca and Mg)
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and some micro-nutrients (Mo and Zn).
The major physical constraints to crop production in both Ultisols and Oxisols to be
addressed by appropriate management methods are the overall low inherent chemical fertility
of the soils and aluminium toxicity. The soils are acidic down to the subsoil (pH CaCl2 <
4.8) and aluminum saturations of up to 80% are common. The levels of most plant nutrients
P, K, Ca, Mg are often low and the soil nutrient retention capacity (CEC) is low due to low
organic matter and the dominance of low activity clays in the clay fraction. While the shallow
topsoils may have an initial nitrogen content adequate to support cultivation for a few years,
the subsoils in particular are extremely poor in nutrients and have in general potentially toxic
concentrations of Al and Mn, which may inhibit root growth of sensitive crops.
To overcome the soils' major limitations of aluminium toxicity and poor fertility, local
farmers have over many centuries evolved forms of shifting cultivation that are characterized
by short cropping periods and long fallows, known as Chitemene and Fundikila. These
systems can be described as low-input, low-output systems. They are sustained by a
temporary fertility enhancement through organic matter import from areas around farmers'
fields. Crop yields under these systems are generally low e.g. a yield of 600 kg.ha' dry
beans or less is common throughout the region. While sustainable at low levels of population,
rapid demographic and economic changes have expanded cultivation into marginal lands,
leading to a reduction of the fallow periods, land degradation and declining yields.
Intensification of these traditional systems is now a high priority because of their negative
effects on the environment. However, such intensification is hampered by the need for higher
costly inputs in what are basically subsistence farming systems.
The modern approach based on chemical soil amendments is difficult to introduce
immediately in these systems. Lime and fertiliser are expensive and often not readily
available. For this reason transitional systems need to be introduced that rely as much as
possible on resources available to fanners.
Traditional management techniques
/) Chitemene
Chitemene is a form of 'slash-and burn' cultivation, indigenous to the Zaire-Zambezi
watershed. Although subject to variations (Stromgaard, 1989), Chitemene can in its general
characteristics be described as follows.
Branches are lopped from trees in a circular area around a selected farm plot between July
and September and laid out to dry. Before the beginning of the rains in November they are
gathered into a heap in the centre of the cut area. In general, the area of the heap is around
0.4 ha (Trapnell, 1953). The size of the cut area depends on the quantity of woody biomass
in that area: where the regeneration period is long (30 years), it may be around 4 ha, but for
shorter fallow periods may be as much as 11 ha (Peters, 1950).
The heap is burnt just before the first rains, with finger millet usually being the first crop
sown in the ash plot. The subsequent cropping sequence varies, but typically is groundnut,
millet, and beans (Trapnell, 1953). Often cassava is planted as an intercrop with the millet
in the first year and harvested gradually from the third year onwards. The land is often
exhausted after 4-5 years, it is then abandoned and traditionally left fallow for 20-30 year
(Mansfield, 1973) and another field opened.
The Chitemene system could support between 2 and 4 persons per km2 depending on the
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amount of suitable land available (Mansfield, 1973). Nearly 90% of the fanners in the high
rainfall region practise it. Farmers practicing this system of agriculture are estimated to be
around 2 million (Mapiki, 1991).
The Chitamene system is effective in allowing agriculture in an otherwise unsuitable
environment through nutrient import. The system is becoming unviable because, as
populations increase, the level of environmental destruction it entails becomes untolerable and
ultimately leads to its own collapse.
2) Fundikila
In the north-eastern part of the region, where the population is higher and there are fewer
trees, the local people have developed a grass-mound system of cultivation locally known as
'Fundikila'. This system is a response to the breakdown of the Chitemene system when the
area became deforested by an increasing population (Stromgaard, 1989). This cultivation
system involves the formation towards the end of the rainy season of mounds of grass
(predominantly Hyparrheniafilipendula and Pennisetumpurpureum) on a previously fallowed
site which are covered by earth. The grass decomposes within the mound during the dry
season, and at the start of the next season the mounds are levelled and finger millet is
planted. In the second season a variety of crops may be grown which include maize, beans,
sorghum, and groundnut. In some cases the field may be mounded every second year, and
the crop planted on the mounds. The combination of green manuring and alternation of cereal
crops with legumes helps to slow exhaustion of soil fertility. There is some evidence that the
system is sustainable (Stromgaard, 1990), but in practice the cropping period is 3-5 years,
and the fallow period is traditionally up to 20 years (Mansfield, 1973). It has been estimated
that the Fundikila system is able to support 20-40 persons /Km2 (Mansfield et al., 1975),
considerably more than the Chitemene system. However, because of the poor nutritive quality
and slow decomposition rate of the grasses used, crop yields are usually poor, unless
fertilizer is added, and the system offers no development pathway beyond mere subsistence.
Research highlights of the Misamfu Regional Research Centre
The Soil Productivity Research Programme (SPRP) is a NORAD funded research project in
Northern Zambia. The project became operational in 1981 on the basis of bilateral
agreements signed in 1978 between the Government of Zambia (GRZ), NORAD and the
Agricultural University of Norway. It is administered by NORAGRIC. Headquartered at
Misamfu Regional Research Centre, near Kasama in Northern Province, its mandate research
area covers one third of the country comprising Northern, Luapula, Copperbelt and Northwestern provinces, commonly known as the high rainfall zone.
The overall aim of SPRP is to enable Zambian authorities establish a long term soil
productivity research programme which will develop semi-permanent or permanent farming
systems in the high rainfall areas for farmers at different levels of technology. The major
target group is the smallholders in the area, the majority of whom are still practicing shifting
agriculture. With this group, the role of SPRP is to develop technological packages, through
scientific research, which will assist in the transition from shifting cultivation to semipermanent agriculture.
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Research is carried out both on-station and on-farm'. The main research areas are:
(i) amelioration of soil acidity through testing different liming materials available
locally in the country; downward movement of Ca and Mg using carriers;
(ii) introduction, testing and screening of acid tolerant crop varieties;
(iii) plant nutrition through testing and developing sound fertilizer management
practices with emphasis on fertilizer use efficiency, correction of micro and secondary
nutrient disorders, crop rotations and intercropping;
(iv) sustainable low-input technology involving the improvement of the Chitemene and
grassmound systems through the introduction of leguminous green manures, mulch,
composts, cover crops and improved fallows;
(v) agroforestry research through identification and introduction of both indigenous
and exotic tree species that are fast-growing, N-fixing, and are able to produce large
amounts of biomass for introduction among the chitemene shifting cultivators;
(vi) microbiological studies to investigate litter decomposition and nitrogen fixation
ability and the transformation of various N compounds in the soil.
Development of modern management techniques for acid soils
Some of the findings from 10 years of experimental work carried out by SPRP are
summarized below. In view of the site-specific nature of many of the findings and
recommendations they illustrate the need for adaptive research.
1) Use of liming materials
Goma and Singh (1993) reviewed the experimental work on liming carried out in the high
rainfall zone of Zambia.
On most of the soil series tested yield response of wheat, maize and groundnut to liming was
highly significant and the differences became larger over the years after continuous
cultivation. Groundnut responded more to liming than maize on Misamfu yellow series
(Oxisol).
It was better to apply on Katito Ultisol 2 t. lime.ha l initially plus a maintenance dosis of 500
kg.ha '.year', than an initial dosis of 8 t.ha'. An initial application of 4 t.ha • or 500 kg.ha •
were equally effective in maintaining groundnut and maize yields at economically viable
levels, (2 t.ha"1 and 4 t.ha"1 respectively).
On Misamfu Oxisol and Katito Ultisol lime responses of most crops were well correlated with
KCl-extractable Al and Al-saturation levels.
All lime sources were found effective with the dolomitic sources superior in performance
because of their magnesium content. When both lime and P were applied together, the effect

Under a separate programme, the Agricultural Research Planning Team (ARFT)
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of lime was masked and the yields of crops were lower in the limed plots than in the unlimed
plots.
For the calculation of liming needs, the Kamprath formula is recommended. The liming needs
of the soils were satisfied by liming to 1 meq.exch.Al.
The effect of burning in the Chitamene system in reducing soil acidity and release of plant
nutrients was short-term and did not have a greater effect than fertilizer and lime application.
However, burning has its own merits in that it is a low-input system and facilitates seedbed
preparation for traditional farmers.
The review concludes that liming can be considered essential to maintain sustainable and
economical crop yields on highly acid soils. On medium-acid soils P-fertilization without
liming may be adequate.
2) Fertilizer use
Tracer techniques involving 15N and acetylene reduction assay (ARA) indicate that the
national fertilizer recommendations of 87 kg N ha"1 were inadequate in realizing the yield
potential of maize. At this rate 30% of the yield could be lost due to cobrot resulting from
prematurity. The new recommendation is to apply between 130 and 160 kg N ha' to obtain
a good harvest, and minimize cobrot. The investigations also revealed that at least 50% of
added N could be lost due to leaching on predominantly sandy soils in the high rainfall area.
To maximise fertilizer use efficiency, it is now recommended to split the N application.
Both the 15N and ARA methods reveal that at least 30 kg N ha' is left in the soil as residual
mineral N. This is adequate as starter N for a successive legume crop, hence the
recommendation to farmers to plant their legumes in previously fertilized fields and
economise in turn on fertilizer usage (Mapiki, 1991)
Yields of the main protein crops in the country (soybean, sugarbean, and groundnuts) are
usually low as a result of inadequate fertilization and ineffective indigeneous N-fixmg
bacteria. Investigations involving inoculation with improved, imported Rhizobia strains have
shown that yields of beans can be doubled by this technology alone.
Research on phosphorus management has mainly concentrated on the testing of the
effectiveness of indigeneous phosphate sources. This work concentrated on the investigation
of three materials: (1) direct application of rock phosphate, (2) application of thermally fused
magnesium phosphate, and (3) partial acidulation. Direct application was agronomically not
suitable. Fused magnesium phosphate was agronomically suitable but unfeasible because of
high distances involved between the phosphate and serpentine deposits, and because of
handling problems (Mapiki, 1991). Partial or complete acidulation offers the most promising
technology. Field tests carried out with maize, finger millet, bean, soybean and groundnut
on acid soils with available P-Bray 3-12 ppm and P-sorption ranging from low to very high,
showed that some partially acidulated indigeneous phosphate rocks can be agronomically as
as effective as watersoluble, imported SSP or TSP (Phiri et al., 1993).
Most agricultural soils in the high rainfall zone do not appear deficient in potassium (Mapiki,
1991). Current fertilizer recommendations of 32 kg K ha' on maize would therefore seem
adequate, essentially to replenish the amounts removed in crop harvests. Further
investigations revealed that K nutrition could be affected by Ca and Mg imbalances. These
imbalances could be corrected through additions of dolomitic limestone.
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Sulphur is recognized as the most limiting secondary nutrient. The deficiency is widespread
throughout the high rainfall area and to correct it Compound D (10:20:10) mixture is
recommended which contains 12%S.
The most widespread micronutrient disorders are boron, zinc and molybdenum. Investigations
revealed that pod filling failure in groundnuts was not only due to Ca deficiencies but also
due to boron deficiency. Zinc B and Mo deficiencies were widespread in maize. Wheat and
rice suffer from grain filling failure attrubuted to B deficiency. Fertilizers containing these
micronutrients are not available in the high rainfall zone, but could be custom-made by the
national fertilizer company.
3) Organic matter
Experimental work on organic matter management has been fairly limited and concentrated
on the role of green manures, residue management and agroforestry components in raising
productivity and the role of cover crops for weed control.
Few reliable data are available on the benefits of green manures in improving yields of
cropping systems because they are so little used. On-station trials with Crotalaria
zanzibaricum (sunhemp), Stylosanthes guianensis, Mucuna (velvet beans), and Cajanus cajan
(pigeon pea) indicated that the N turnover from the biomass of these species was in the range
of 120 - 250 kg N ha"1, sufficient for a cereal crop planted after incorporation in the soil
(Mapiki, 1991). 'Fundikila' farmers presently depend on the regeneration of natural grasses
of the Hyparrhenia spp. which are non leguminous, high in lignin content and in turn slow
in decomposition. Green manures therefore offer an excellent potential to intensify the
Fundikila system but face, as elsewhere, the reluctance of farmers to raise a crop only to
bury it later without visible economic returns.
About 90% of agroforestry research is related to alley cropping, which is a low-input
technology aiming at fertilizer subsitution.
For biomass production the most promising agroforestry species identified are Cajanus cajan,
Calliandra calothyrsus, and Cassia spectabilis. Cassia prunings applied as mulch to
unfertilized maize in hedgerow alleys increased maize yields by more than 50% from less
than 2 t.ha-1 to around 3 t.ha-1 (Lungu and Chinene, 1993). These trees therefore hold a
potential among the 'Fundikila' farmers. However, from SPRP's annual reports (1983-86,
1987, and 1988) Mapiki (1991) comes to the conclusion that the time spent on pruning,
incorporation of the pruned biomass into the soil, let alone transplanting the trees in the first
place and constant formation of fire breaks, are powerful disincentives against adoption by
smallholders, especially in the light of already existing labour constraints among the farming
community.
4) Acid-tolerant cuhivars
The cheapest and most promising technology for acid soils in the high rainfall areas of
Zambia is the introduction of crop varieties that are acid-tolerant and high-yielding. Local
acid-tolerant varieties already exist in the area (local varieties) but are not high-yielding.
SPRP started the identification of such prefered varieties in 1986 with upland rice. This was
followed later by groundnuts, fingermillet, sorghum, maize and sunflower, which were tested
on an acid gradient. Promising lines were screened and will further be tested. While more
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germplasm from different crops needs to be acquired and tested, three years results from the
screening trial indicate the following:
(i)
among all cereal crops, pearl millet is the least sensitive crop to aluminium toxicity,
followed by finger millet and maize; sorghum was found to be sensitive;
(ii)
the finger millet genotypes showed nearly 30% yield advantage under limed condition
indicating some advantage of lime application. However, this may not be
economically viable for subsistence farmers;
(iii) good genetic diversity exist among genotypes for tolerance to aluminum toxicity;
nearly one third of the finger millet lines showed stability across the acid gradient,
(iv)
good possibilities exist for developing high yielding varieties with good tolerance to
aluminium toxicity.
CONCLUSIONS
Most of the research findings obtained at the Misamfu Regional Research Centre are in line
with current experience with the management of acid soils in general, and the socioeconomic
constraints to intensification in Africa in particular.
What has also been confirmed Is the site-specific nature of many of the responses obtained.
As a result much experimental work has tended to be inconsistent or inconclusive, especially
in the absence of proper site characterization. This points at the same time to a need for
decentralized approaches to adaptive research.
Agricultural research is a long-term and continuing investment. To speed up the transfer of
suitable management packages to target farmer groups an experimental strategy to adaptive
research as the one advocated by IBSRAM can be of benefit.
A typical IBSRAM experimental set-up consists of a core experiment and a number of
satellite experiments.
The core experiment typically compares one or two low-input cropping systems (mainly based
on organic matter additions, adapted varieties and minimal fertilizer input), a high input
system with a recommended dose of fertilizer and the farmers' practice. This comparison is
made on the basis of indicators for sustainability, agronomic performance, economic viability
and farmer adoptability. The objective of the core experiment is to identify feasible improved
systems that are within the farmers means, do not degrade the resource base and improve
living standards.
A core experiment may be supported by one or more satellite experiments such as the
selection of acid-tolerant varieties, optimal liming rates, different types and doses of organic
matter applications. In fact, much of the standard soil and crop management research work
carried out at research stations can be treated as satellite experiments. The core experiment,
which is by its nature long-term, thus becomes a focal point for a targeted research effort,
which can be extended into the on-farm research stage. Feedback from the satellite
experiments and from farmers can be used to modify the core experiment and to fine-tune
the tested management packages. The research work on improved fallows and agroforestry
at Misamfu demonstrates the necessity of this feedback: whatever the technical merit of the
developed packages, the ultimate test is in farmers' fields where the technology may be
rejected because the physical and socioeconomic environment at the farm level could not be
simulated in on-station trials. Linkages between the research community and extension agents
must eventually be institutionalized to smoothen the process of adoption of improved
technologies.
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The use of adapted cultivars in acid-soil improvement
G . J . D . Kirk* a n d R . S . Z e i g l e r . International Rice Research Institute, P.O. Box 933,
1099 Manila, Philippines

Introduction
For the foreseeable future there will continue to be strong social and economic pressures on tropical
developing countries to increase their agricultural output. This is both because of the increasing demand for
food for expanding populations, and because of demands on agriculture to help service foreign debt.
Increases in agricultural production can come from expansion of the area under production and/or
intensification of existing production systems. In the Asian tropics, most arable land is already intensively
cultivated, so increased production will have to come from further intensification (66). In Latin America and
Africa, where population pressures are lower than in Asia, there are still large areas that have never been
cultivated or are cultivated at low intensity, so expansion of the cultivated area is still a possibility. Indeed
agriculture is continually expanding into virgin areas, particularly in Latin America, raising serious
concerns about the long-term survival of Amazon tropical forests and savannas (20, 22). Preservation of
these environments requires stabilization and intensification of already cleared lands (56, 69). However, the
predominant soils in these areas, particularly in Latin America, and also in the un- or under-cultivated Asian
lands, are Oxisols and Ultisols (39). These are generally both gravely low in essential nutrients and tend
towards toxic levels of Al and Mn. These conditions are extreme in the subsoil, severely limiting the rooting
depths of most native vegetation and crop species. These soils however, can have excellent physical
properties and, if nutrient imbalances and toxicities are corrected, they can be highly suitable for agriculture
(50, 56). Given present trends in production and demand, a significant proportion of future agricultural
output will have to come from these soils.
In this paper we briefly examine some of the issues involved in exploitation of tropical acid soils and
discuss approaches for sustaining and possibly enhancing their long-term productivity. Because the largest
areas for potential expansion and intensification are in Latin America, we draw specific examples from
experience there; however, it is expected that the mechanisms proposed and the hypotheses to be tested
should be relevant to most soils of these types.
Agricultural potential and environmental risks
Oxisols and Ultisols in the humid and subhumid tropics typically support native forest or savanna vegetation
(40). During the 1970s and 1980s several countries, notably Brazil, Bolivia, Indonesia and Peru, viewed the
agricultural potential of their Oxisols and Ultisols as an exploitable resource that could help drive
development, assist resettlement efforts, and stabilize frontiers. Large investments were made in
infrastructure and tax and other incentives to promote expansion into these areas (5, 22, 31). Rapid clearing
of forests and savannas followed by cropping, especially of rice, and/or establishment of grass pastures led to
degradation of the soils and land abandonment in many areas (6, 21, 60). The soils degraded because of
losses of nutrient cations previously held in the native vegetation, combined with soil compaction, erosion
and invasion by weedy species (7, 15, 20, 60). Once abandoned, such lands recover only very slowly, if ever
(16, 60). Farmers and ranchers move on to clear new lands and the cycle is repeated. Although removal of
most of the financial incentives to clear new lands and the economic crises of the late 1980s have
substantially reduced the rate of deforestation in Latin America (40), the process continues. In the Ivory
Coast, most native forest has been lost to agricultural expansion even without major government subsidies
(14).
Given the rather poor experience with cropping and grazing of these lands, policies must be developed
to delineate when, where, how, and to what extent, they should be cleared or production intensified. Policy
makers should be guided by sound data on the feasibility of sustained agricultural production on these soils,
and the investments required to achieve it.
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Sustainable agriculture on acid soils
It is difficult to find a concise definition of sustainable agriculture, but its characteristics include long-term
maintenance of productivity levels, optimized use of external inputs and internal resources, economic and
social attractiveness to farmers and the community, and preservation of the overall resource base upon which
the community depends for its livelihood (40). It is widely recognized that traditional shifting cultivation
systems in tropical forests have been sustainable (56); but with increasing population pressure, particularly
in cases of large-scale resettlement, crop-fallow cycles are being shortened and the systems are becoming
unsustainable (14, 31). Likewise, although extensive grazing of native savanna lands may be considered
sustainable, the extremely low productivity is less attractive and the concentration of large land areas in a
few hands less politically acceptable. "Improved" grass pastures established from cleared savanna or after
logging have not been sustainable (21, 23).
Over the past thirty years, research has been conducted on the development of more intensive and
productive, yet sustainable agriculture for the acid soils. In this we have had both "high-input" and "lowinput" approaches. The former depends on massive applications of lime and fertilizers to modify soil
conditions to the extent needed for growing highly productive cultivars. That is, external amendments are
applied to modify the environment to suit the plant. Examples are in the Mato Grosso region of Brazil (55)
and in the forest soils of eastern Peru, though the latter evolved into a more complex agroforestry system (41,
51). It remains to be seen whether or not such high-input systems are sustainable without heavy transport
subsidies for inputs and produce, and without government price supports (17).
"Low input" systems aim to keep the soil in its acid state and to use acid-tolerant perennial crops and
tree species to approximate the structure and function of the native vegetation (50, 51). This approach
accepts the system as it is and strives only to modify it superficially. However, such systems cannot be
sufficiently productive to meet the growing food demands in these regions. On a large scale, therefore, they
are not sustainable.
It now seems logical to pursue a middle ground in which acid-tolerant germplasm is used to bring
about a planned, gradual improvement in conditions using realistic capital investments, to the point where
high production can be sustained. The current status of research suggests that suitably adapted high-yielding
cultivars can be developed and that productive systems can be developed, provided that adapted cultivars and
species are combined in a compatible manner and sufficient inputs are applied. An example of this type of
approach is therice-pasturesystems developed for the savanna regions of Brazil and Colombia, which are
now being adopted commercially (59, 69).
These systems were developed with the realization that continuous upland rice production on acid soils
is unsustainable because it causes declining fertility and increasing weed encroachment (15, 58). Also, grasslegume pastures, which may be more sustainable than pure grass pastures, are economically unattractive
because of the high costs of establishment (18, 59, 69). In therice-pasturesystems, a crop of improved, acidsoil adapted rice is undersown with improved grass-legume pasture species (59, 68, 69, 34). The pasture is
slower growing than the rice, and therefore does not compete significantly with it, but the pasture benefits
from the residual effects of the fertilizer applied to the rice. The income from the rice can completely cover
the costs of establishing the pasture, and the pasture is ready for grazing soon after the rice harvest. Thus,
each component of the system compensates for the weakness of the other. In the savannas, such a system
essentially mimics natural cycles of disturbance and recolonization of the land (69), and it is therefore
expected to be more sustainable than other systems (61).
With such systems, farmers should be able to be much more pro-active in bringing about long-term
improvements in acid-soil conditions. Such systems give a good degree of flexibility in the combination of
soil amendments, tillage intensity and timing, and annual cereals and perennial grasses and legumes. In
particular, because the new grasses and crop species tend to be deep rooting (54, 59), it should be possible to
modify subsoil conditions if soil amendments are properly managed (see below). We now ask if there is a
means, through modified farming practices, by which we can begin to reverse the soil chemical and physical
processes that have led to low productivity in acid soils. This would clearly be an improvement on
agriculture which at best maintains the resource base but all too often leads to its degradation. However, as
in crop improvement for acid-soil adaptation, progress will require a sound understanding of the processes
involved, particularly those governing the fate of nutrients and acidity in the subsoil.
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We now summarize progress towards developing acid-soil adapted cultivars and consider how the
mechanisms of adaptation may be accommodated and manipulated in developing systems for long-term soil
improvement.

Breeding for acid-soil adaptation
Research on crop improvement for acid soils was inspired by the very successful varietal improvement
approach that drove the "green revolution". This effort focused on key commodities, such as rice and wheat,
and developed input-responsive cultivars for favourable environments. A breeding approach is certainly
warranted as in many species there is wide variation in tolerance to acid soil conditions (13). Breeding for
acid-soil adaptation in rice, maize, sorghum, and tropical forages has been reasonably successful in that
higher yielding materials have been developed (47, 67). For upland rice, acid-soil adapted materials were
developed in Brazil and West Africa (46, 53), although their yield potential was limited and they lacked
good grain-quality and disease resistance (58). For tropical pastures, introduced grasses were adapted to acid
soils, but some (e.g., Andropogon spp) were limited to better soils (18), while others (e.g., Brachyaria spp)
tended to be rather unproductive and susceptible to serious insect pests, such as spittle bugs (56). The
degradation of grass pastures on acid soils due to nitrogen deficiency has led to the creation of legume
selection and improvement programs for developing grass-legume associations (59). Promising legumes
(e.g., Centrosema and Arachis spp) that associate well with grasses, survive the dry season, and persist under
grazing have been selected and released for commercial cultivation. There has been progress in breeding
improved maize and sorghum, but the release and adoption of cultivars is in the very early stages (67).
The general approach to breeding has been to intercross among parents selected for tolerance to the
acid soil complex, originating from regions where soil acidity is a problem, and showing at least some
responsiveness to ameliorated soil conditions (52, 54). Parents, and sometimes breeding lines, are evaluated
on un-amended and amended acid soils, and typically only those combining adaptation, responsiveness to
improved conditions and other desired traits are selected. Essentially, this approach is holistic in that all the
factors within a given environment are integrated into the performance of a line. As a result on-farm field
performance has generally been predicted well by the performance in experimentalfields,particularly within
the same environment (54). For most crops selected for acid soil adaptation, there is poor mechanistic
understanding of adaptation. Thus, there are no adequate conceptual models which allow prediction of where
a particular genotype may be adapted. In the case of rice, for example, even though some lines performed
well across environments, the majority of lines selected on acid soils in Colombia did not perform well on
similar soils in Brazil and in several countries in Asia (54, Zeigler, pers. obs.).
Breeders and physiologists have attempted to develop mechanism-based tools for screening in hopes of
increasing efficiency and precision, and reducing costs. These have mostly focused on screening for those
components of acid soils believed to cause the most severe growth reductions. A common approach has been
to screen lines for tolerance to high Al and/or Mn concentrations in nutrient solution. Although differences
are detected, these have shown no correlation with field performance, and the techniques have generally
been dropped (27, 67). Efforts continue towards understanding the nature of plant adaptation to acid soils;
however, these are typically distinct from breeding programs. It seems likely that we will continue to face a
situation where locally adapted cultivars can be developed, driven only by a minimal amount of basic
understanding of the processes driving adaptation. But, this process will have to repeated in every
circumstance unless an understanding of adaptation is developed. Thus while first generation progress will
be severely constrained.

Mechanisms of acid-soil adaptation
Adaptations to acid soils include both internal mechanisms, involving high tissue tolerance to toxic elements
and/or low requirements for deficient nutrients; and external mechanisms, involving the exclusion of toxic
elements and/or enhanced uptake of deficie.it nutrients. Adaptations involving external mechanisms are
more common (37). Thus, wild plants adapted to acid soils generally do not have high contents of toxic
elements or low contents of nutrients, though this is in part due to slow growth rates (10). Also, the failure of
cultivar differences in Al and Mn toxicity tolerance measured in solution cultures, i.e., differences in internal
mechanisms, to correlate well with performance in soil (27, 67) reflects the importance of external
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mechanisms. For the present purposes we are mainly interested in direct effects of plants on soil conditions,
and we therefore focus on external mechanisms.
Root-induced changes in the soil
pH changes. The pH of the rhizosphere soil may differ from that of the bulk soil by as much as two
units as a result of acid or base release from the root (37, 42). Such large pH changes can greatly alter the
access of toxins and nutrients to root surfaces. The effect may be direct, such as the neutralization of acidity
or the dissolution of an insoluble nutrient. Or it may be indirect, such as by modification of the action of
chelating agents, hydrolytic agents or microbially-mediated processes.
The most important cause of pH changes in the rhizosphere is imbalance between the intake of cations
and anions by the root and the consequent release of H+ or HC03" to maintain electrical neutrality across the
root-soil interface (37, 42). This balance is usually dominated by the form of N taken up. If it is N03", the
root exports HC03" tending to raise the rhizosphere pH; if it is NH4+, the root exports H+ tending to lower it.
If it is fixed by the plant as N2, then there is also an excess intake of cations over anions as a result of the
intake of nutrients other than N, and a corresponding release of H+. Thus, by altering the plant's N source, it
is possible to artificially manipulate the rhizosphere pH. It may also be manipulated by the plant as a
response to a nutrient deficiency. Thus, Hedley et al. (25) and Moorby et al. (38) found that under P-deficient
conditions, rape plants were able to reduce their intake of NO3" so as to acidify the rhizosphere and
solubilize P.
The amount of base released as a result of N0 3 ' uptake depends to some extent on the location of the
particular plant's NO," reductase system (48). If it is mainly in the roots, as for monocots, especially grasses,
the OH" produced in the reduction reacts with C0 2 and is exported to the soil as HC03" directly. If it is in
the shoots, to which the N03" will have been transported with a balancing cation, much of the OH" produced
is converted to organic acid anions which are accumulated in cell vacuoles. Consequently, in these species
the release of base to the soil is much smaller. Similarly, the amount of acid released by N2-fixing plants
varies between species depending on the type and pK of the amino acid anions synthesized in the plant (29).
For most conditions, the propagation of pH changes away from the root by acid-base transfer is slow
and the zone of altered pH is only a few mm wide. The important determinants of this are the initial soil pH,
the pH buffer capacity and the soil moisture content (42). At high rooting densities, the pH change may
extend as far as the average distance between roots and any nutrient solubilized will all be taken up by the
roots. But for an isolated root, nutrient solubilized will diffuse away from the root into the bulk soil as well
as towards it.
There may be differences along the root length and between different parts of the root system in the
degree and direction of pH change (37). Root-induced acidification and consequent exacerbation of Al+Mn
toxicity and/or Ca+Mg deficiency may not be deleterious if the acidification is confined to sub-apical parts of
the root where it will not affect root elongation.
As well as short-term benefits to an individual plant or crop, root-induced pH changes can bring about
long-term improvements in soil conditions if they are properly managed. This is discussed later.
Chelating agents. The release of low molecular weight organic acid anions, either by roots or by
root-stimulated microbes, in response to high acidity and/or P deficiency is well documented (references in
32). Their action involves chelation of Al and Fe in solution, resulting in dissolution of Al and Fe solid
phases on which P may be held. Additional P may be brought into solution by association with the organometal complexes so formed, the organo-metal-P complex then itself being transported to a root surface where
it may dissociate or be absorbed as such. Therefore chelating agents may confer both acidity tolerance and
ability to extract phosphorus.
The organic anions must leave the root cells mainly in the dissociated salt form, not the acid form,
because the cytoplasmic pH (6-7) is maintained well above the pKs of the acids in question. Organic anion
release is therefore not necessarily accompanied by acidification of the rhizosphere. However, they may be
released in such quantities that they dominate the overall charge-balance of ions crossing the root-soil
interface, so that there is a net release of H+ from the root. Since they have low half-lives in the rhizosphere,
they must be excreted in large quantities to have a substantial effect. Thus H+ release may occur even when
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the plant's N source is N0 3 ". Note that the above reasoning makes no assumptions aboui the plant's internal
pH regulation, although in practice this may limit the extent of organic anion and H + release.
An extreme example of organic acid anion release is in the proteoid root system of white lupins.
Dinkelaker et al. (12) found that N03"-fed white lupins grown under low-P conditions acidified the soil by
nearly 3 pH units by excreting citrate and protons, and thereby solubilized P. The measured release of citrate
was over 20% of plant dry weight. We know of no comparable quantitative data on organic acid anion
release from cereals, but in semi-quantitative studies, Liu et al. (36) found distinct differences between
upland rice cultivars in citrate release which were correlated with differences in ability to extract P from rock
phosphate. Hedley et al. (24) found that root-induced solubilization of P by upland rice grown in an acid
Ultisol could not be explained by pH changes per se, nor by the release of hydrolytic agents (see below), but
could be explained by postulating organic-anion release at rates commensurate with the observed H + release.
H y d r o l y t i c a g e n t s . It is possible that the release of hydrolytic enzymes capable of mobilizing
organic P — phosphatases - by roots and/or root-stimulated microbes accelerates P mineralization in the
rhizosphere. P mineralization in the soil bulk tends to be slow compared with plant demand. High
phosphatase activities are often found in the rhizospheres of plants grown in low-P soil and there are
genotypic differences in phosphatase release (references in 32). However, it has proved difficult to match
differences in rhizosphere phosphatase activity with differences in organic-P depletion in the rhizosphere
(24, 25). It is therefore not clear to what extent increased phosphatase release from root and/or microbial
cells is an effective P-solubilizing mechanism, and to what extent it is just a symptom of impaired cell
integrity under P-deficient conditions. Also, phosphatase activity is inhibited by high concentrations of P, P
being the end-product of the reaction it catalyzes. So increased phosphatase activity near a root may simply
reflect a decreased P concentration in the soil solution.

Root growth and

mycorrhizae

In addition to being genetically pre-determined, root growth and morphology are governed by soil physical
and chemical conditions and by root-tolerance of toxicities and deficiencies. The different components of
adaptation to acid soils may favour different types of root morphology. Deep rooting to tap subsoil water and
nutrients is favoured by thick, non-branching roots (45). Acid soil adapted rice cultivars can achieve rooting
depths of 100 cm in subsoils with > 70% Al saturation and exchangeable Ca < 2 kmolc kg"1 (46, 54, 59). But
efficient P sequestering is favoured by shallow, fine roots because P from fertilizers and plant residues moves
into the subsoil only very slowly, and because, for nutrients with low mobility, such as P, a large absorbing
surface per unit soil volume is necessary. Increases in surface area caused by increased root length conserve
root mass more effectively than increases in root diameter.
The rate of proliferation of roots in soil zones containing P is also an important characteristic
(references in 32). This is particularly so in drought prone environments where root growth must be rapid at
the onset of rains so that subsequent dry periods can be survived. In dry soil, the cross-sectional area for
solute diffusion is reduced and the impedance of the diffusion pathway is increased so that P movement to
root surfaces is very slow. Rapid early root growth independent of soil P supply is favoured by large seed-P
reserves (24, 37).
It is well established that uptake of P and other nutrients with low mobilities is greatly enhanced by
root-infection with mycorrhizas, especially in coarse-rooted plants (28). Mycorrhizas effectively increase the
root uptake zone by permeating the soil with hyphae that absorb nutrients at a distance from the root and
convey them to the root metabolically (49). Cultivar differences in nutrient efficiency may reflect the degree
or rate of root infection by indigenous mycorrhizas and the supply of photosynthate to them. A great deal of
effort has been expended in attempts to inoculate soils with improved mycorrhizas under field conditions.
Because the mycorrhizal-root relationship is symbiotic, this was thought to be a simpler task than the
manipulation of free-living rhizosphere microbes. However, it has proved difficult to get consistent and
effective infection, probably because of competition with indigenous mycorrhizal populations.

Manipulating adaptive mechanisms in long-term soil improvement
The above mechanisms result in large differences between species and within species in ability to grow in
acid soils. Systems based on adapted plants can provide farmers with both the incentive and the cash to
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practice long-term soil improvement. But also, the use of adapted plants can of itself increase the
effectiveness of ameliorants in bringing about soil improvement, as discussed below.
Acidity
The removal of nutrient cations and organic anions in crops and increased nutrient leaching under cropping
are inherently acidifying. But the acidification can be lessened and the effectiveness of lime in ameliorating
acidity enhanced in various ways but particularly by managing acid-base changes in the soil-plant N cycle.
These are summarized in Table 1 (more details given in 3, 26).
Table 1. Processes in the soil-plant N cycle that add or remove
H+ to or from the system. Numbers in brackets are mol of H+
added or removed per mol of N transformed.
Processes adding H+

Processes removing H+

Amino acid synthesis (+1)
NH3 volatilization (+1)
Nitrification (+2)

Amino acid deamination (-1)
NH3 protonation (-1)
Denitrification (-1)
Urea hydrolysis (-1)

In general, considering the soil-plant system as a whole, net H+ addition is caused by NH4+ addition and/or
N03" loss or accumulation; net H+ removal is caused by N03" addition and/or NH4+ loss or accumulation.
Thus, ammoniacal fertilizers tend to be acidifying, although ammonia and urea are not acidifying if all of
their N is incorporated in the biological cycle and/or lost through denitrification or NH3 volatilization.
Biological N fixation itself causes no acid-base change, and nor does cation-anion intake imbalance if all the
plant material produced is returned to the soil where it will consume an equivalent quantity of H+ on
decomposing. Nitrate leaching is acidifying if the N03" is accompanied by a cation other than H 3 0 + or Al3+,
as it generally will be. In natural ecosystems, N is obtained through biological fixation, causing no acid-base
change, and since rates of nitrification of mineralized soil N tend to be slow in natural systems, any N0 3 '
produced is rapidly captured by perennial plants and not leached beyond the root zone (26, 44). But in
agricultural ecosystems, N0 3 ' leaching and the addition of NH4+ in fertilizer are often hard to avoid.
However, in many acid highly-weathered tropical soils, N03" leaching is far less rapid than expected
for simple displacement of the soil solution, and substantial quantities of N03" are retained in the soil profile
even during intense rainfall (e.g., 2, 30, 61, 63, 65). Two features of the soils may explain this. One is that
they often have a highly-developed porous granular structure which results in N03" being retained in
micropores that drain only slowly, and therefore it is protected against rapid leaching through interaggregate macropores during high intensity rainfall (63). By this mechanism, N03" formed within
aggregates, i.e., particularly that mineralized from soil organic matter, would be leached more slowly than
that applied as fertilizer on the soil surface. The other feature is the presence of pH-dependent positive
charge on soil mineral surfaces, which results in N03" being adsorbed from the soil solution (2, 63, 65).
Measurements of this indicate that at typical N03" concentrations in solution (<, 1 mmol dm'3), the
concentration in the soil solid (mmol kg-1) can be at least twice that in solution (mmol dm"3) (8, 64).
Calculations indicate that such a degree of adsorption would greatly retard leaching (64). This mechanism
would differentiate less between N03" formed within aggregates and that applied as fertilizer.
Further, deep-rooted acid-soil adapted plants can be very efficient at capturing leached N03",
particularly if N03~ additions, whether as fertilizer or through mineralization of soil- or plant-residue-N,
coincide with periods of high plant demand. Because of the high mobility of N03" in soil, when a plant is
growing fast and there is a demand for N03~, it is transported to absorbing root surfaces rapidly. To the
extent that N03" adsorption on soil surfaces retards N03" leaching, it will also retard N03" movement to root
surfaces. Thus the effects of adsorption on leaching and uptake will to some extent balance each other.
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Subsoil acidity
In many Oxisols and Ultisols, the most intractable problem is the amelioration of acidity in the subsoil. This
presents a chemical barrier to root growth and access to subsoil water, and it must be corrected to an extent
depending on such factors as rainfall distribution, soil water relations and crop acidity tolerance. It is
therefore necessary to consider the distribution of acids and bases with depth, as well as the total acid
additions discussed above. Mechanical incorporation of lime to depth is in general not practical. An
alternative may be to promote the downward leaching of the effects of surface-applied lime by manipulating
soil chemical conditions and using acid-soil adapted germplasm (4, 26, SO). In some respects this is an
attempt to mimic what happens under natural vegetation where there is a closed cycle of nutrients and a nice
balance between nutrient leaching into the subsoil and the maintenance of fertile, not excessively acid
conditions there so that subsoil water can be tapped.
Experiments on lime movement have produced superficially conflicting results. There are large
differences between experiments in rates of cation movement, cation accumulation in the subsoil and
consequent displacement of exchangeable Al, and the degree of acid neutralization (references in 4, 9, 26).
The difficulty' is that a number of interacting physical, chemical and biological processes are at work and
must be managed simultaneously. The necessary conditions are as follow.
(1) Sufficient lime must be applied to the surface soil (i.e. the layer into which lime can be readily
incorporated by mechanical means) to substantially lower the ratio of exchangeable Al 3+ +Mn 2+ +H + to other
exchangeable cations (principally Ca 2+ , Mg 2+ and K + ), so that the ratio between these species in leachate
leaving the surface soil is sufficiently low to displace Al 3+ +Mn 2+ +H + in the subsoil. The amount of lime
required to meet this condition can vary greatly between soils depending on the concentrations of the other
exchangeable cations and the solubility of the Al and Mn minerals present. A further consideration is the
rate of reaction of lime with the soil, which depends both on soil conditions and how finely divided the lime
is. (Nye & Ameloko (43) give a model for predicting the rate of reaction of lime with soil).
(2) Sufficient mobile anions (HC0 3 \ N0 3 ", CI' or S0 4 2 ") must be present or added to maintain a high
concentration of cations in the soil solution. Note that it is the concentration of anions that governs the
concentration of cations in solution: the removal of a cation from solution, e.g. by plant uptake, simply
results in its replacement from the soil exchange complex which is better-buffered. The concentration of
HC0 3 " in the soil solution only exceeds that of H 3 0 + at pHs greater than about 5.5, depending on the soil
biological activity and the consequent pressure of C0 2 in the soil atmosphere. Thus, HC03~ concentrations
are generally low and if HC0 3 " is the only anion present, cation movement into the subsoil will be slow. It
will therefore generally be necessary to add anions or to stimulate their production. The use of N0 3 " for this
has the advantage that N is thereby also supplied to the plant and its uptake can be manipulated to control
leaching. Addition of other anions, especially S 0 4 2 ' and P (57), may also be practicable. S 0 4 2 ' tends to be
more strongly sorbed on soil surfaces than N 0 3 ' and it is therefore leached less rapidly. But N 0 3 ' sorption
may also be substantial, as discussed above, particularly in the subsoil because of decreases with depth in pH
and organic matter content, and possibly also increases in clay content and differences in mineralogy (8).
Consequently, N0 3 " may be rapidly leached into the subsoil but less rapidly leached beyond it.
(3) Sufficient rain must fall, the amount varying with soil physical and chemical conditions and plant
growth.
Now in an element of acid subsoil receiving leachate from a surface soil modified in this way, the
following processes will occur.
(1) Ca 2+ and Mg 2+ will exchange with Al 3+ , Mn 2+ and H+ held on the soil exchange complex, and
these may then be leached out of the element accompanied by whatever mobile anions are present to satisfy
the second condition. These exchange reactions are fast and they may be complete even with quite rapidly
moving leachate. However, if the first condition has not been met, the ratio of Ca 2+ +Mg 2+ to Al 3+ +Mn 2+ +H +
in the leachate will be too low for there to be substantial exchange of Ca 2+ and Mg 2+ for Al 3+ , Mn 2+ and H+
in the element.
(2) N0 3 " formed in the element or leached into it will be taken up by the roots of acid-tolerant plants
growing there, and since the roots in the element must then be taking up an excess of anions over cations,
they will export HC03~ to maintain electrical neutrality across the root-soil interface. The HC03~ will react
with the soil, neutralizing acidity. For a given concentration of N03~ and cations in the soil, the ratio of
anion to cation intake in the subsoil is likely to be greater than that in the more densely-rooted surface soil,
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because N03" anions can move to root surfaces by mass flow and diffusion far more rapidly than cations
which are more strongly sorbed on soil surfaces, and consequently N0 3 ' uptake is less impaired by sparse
rooting. Thus, the HC03' release per mol of N uptake is likely to be greater. As the subsoil pH rises over the
course of acid neutralization, N03" adsorption on soil surfaces will decrease, tending to increase N0 3 '
leaching losses, but root proliferation and N0 3 ' uptake will increase, tending to decrease leaching losses.
Calculations indicate that in time, acid neutralization as a result of N03" uptake can be substantial. For
example, the uptake of 30 kg N03'-N ha"1 from the subsoil (i.e., about a third of the N taken up by a 4-t rice
crop) could result in the release of 2 kmol HC03" ha"1, or c. 1 mmol HC03" kg-1 for a 20-cm thick layer. In a
subsoil with 10 or 20 mmolc Al kg-1 (common values for acid Ultisols and Oxisols), this would be
substantial. A further effect is that the amount of lime required to satisfy the first condition above is
decreased because the exchange of N03" for HC03" by the plant effectively increases the ratio of Ca2++Mg2+
to Al3++Mn2++H+ in the leachate.
A corollary is that if deep-rooted acid-soil adapted plants are not taking up N from the subsoil as N03",
either because of slow N03" leaching or slow nitrification, then over time they will exacerbate subsoil acidity
because they will then be exporting H+ to the soil to balance excess cation intake. Thus well managed acidtolerant germplasm can be a boon to soil improvement, but if it is poorly managed it will cause soil
degeneration. Arya et al. (1) give a good example. In an acid Ultisol/Oxisol in West Sumatra, the subsoil pH
was maintained at 5.3 and Al saturation at 46% under the natural forest vegetation, but when this was
replaced by shallower-rooted, less well-adapted plants, the subsoil pH fell to 4.7 and the Al saturation rose to
71% within 4 years.
The question of how best to supply leachable N03" arises. Ideally, nitrate fertilizer would be used
because of its inherent liming effect. But nitrate fertilizer is often too expensive, and therefore ammoniacal
fertilizers and/or green manures must be used. A difficulty then is in ensuring that the rate of nitrification of
NH4+ in the surface soil sufficiently exceeds the rate of N0 3 ' uptake by plants for N03" to be leached.
Conditions favouring high nitrification rates (high soil moisture, supply of mineralizable N, high pH) also
favour high plant growth rates and therefore uptake. A means of managing this may be provided by
differences between the tolerance of plants and nitrifying microbes to soil acidity (26). Nitrification rates
tend to be suboptimal below pH 5.5, whereas acid-soil adapted plants may achieve maximum growth rates at
pHs below 4.5. Therefore, liming the surface soil would tend to increase nitrification rates more than plant
growth rates and so provide leachable N03".
Much of the above is still speculative, but the magnitude of the potential effects are such that they
warrant further investigation. In view of the complexity of the system, mechanism-based mathematical
models are needed to better match management with particular circumstances.
Phosphorus
The total quantity of P contained in most acid tropical soils is sufficient for several years of cropping, but it
is held in such recalcitrant forms that it is not accessible to even the most tenacious P-solubilizing roots.
These forms include P dispersed through soil particles that weather only extremely slowly, and P combined
with organic matter. Therefore, additions of P fertilizer are essential in the long term and even in the short
term for reasonable yields of most crops. Since the residual effects of P fertilizer may last for years (19, 35,
50), and even the most efficient cultivars remove rather less than 20% of P applied, repeated small additions
can lead to a long-term improvement and a gradual decrease in the requirement for additional P fertilizer
(e.g., 11). Cultivars that give good returns to modest fertilizer additions can provide the incentive for such
long-term improvements.
If improved cultivars are to provide such an incentive, they must be bred for P responsiveness. It is
sometimes said that a plant that mines P from the soil, i.e., one that is externally efficient operating the
processes discussed earlier, is dangerous because it will accelerate the depletion of soil P reserves if no P is
added. However, such a plant will also give the greatest returns to applied P. Another consideration is that
internally efficient plants are likely to have low grain P contents, but a high grain P content is desirable for
the succeeding crop for which it can be a major determinant of early root growth and P uptake. Therefore,
breeding programs should aim to capture traits for both internal and external efficiencies, and germplasm
screening techniques should be based on mechanistic understanding, not just on expediency.
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The main principles of P fertilizer management were established for temperate soils long ago (see 32
for references to early work), and much of this has been transferred to soils in the tropics (19, 35, 50). This
work showed that P efficiency can be greatly improved by matching the form of P fertilizer applied with
placement methods and admixture with N and K fertilizers. Thus localized placement of water-soluble P
fertilizer is better than broadcast application in finely divided forms, but the reverse is true for waterinsoluble forms; and admixture of N and K. salts with P can both increase and decrease plant response to the
P, depending on the nature of the salts and their toxic and/or P solubilizing effects. However these
differences do not greatly affect the residual value of the P. The use of cheap, water-insoluble forms on acid
tropical soils has been much touted (50), but they are by no means a universal panacea. Kirk & Nye (33) give
a model for predicting under what soil conditions and with what crops they may be suitable.

Conclusions
If efforts to develop production systems that improve the productivity of acid soils are to succeed, we need to
be able to guide policy makers as to the need for and likely returns on investments at different levels of
production. For this, we must be able to predict under what conditions different production systems are
suitable and their production potentials as functions of local climatic and soil conditions and investments.
For example, where subsoil acidity limits access to subsoil water, we need to be able to quantify the
investments in lime and its management needed to sufficiently correct the subsoil acidity to remove water
stress, in comparison with the investments in irrigation schemes that would be required to achieve the same
end. The ability to make predictions is therefore crucial to the sustainability of these systems, and there is a
need for thorough, mechanism-based understanding of them.
We propose the following priority areas for research.
1. Further development of adapted cultivars.
2. Quantitative understanding of the mechanisms of adaptation, particularly those operating in the rootsoil interface, for the purpose of developing screening techniques and matching germplasm to agronomic
management and long-term soil management.
3. Quantitative understanding of the necessary conditions for leaching the effects of lime into the
subsoil based on the amounts of lime required, the amounts of accompanying anions (e.g., N03", S042", CI")
required, and the time and rainfall required.
4. Development of methods for assessing yield potentials and input costs as functions of climatic and
soil conditions, and the characteristics of acid-soil adapted germplasm and production systems
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DEVELOPMENT OF SOIL ACIDITY TOLERANT MAIZE
CULTIVARS FOR THE TROPICS
S. Pandey*, H. Ceballos, and G. Granados, CIMMYT South American Maize
Program, c/o CIAT, A.A. 6713, Cali, Colombia, S.A.
ABSTRACT
Poor soil fertility is the most important problem affecting maize yields in the tropics and soil acidity is
the principal cause of this poor fertility. About eight million hectares of maize grown in the tropics
are planted on acid soils, where yields average 400 kg/ha, compared to 2,400 kg/ha average of the
developing countries. Acid soil tolerant cultivars offer an energy-conserving, environmentallyfriendly, permanent, and relatively inexpensive solution to the problem for the poor farmers of the
developing countries. CIMMYT has developed and is improving six broad-based maize populations
for development of varieties and hybrids. Additive and dominance genetic variances have been found
to be important and heritability is relatively high for yielding ability under acid soils. Presence of
additive x environmental interaction suggests that progeny selection based on their performance
under a range of stress levels would be more efficient. Therefore, population improvement is carried
out in collaboration with national programs in Colombia, Peru, Brazil, Venezuela, Indonesia,
Philippines, etc. Recurrent selection has been effective in improving yield of populations and
cultivars for acidic soils. Molecular and biochemical studies are underway to test their usefulness to
complement field research to more efficiently develop acid soil tolerant maize cultivars.

INTRODUCTION
Maize is the third most important food crop in the world, after rice and wheat. It is grown on 130
million hectares (ha) worldwide, with nearly 80 million ha in developing countries (4). It provides
10% of the world's annual protein and 8% of the calories in the human diet and is a staple food for
several hundred million people in Latin America, Asia, and Africa.
The countries where maize is a principal food currently import about 18 million tons (t)
annually, using resources that could be invested elsewhere. Maize imports in the developing
countries are rising by about 1.5 million tons or 7% per year (4).
Millions of people for whom maize is the principal food are starving and undernourished.
According to a recent U.N. estimate, at least 13 million children under the age of five die each year
due to lack of food or malnutrition. That amounts to 40,000 child-deaths a day or 28 child-deaths
per minute. No estimate is available on the number of adults and adolescents affected. The world's
poor must produce more food for themselves and for the urban poor. Maize production can and is
being increased on fertile soils, using appropriate technologies and by increasing the cultivated area.
In 1978, FAO predicted that by the year 2000, we would need an additional 200 million ha of land to
feed the world's population, assuming no increase in per capita consumption (6). Estimates of
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possible area expansion indicate that it will be confined to the humid tropics (1500 M ha) and acid
savannas (300 M ha) (18).
Maize yields are low in developing countries ~ 2.4 t/ha compared to 6.7 t/ha in the developed
countries. One of the main reasons for this yield gap is that over 80% of the maize in the developing
countries is grown on tropical soils with poor fertility. One of the main causes for the low soil fertility
is soil acidity. Maize produces fewer and smaller roots on acidic soils reducing the plant's capacity to
absorb nutrients and moisture from the soil. Soil acidity reduces survival and function of rhizobia,
mycorrhizae, and other microorganisms in the soil. Microorganism activity is responsible for
mineralization of organic matter and therefore the supply of available N, P, S and micronutrients to
maize.

WHERE ARE THE WORLD'S ACID SOILS?
Acid soils cover a significant part of at least 48 developing countries and total 1.7 billion ha.
For maize, soils with pH less than 5.6 and/or Al saturation more than 30% would generally be classed
as acidic. Approximately 43% of the world's tropical land area is classified as acidic. About 64% of
tropical South America, 38% of tropical Asia, 27% of tropical Africa, and 10% of Central America,
Caribbean, and Mexico have acidic soils (17). In South America, 80% of the agricultural area is
acidic and such soils cover a significant part of Brazil, Peru, Colombia, Venezuela, and Ecuador (18).
In Africa, more than 45% of the total land area is covered by acidic soils in countries like Ivory Coast,
Zaire, and Zambia. In East Africa, Tanzania, Uganda, and Zimbabwe have sizeable areas with acidic
soils. In Asia, the important countries with acid soil problems are Indonesia, Thailand, Malaysia,
India, China, and the Philippines(17).
Approximately 8 million ha of maize, out of a total of 130 million ha, is already planted on
acidic soils: 2.5 million ha in Asia, 1.5 million ha in Africa, one million ha in Central America, Mexico,
and the Caribbean, and three million ha in South America (10).
Maize yields in acidic soils can be increased in two ways:
First, application of lime is a reliable means of correcting soil acidity. However, for poor
farmers and those living far away from lime sources, lime is not an economic option. Liming subsoils
deeper than 30 cm is difficult. Therefore, acidity and particularly Al present below 30 cm in the
subsoil does not allow roots to go deeper for nutrients and moisture. Also, liming must be repeated
every few years and liming at any depth is clearly incompatible with conservation tillage, a practice
that shows considerable promise for reducing erosion caused by crop production on sloping soils,
common in tropical environments.
Second, development of genetically acid tolerant maize varieties offers an ecologically clean
and energy conserving solution to the problem. An acid tolerant maize variety is tolerant forever; thus
it provides a permanent solution to the problem. It also is relatively inexpensive to develop and for
the poor farmers to use.
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For the last several years, CIMMYT has been developing, in collaboration with National
Programs, maize germplasm tolerant to acidic soils to provide more economic options to poor farmers
growing maize on such soils.

Artificial screening for tolerance
Field screening continues to be the most widely used method by scientists breeding maize for
acidic soils but research programs have looked at artificial screening because field testing is expensive,
time consuming, and involves undesirable levels of variation.
Magnavaca et al. (14) showed that Brazilian lines were more tolerant than U.S. lines grown in
Al-containing nutrient solutions and they had more and longer seminal and adventitious roots.
However, selection for high yield under acidic soils resulted in reduced root length in the population
"Composto Amplo", when measured in the Al-containing nutrient solution.
Kasim et al. (12) Evaluated 50 maize genotypes in the field and Al-containing nutrient
solutions and reported that yield was the best measure of Al tolerance. Field performance was not
highly correlated with responses under nutrient solution.
For the last couple of years, CIMMYT has evaluated a soil-pot technique for early
discrimination between tolerant and susceptible genotypes. Our technique can detect large differences
between highly tolerant and susceptible genotypes but not small differences among genotypes. In a 36
entry trial, length of 12-day old shoots and of principal and secondary roots in pots with Santander de
Quilichao soils provided phenotypic correlations ranging between 0.40 and 0.60 with grain yields at
Carimagua, Villavicencio, and Santander de Quilichao in Colombia, and Sete Lagoas in Brazil, during
1992-93. Carimagua soil in pots did not provide useful results. The correlation between net seminal
root length in Al-containing nutrient solution and yields at Carimagua, Sete Lagoas, and Villavicencio
ranged between 0.30 and 0.50. Clearly, more reliable and easily usable techniques are needed to
increase the efficiency of breeding programs.

GERMPLASM DEVELOPMENT AND IMPROVEMENT:
At the beginning of our collaborative research effort, a large number of maize collections from
the germplasm bank, National Program varieties, and CIMMYT varieties were evaluated. The
National Program and germplasm bank materials from acidic soil areas provided genes for tolerance
to soil acidity. CIMMYT materials provided genes for tolerance to various biotic and abiotic stresses
and for high yield. Evaluation of this germplasm under acidic soils in Colombia, Brazil, Peru, and
Indonesia helped identify superior ones to develop the following six maize populations with different
grain characteristics for different parts of the world (Table 1);
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Table I. Maize germplasm being improved for acidic soils by CIMMYT, in collaboration with
national programs.
Populations
SA-3
SA-4
SA-5
SA-6
SA-7
SA-8

Grain color
and texture
Yellow flint-dent
Yellow dent
Yellow
flint
White dent
White
flint
White
flint-dent

Where used
Latin America, Asia
Latin America, Asia
Latin America, Asia
Latin America, Africa, Asia
Latin America, Africa, Asia
Latin America, Africa, Asia

The germplasm make-up and other characteristics of these populations are provided below:
1.

Population SA-3 has yellow-dent kernels and includes 104 materials from CIMMYT, 59 from
Colombia, 22 from Peru, six from Bolivia, 14 from Brazil, and one material from Thailand (10).

2.

Population SA-4 has yellow-dent kernels, includes Mezcla Amarilla, Amarillo Cristalino-1,
Amarillo Dentado, SA-3, Cogollero, and Suwan-La Posta germplasms from CIMMYT, CMS30 from Brazil, and MB 123 from Colombia, and is heterotic with the population SA-5.

3.

Population SA-5 has yellow-flint kernels, includes Mezcla Amarilla, SA-3, Amarillo Dentado,
Amarillo Cristalino, Cogollero, and Amarillo Cristalino-2 germplasms from CIMMYT and
CMS-36 from Brazil, and is heterotic with the population SA-4.

4.

Population SA-6 has white-dent kernels, includes Tuxpefto, La Posta, Mezcla Tropical Blanca,
and Blanco Cristalino germplasms from CIMMYT and Suwan-1 from Thailand, and is heterotic
with the population SA-7.

5.

Population SA-7 has white-flint kernels, includes ETO, Tuxpefio, La Posta, Blanco Cristalino-1,
and Blanco Cristalino-2 germplasms from CIMMYT, and is heterotic with the population SA-6.

6.

Population SA-8 has white flint-dent kernels and includes the same germplasm as SA-3. White
kernels were selected during C3 of the full-sib selection of SA-3 to form this population.

INHERITANCE OF TOLERANCE TO SOIL ACIDITY:
Genetic variation for tolerance to soil acidity has been reported in maize (2, 12, 15, 16).
Sawazaki and Furlani (19), Magnavaca et al. (14), Lima et al. (13), and Duque-Vargas et al. (7) have
reported quantitative inheritance for yielding ability under acidic soils and Rhue et al. (16) and
Miranda et al (15) have reported qualitative inheritance.
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CIMMYT has conducted a Design I (5) study in SA-3, a Design II (5) study in SA-4, and a
diallel (9) study involving six tolerant and two susceptible populations to determine nature of
inheritance for yield in acidic soils.

The Design I study in SA-3:
The Design I study involved 256 full-sib progenies, involving 64 males and four females within
each male, that were grouped in eight sets and field planted using two replications under one normal
and three acidic soil environments during 1990-91 in Colombia (7). Across acidic soils, additive
genetic variance (VA) was similar to dominance variance (VD) for grain yield (0.15 vs. 0.13) and
heritability (h2), estimated using half-sib family means, averaged 36.3 ± 19.9% (Table 2).
Table 2. Information on inheritance of yield from Design I and Design II studies, under acidic soils.
Genetic parameters

Additive variance ( V J
Dominance variance (VD)
(VA) x environment
(VD) x environment
Heritability
(Vn)/(VJ

Design I
Three sites

Design II
Four sites

0.148±0.081
0.125±0.052
0.370±0.078
-0.630±0.081
0.363±0.199
?_845

0.090±0.033
0.220±0.048
0.130±0.029
0.110±0.067
0.387±0.141
2_444

Additive x environment interaction was an important component of genetic variance and the
magnitudes of additive and additive x environmental variances and of additive genetic correlations
(r^'s among the environments suggested that recurrent selection, based on multi-location testing,
would be effective in improving grain yield under acidic soils.
Yield showed the highest positive rA (0.84") with ears/plant under acidic soils in our study
(Table 3).
Table 3. Phenotypic (above the diagonal) and additive genetic (below the diagonal) correlation
coefficients among yield, days to silk, plant height, and ears/plant in the population SA-3 evaluated at
three acidic sites in Colombia during 1990-91.
Yield
Yield
Days to silk
-0.20
Plant height
0.25
Ears/plant
0.84"
'Significant at P<0.01.

Days to silk
0.05
0.24
-0.62"

Plant height

Ears/plant

0.50"
-0.36"

0.44"
0.02
0.12

0.63"
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The h2 values for yield and ears/plant were 36.3 and 40.5%, respectively. This suggests that
selection for ears/plant would be (0.84(40.5'/2/36.3'/2)) or 88.7% as effective at improving yield as
direct selection for yield (11). When selection is practiced for several (n) traits simultaneously with
equal intensity and overall selection intensity is X, selection intensity for individual traits is n O£(l).
As the number of traits included in an index increases , selection intensity and progress from selection
for individual traits is reduced.
Because higher yield under acidic soils is the most important trait, inclusion of additional traits
may reduce improvement of yield under acidic soils. Neither the rA's nor their h2 estimates were
sufficiently high to make any of the other traits more useful for indirect selection for yield. The results
of this study indicated that direct selection for yield would be the most effective approach to
improving yield under acidic soils. However, both the relatively high h2 for yield and high rA between
yield and ears/plant obtained suggested that the decision on whether and which other traits may be
used in selection should be made after a careful study of these parameters in different cycles of
selection of a population.
Phenotypic and genetic correlations (based on half-sib family means) were calculated to
determine if selection at site A would be more effective at improving yield at site B than selection at
site B itself (8). Although genetic correlations between yields in different acidic soils ranged between
0.75" and 0.78", selection based on data from a given environment was most effective at improving
yield in that environment.
Genotypic correlation coefficients of yield in fertile soil with yields at acidic sites were
generally low but positive, averaging 0.30. Therefore, progeny regeneration and selection in fertile
soils would be desirable. Inclusion of yield data from fertile soils in selection of superior progenies
may help improve yield in the population for both acidic and fertile soils. Use of fertile soils for
progeny regeneration provides larger quantities of seed for more extensive evaluation of progenies.

The Design II study SA-4:
The Design II study in the Population SA-4 involved 20 sets of crosses involving four males
and four females and was evaluated in two replication trials in four acidic and one fertile
environments. The data have not yet been completely analyzed but preliminary results indicate greater
importance of VD (0.22) than of VA (0.09) under acidic soils (Table 2). The relatively higher
magnitude of VD and lower magnitude of dominance x environmental interaction suggests the
possibility of developing superior maize hybrids for acidic soils. High additive x environment
interaction and the h2 of 38.7% indicate that recurrent selection, based on multilocation testing, would
be effective in improving populations and increasing the probability of deriving superior lines, hybrids,
and varieties for acidic soils.

The Diallel study involving six tolerant and two susceptible parents:
The diallel (9) study involved six soil-acidity tolerant and two susceptible parents to identify
superior germplasm to develop cultivars for acidic soils (Table 4).
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Table 4. Means and general combining ability (GCA) effects for yield of the parents used in the
diallel crosses evaluated in seven acidic environments during 1992.
Parents

Yield (t/ha)

GCA

90SA3
90SA4
90SA5
90SA6
90SA7
CMS-36
Tuxpeno
Pool-26
LSD 0.05
* Significant at P<0.05.

2.66
2.33
2.07
202
2.01
2.04
1.61
1.55
0.38

0.32*
0.16'
-0.05
-0.03
-0.03
-0.13*
-0.21*
-0.30*

The eight parents and their 28 crosses were evaluated in seven acidic soil environments. The
tolerant parents averaged higher in yield (2.19 vs. 1.58 t/ha; P<0.01) than the susceptible parents.
Parents vs. crosses mean squares were highly significant, indicating heterosis and non-additive gene
effects for this trait. The crosses between tolerant parents averaged higher in yield (3.00 t/ha) than
those between tolerant and susceptible parents (2.40 t/ha) and between susceptible parents (2.01 t/ha),
indicating polygenic inheritance for this trait (Table 5).
Table 5. Means of crosses and high-parent heterosis for yield across seven acidic soil environments
during 1992.
Heterosis
Yield
for yield Pedigree
t/ha
%
3.10
90SA3 X 90SA4
16.6*
90SA5 x CMS-36
90SA3 X 90SA5
2.72
2.4
90SA5 x Tuxpeno
90SA3 X 90SA6
2.83
6.4
90SA5 x Pool-26
2.97
90SA3 X 90SA7
11.9
90SA6 x 90SA7
90SA3 X CMS-36
2.96
11.5
90SA6 x CMS-36
90SA3 X Tuxpeno
2.89
8.9
90SA6 x Tuxpefto
90SA3 X Pool 26
2.59
-2.4
90SA6 x Pool-26
90SA4 X 90SA5
2.65
90SA7 x CMS-36
13.4
90SA4 X 90SA6
2.81
20.3*
90SA7 x Tuxpeno
90SA4 X 90SA7
2.67
14.3
90SA7 x Pool-26
90SA4 X CMS-36
3.02
29.6"
CMS-36 x Tuxpefto
90SA4 X Tuxpeno
2.49
6.6
CMS-36 x Pool 26
90SA4 X Pool 26
2.38
2.1
Tuxpefto x Pool-26
90SA5 X 90SA6
2.49
20.5*
LSD 0.05
90SA5 X 90SA7
2.35
13.8
' Significant at P<0.05. and P<0.01 levels, respectively.
Pedigree

585

Yield
t/ha
2.74
2.29
2.31
2.40
2.90
2.13
2.26
2.84
2.41
2.19
2.63
2.28
2.01
0.37

Heterosis
for yield
%
32.7"
11.0
11.7
18.8*
42.5"
5.2
11.8
39.4"
20.2
9.1
29.1
11.9
24.7*

Crosses 90SA4 x 90SA5 and 90SA6 x 90SA7 involved parents which were developed using
heterotic pattern information. High-parent heteroses for yield averaged 13.4 and 20.5%, respectively,
for the two crosses. Yield of flint x dent crosses (2.86 t/ha) was higher than that of flint x flint (2.68
t/ha) and dent x dent crosses (2.49 t/ha).
General combining ability (GCA) was highly significant and specific combining ability (SCA)
nonsignificant for yield. Higher GCA relative to SCA for yield suggests that intrapopulation selection
should be practiced first to exploit additive gene effects, before initiating reciprocal recurrent
selection. Based on the mean performance of the parents, their GCA effects, and high-parent
heterosis (%), recurrent selection that exploits both GCA and SCA effects would best involve 90SA3
and 90SA4 or CMS-36 for developing superior yellow synthetics, lines, and hybrids for acidic soils.
For white germplasm, reciprocal recurrent selection should involve 90SA6 and 90SA7.

EFFECTIVENESS OF RECURRENT SELECTION FOR YIELD IMPROVEMENT:
Stockmeyer et al. (20) reported highly effective selection for tolerance to Al in nutrient
solution cultures. Magnavaca et al. (14) reported progress in the population Composto Amplo after
four cycles of half-sib selection in the field. Whereas progress was made in the field, the advanced
cycles of selection did not show increased root length in nutrient solutions. Lima et al. (13) reported
an average change of 5.2 cm (26.1%) in radicle length after two cycles of positive or negative
selection. The estimated change of both positive and negative selection averaged 1.17 t/ha (15.1%)
for yield. Upon crossing the divergently selected populations average heterosis of 0.58 t/ha (15.1%)
was obtained for yield.
CIMMYT's recurrent selection program employs international and multilocation testing of
half-sib, full-sib (FS), or SI progenies. Superior families are identified by annually growing them in
fields in Colombia at the following four sites:
1. Carimagua, under 55% Al and 10 ppm P, where soil is fine, kaolinitic, isohyperthermic, typic
halustox;
2.
Santander de Quilichao, under 55% Al and 10 ppm P, where soil is very fine kaolinitic
isohyperthermic, plinthidic kandiudox;
3.
Villavicencio, in two plots with 55% Al and 10 ppm P and 65% Al and 5 ppm P, where soil is
fine, kaolinitic, isohyperthermic, tropeptic haplorthox; and
4.

Palmira, where soil is fertile,fine-silty,mixed, isohyperthermic, aquic hapludoll

In addition, progenies are evaluated in Brazil, Peru, Venezuela, Thailand, Indonesia, and
Philippines, when possible. Crossing among more tolerant genotypes, evaluating the crosses and
selection of superior progenies for the next recombination has helped increase the tolerance levels of
our maize populations to acidic soils. By selecting and crossing the very best genotypes, we have
developed varieties with acid soil tolerance.
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In our program, we have also measured effectiveness of recurrent selection in increasing yield
under acidic soils (Table 6).
Table 6. Yield (t/ha) improvement through recurrent selection in five tropical maize populations,
measured in acidic and fertile environments, during 1991-93.
Populations

No.
cycles

No.
Locations

SA-3 (MER)
SA-3 (FS)
SA-4
SA-5
SA-6
SA-7

14
2
2
2
2
2

6
6
4
4
4
4

SA-3 (MER)
14
SA-3 (FS)
2
SA-4
2
SA-5
2
SA-6
2
SA-7
2
"Significant at P<0.01.

5
5
1
1
1
1

Yield
orig. cycle
2.01
2.22
2.02
1.94
1.75
1.85
Fertile environments
4.28
4.38
7.25
7.61
7.30
6.24

Yield
last cycle

%
gain/cycle

2.45
2.84
2.07
2.07
1.99
2.14

1.99"
13.96"
2.36
0.38
6.81
10.01

4.81
4.67
7.78
7.34
8.02
7.64

1.10"
3.31
3.63
-1.72
4.93
11.26

In the population SA-3, we used two different selection methods: modified ear-to-row (MER)
and FS (10). MER improved yield by 40 kg/ha/cycle and FS improved yield by 310 kg/cycle across
six acidic soil environments. Yield improvement across five normal soil environments was 50
kg/ha/cycle with MER and 150 kg/ha/cycle with FS. Across all 11 environments, yield improved by
40 kg/ha/cycle with MER and 250 kg/ha/cycle with FS section. Full-sib selection was clearly superior
to MER selection.
In the populations SA-4, SA-5, SA-6, and SA-7, where only two cycles of FS selections were
completed, progress was measured in replicated trials in four acidic and one fertile environments (3).
Progress in yield ranged between 0.38% (SA-5) to 10.1% (SA-7) under acidic and -1.72% (SA-5)
and 11.26% (SA-7) under fertile soils. The populations that averaged highest and lowest gains under
acidic environments also averaged highest and lowest gains under fertile environments.
These results point to the following three conclusions:
1. When we used a method that involved replicated trials at several sites, as was the case with FS,
we made higher yield improvement than when we did not do it.
2.
Our selection system permitted us to improve yield of the population simultaneously for acid and
fertile soils and high yielding capacity under acidic soils does not mean low yielding capacity under
fertile soils.
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3.
The rate of improvement also depends on the genetic make up of the population and the
precision with which trials and selection are conducted.

PERFORMANCE OF EXPERIMENTAL VARIETIES
To determine whether the improvement from selection was effective in providing superior
germplasm to national programs, we evaluated seven varieties for tolerance to acidic soils in National
Program plots in eight environments in Latin America, two environments in Africa, and two
environments in Asia, mostly under acidic soils, during 1990 (Table 7).
Table 7. Yield (t/ha) of recently developed experimental varieties for acidic soils, evaluated during
1992-93.
Varieties

Nine acidic sites

One fertile site

SA3-88
SA3-91
SA5-91
SA6-91
SA7-91
SA8-91
LSD 0.05

3.01
2.96
2.56
2.57
2.56
3.00
0.38

6.95
7.42
7.67
8.41
8.86
8.01
1.05

National Programs included two of their highest-yielding and most acid soil tolerant varieties
as checks for comparison. The highest yielding variety over the 12 environments was 88-SA3. Yield
superiority of this variety over the best national check ranged between -2 and 88% and averaged 35%.
Across all 12 sites, 88SA3-T yielded 3 t/ha. Yield of this variety was higher, particularly under higher
levels of stress.
In another variety trial conducted during 1992-93 at nine acidic and one fertile environments in
Brazil, Colombia, and Venezuela, six of our more recent varieties were compared with the best check
at each site (Table 8).
The best CIMMYT variety at each of the nine acidic sites yielded from 7% lower to 302%
higher than the best yielding check at the site. On the average, best CIMMYT variety yielded 45%
higher than the best check. At the fertile site, the highest yielding tolerant variety yielded only 5%
(8.86 vs. 9.33 t/ha) lower than the highest yielding susceptible variety.
In yet another trial conducted during 1992-93, we compared our six acidic soil tolerant
populations with CMS-36 (a tolerant variety from Brazil) and two of the most widely grown maize
varieties in the tropics (Suwan-1 and Tuxpeflo), in three acidic and two fertile environments (Table 9).
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Table 8. Yield (t/ha) of experimental varieties for acidic soils, evaluated during 1990-91.
Varieties
87SA3
88SA3T
88SA3/CMS-36
Sitiung88SA3
CMS-36
8828T
8843T
LSD 0.05

Nine acidic sites

Three fertile sites

1.50
2.25
2.00
2.12
1.80
1.96
1.86
0.47

5.70
5.65
5.44
5.32
4.09
5.22
5.30
0.86

Table 9. Mean yield (t/ha) of acid-soil tolerant maize populations compared to most widely grown
non-tolerant populations on acidic and fertile soils, during 1992-93.
Populations

Three acidic sites

Two fertile sites

SA3C4
SA4C2
SA5C2
SA6C2
SA7C2
SA8-C0
CMS-36
Tuxpefio Seq.
Suwan-1
LSD 0.05

2.82
2.38
2.58
1.68
1.97
2.76
1.91
1.08
1.61
0.74

6.63
6.36
6.58
6.76
6.72
6.53
5.38
6.10
5.47
0.49

The results indicated that our populations were generally superior in yield to all three checks in
both types of environments.
Our results to date indicate that we have been able to develop populations with adequate
genetic variability and that our breeding strategy has been effective in improving their yield in acidic
soils. Our results also show that it is possible to develop maize varieties that would yield high in both
acidic and fertile soils. Higher yield in acidic soils is not at the expense of lower yield under favorable
conditions. Additionally, our newer varieties are superior to those we developed a couple of years
ago.
Three tolerant hybrids and several varieties have been released for acidic soils in Brazil. One
of these hybrids, BR-201, occupies 14% of the maize area planted to improved maize in the country
or about 1.5 million ha (R. Magnavaca, 1993, personal communication). This is one of the most
significant successes of EMBRAPA's maize program in recent years. Annually, the hybrid is earning
over a million dollars for EMBRAPA. Its contribution to total Brazilian economy must be very large
and will soon be studied. One variety has already been released from the population SA-3 in
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Indonesia and another is likely to be released in Colombia during 1994. Many other national
programs are using this germplasm in their breeding programs and some are evaluating it for possible
release to their farmers.

DEVELOPMENT OF LINES:
We have developed several S4 lines for the following four categories: good plant vigor and
good yield, poor vigor and good yield, good vigor and poor yield, and poor vigor and poor yield.
These lines are currently being evaluated in the field. We would use them to study tolerance
mechanisms and to explore the possibility of using molecular markers to increase the efficiency of our
selection program. We will cross some of these lines, along with the additional ones (currently at S2
stage) we are developing, to develop hybrids for acidic soils.

Future research activities:
In collaboration with National Programs, we have started to strategically evaluate our tolerant
varieties in savannas and other acidic soils where maize is grown and help them develop sustainable
crop management practices and cropping systems for their appropriate use. We wish to identify or
develop such technologies that would increase the sustainability of agricultural production in these
ecosystems.
In collaboration with National Programs, we have started to evaluate and promote these
varieties among poor farmers of the developing countries.
We are continuing to improve tolerance in our populations, once again in collaboration with
our partners. By doing so, we will be able to provide them with better germplasm in the near future
than we have been able to do so far.
We are looking for ways to increase the efficiency of our selection program by reducing
influence of field variability on the performance of genotypes. This would involve better field
management and using more efficient statistical and greenhouse techniques in evaluating genotypes.
We are already using some of these techniques and developing others.
We need explore the possibility of using some morphological and biochemical traits
(polysaccharides, citric acid, EDTA, etc.) to help increase the efficiency of our selection program, as
well. For this research, we need to liaise with prominent universities and research institutions. In one
such collaborative effort with Cornell University, we have found that seedlings of tolerant varieties
produce more citric acid in Al solution after being there for about six hours than susceptible varieties.
We are studying the feasibility of using molecular biology techniques to increase the efficiency
of our breeding program in the near future. Our biotechnology lab at CIMMYT, Mexico is fully
equipped and functional and has already begun to examine the possibility of using RFLP to practice
molecular assisted selection.
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Abstract
In strongly weathered soils, the activity of Al3* in the soil solution can often, but not
always, be predicted using gibbsite solubility relationships. Overestimates are common and
often attributed to a lack of equilibrium between the solid and the solution phases. Soil
organic matter may also be involved because of its strong affinity for aluminium. The main
components of the soil organic matter are humic substances and the effect of adding a sample
of humic acid on the activity of Al3+ was investigated. The addition of the humic acid to an
Oxisol from Burundi and an Ultisol from Cameroon decreased the activity of aluminium at
a pH range of 3.2 to 4.6. At pH 4.2, the activity of Al3+ in the Oxisol was 38 uM, but the
addition of 2 % humic acid decreased it to 11 \iM. The corresponding values for the Ultisol
were 11 \xM decreasing to 2 uM with the addition of humic acid. In both soils, plots of pAl3*
against pH were linear. The stability lines for the soils treated with the humic acid were
mostly parallel to those of the untreated soils. The displacement of the lines were 0.6 pAl3+
units in the Oxisol and 0.7 pAl3+ units in the Ultisol. The displacement decreased the [Al3*]
[OH] ion activity product for both soils. Dissolution of the soil aluminium was relatively
rapid. This suggests that the displacement of the stability line was more likely due to
decreased solubility rather than to kinetic restrictions. The humic acid also decreased the
exchangeable aluminium saturation of the two soils by decreasing the activity of Al3* and
increasing the cation exchange capacity of the system. Exchangeable aluminium was held
more strongly giving rise to greater selectivity coefficients for (Ca^+Mg^yAl3* exchange in
the soil treated with humic acid. In situations where kinetic restrictions limit the control of
Al3* activity by dissolution, the short term control will be achieved by rapid cation exchange.
The decrease in exchangeable aluminium saturation will further ensure lower Al3* activities.
The organic matter effect was tested in the field with application of prunings of
Calliandra calothyrsus, Grevillea robusta, Leucaena diversifolia and farm yard manure. Rates
of 3 and 6 t ha'1 dry matter were applied to the Oxisol in Burundi. The grain yields of maize
increased from 0.9 to 2.2 t ha"1 and those of beans from 201 to 1336 kg ha"1 under the field
conditions. The grain yields were strongly related to concentrations of monomelic inorganic
Al in the soil solution. The decrease in aqueous inorganic Al decreased the Al saturation
from 80 to 69% in the 0-10 cm layer in the organic matter treated plots. An equally good
statistical relationship was obtained between grain yield and Al saturation. The organic
materials also contained important amounts of Ca, Mg, K, P and N which contributed in
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ameliorating the fertility of the acid Oxisol.
Introduction
Aluminium phytotoxicity is a major cause of acid soil infertility (Bell and Edwards,
1987, Rowell,1988). Sometimes Mn phytotoxicity can also occur. The extent of
phytotoxicity is related to the activity of monomeric inorganic Al species in the soil solution
(Adams and Lund 1966, Blarney et al., 1983, Cameron et al., 1986, Pavan et al., 1982).
Organically complexed species are less toxic (Bartlett and Riego 1972, Hue et al 1986,
Suthipradit et al., 1990). Deficiencies of Ca, Mg, P and other plant nutrients are also
important in those acid soils.
The activities of Al3* and its hydrated monomers in the soil solution depend upon the
soil pH and the solubility of the relevant soil aluminium. In highly weathered soils, the
activity of Al3* can be predicted from the solubility relationship of natural gibbsite. However,
in many soils, this overestimates the activity (Cronan et al., 1986). In the field, this may be
due to lack of equilibrium between the solid and the solution phases. The soil organic matter
could contribute to the undersaturation because of its strong affinity for aluminium (Bloom
et al., 1979, Stevenson and Vance 1989). An assessment of the specific role of soil organic
matter on the solubility of aluminium is required to evaluate its importance in the
amelioration of aluminium phytotoxicity in acid soils. The rationale of this work is to
minimise the requirement for lime which is often too expensive and not readily available in
the tropics.
The benefits of organic matter applications in decreasing the activity of Al and
increasing plant growth have been demonstrated in several pot experiments (Ahmad and Tan,
1986, Hue, 1992, Bessho and Bell, 1992). Such benefits have, as far as we know, not been
specifically tested under field conditions. The problem could be that projections from pot
experiments to the field yield large organic matter requirements. For example, Bessho and
Bell (1992) calculated that 14 t ha"1 of a legume leaf or 42 t ha'1 of barley straw were
required to bring the activity of Al in a podsol to < 10 \iM required for soya beans. The
calculation assumes that the plant materials are uniformly mixed in the "liming layer." The
organic matter requirement should be less with surface application. The organic matter also
returns an important amount of nutrients to the soil. By ameliorating the soil mostly where
the nutrients are found, the benefits of the organic matter are likely to be maximised. Ca and
Mg released by the residues are expected to further alleviate the toxic effects of Al (Cameron
et al., 1986, Kinraide and Parker, 1987, Noble et al., 1988).
In the experiment described here, the effect of a sample of humic acid on the activity
of aluminium was determined at different soil pH values. The aim was to detennine the
[Al3*] rOH] ion activity products of the treated and untreated soil samples so that changes
in the apparent solubility of soil aluminium could be determined. An additional aim was to
detennine the effect of organic matter on the selectivity of the soil for exchangeable
aluminium. Humic acid is one of the main components of soil organic matter and its use
enabled us to attribute changes directly to the pure material. Field application of the findings
was tested at a site on an acid soil in Burundi using maize and beans as test crops. The
organic matter was used at rates which might realistically be applied in tropical farming
systems.
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Materials and methods
Laboratory experiments
Samples from an Oxisol from Burundi and an Ultisol from Cameroon were used in
their field moist state. The major minerals in the clay-sized fraction of the Oxisol were
kaolinite and gibbsite. The Ultisol was dominated by kaolinite and also contained some
goethite. Some properties of the soils are given in Table 1. Eight g of the Oxisol was
weighed into each of sixteen 50 cm3 polypropylene centrifuge» tubes. Eight samples received
no humic acid and the other 8 received 0.16 g humic acid (2%) that was adjusted to pH 4.3
with calcium humate. The soil was treated with 0-1.2 cm3 of 0.1 M HC1 or 0-2.4 cm3 of 0.1
M NaOH to give eight pH values for each set of samples. The initial adjustment of the pH
of the humic acid with calcium humate helped to prevent the dissolution of humate in the
presence of sodium ions. Distilled water and 0.02 M CaCl2 were added to the soil to give a
final concentration of 0.01 M CaCl, and a soil to solution ratio of 1:5. A few drops of
toluene were added to suppress microbial growth during equilibration. The Ultisol received
the same treatments.
Table 1.
Soil

Selected properties of the Oxisol and Ultisol.
Clay

Sand

Organic-C

percent

Oxisol

65

Ultisol

63

15
27

pH

Al3*

Ca2+

Mg2

cmolc kg'1

(H20)

4.47

4.4

2.46

0.58

0.16

2.66

4.2

3.87

0.44

0.16

The tubes were placed on a rotary shaker and agitated at 25°C. The supernatant was
sampled at 12, 28 and 35 days. On each sampling date, the tubes were centrifuged at 3000
rpm for 15 min, the pH of the supernatant was measured and an 8 cm3 sample was taken and
filtered through a 0.22 um filter. The filtrate was analyzed for monomeric inorganic and
organic Al using an automated pyrocatechol violet (PCV) procedure (McAvoy et al., 1992).
The procedure compares favourably with the 8-hydroxyquinoline (oxine) method for the
determination of monomeric Al fractions. It uses a strongly acidic cation-exchange resin to
separate the labile Al into the inorganic and organic fractions. The concentration of
monomeric inorganic Al was used to calculate the activity of Al3* using the Davies form of
the Debye-Huckel equation and the relevant hydrolysis constants assuming that cation charge
was balanced with chloride (Lindsay, 1979).
On the last sampling date, the concentrations of calcium and magnesium in the
supernatants were measured by atomic absorption spectrophotometry after acidifying the
solution and adding LaCl,. Exchangeable calcium, magnesium and aluminium were extracted
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with 1 M KCl. Aluminium was measured by titrating the solution to pH 6.8 with 0.01 M
NaOH, reacting the Al(OH), with excess NaF and titrating the hydroxyl released with 0.01
M HCl. Each mole of aluminium released 3 moles of hydroxyl ions irrespective of its initial
state of hydration. As the pH of the incubated soils was low, it was assumed that the KC1extractable aluminium was mostly unhydrated and a valency of 3 was used when calculating
the effective cation exchange capacity of the soil and its selectivity for exchangeable
aluminium. Calcium and magnesium were measured by atomic absorption spectrophotometry
as described above. The amount of cations entrained in the solution was subtracted from that
extracted to give the amount of exchangeable cations.
Field experiment
The field experiment was conducted at the site of the Oxisol at Karusi in Burundi. The site
had been under bush regrowth for several years and the average annual rainfall is 1010 mm.
Prunings of Calliandra calothyrsus, Grevillea robusta, Leucaena diversifolia and farm yard
manure were applied at 3 and 6 t ha"1 dry matter. The tree prunings consisted of small twigs
and leaves cut to < 2 cm. The organic matter was shallowly incorporated into the 0-5 cm
layer with a hoe on 6th April 1992 and the first beans were planted on 8th April. The first
crop failed because of drought and the results are not reported. Maize was planted on 5th
November 1992 and harvested in February 1993. The following beans were planted in March
and harvested in June. The treatment plots were arranged in three blocks with the treatments
allocated randomly to each plot (10 X 10 m). The crop residues were returned to the plots.
One treatment received only crop residues and the control plot received no organic matter.
The crops were given the recommended amounts of fertilizers.
The soil was sampled in February 1993. Twenty cores were taken at 0-10 cm from each plot.
The twenty samples were mixed to give one sample per plot for analysis. Exchangeable
cations and the concentration of monomelic Al were measured as described.
Results and discussion
Laboratory experiment
a. Activity of Aluminium
The activity of Al,+ decreased after 12 days but changes were small after 28 days
incubation. The activity of Al1+ expressed as pAl,+ in both soils was linearly related to the
soil pH. In both soils, the solution was undersaturated with respect to gibbsite and the
gradients of the stability lines were less than the value of 3 predicted for gibbsite solubility.
The stability line of the Oxisol was closer to the gibbsite line, presumably because of the
presence of this mineral in the soil (Fig. 1). The addition of 2% humic acid decreased the
activity of Al5* measured at 12, 28 and 35 days. At 35 days and pH 4.2, the activity of Al3*

5%

Gibbsite
Oxisol

A

Oxisol + HA A
Ultisol
O
\ \ Ultisol + HA •

Fig. 1. Relationship between pAl^ and soil pH at 12 days equilibration for
the Oxisol and Ultisol and following humic acid (HA) treatment. Stability
lines for gibbsite and kaolinite-quartz (K-Q) are given for comparison.
in the Oxisol was 38 uM but with the addition of 2 % humic acid it decreased to 11 \iM. The
corresponding values for the Ultisol were 11 uM decreasing to 2 \iM with the humic acid
treatment. These values were similar to those obtained at 28 days. Statistical comparison of
regressions showed that parallel stability lines could be fitted through the data points obtained
for the Ultisol treated with humic acid and the untreated controls (Table 2). For the Oxisol,
parallel stability lines could be used at 12 and 28 days but lines with separate gradients were
needed at 35 days. On all sampling dates, the stability lines of the Oxisol lay between those
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Table 2. Regressions for pAl3+ vs pH at 12, 28 and 35 days for the Oxisol and
Ultisol with or without humic acid (HA).

Soil Treatment

12 days

28 days

35 days

Oxisol No HA

2.17pH-4.86

2.62 pH-6.56

2.16 pH-4.65

Oxisol + HA

2.17pH-4.25

2.62 pH-6.08

2.74 pH-6.55

Ultisol No HA

1.20pH-0.49

1.64 pH-1.97

1.66 pH-2.03

Ultisol + HA

1.20pH+0.25

1.64 pH-1.21

1.66 pH-1.29

of kaolinite-quartz and gibbsite. The pAl^-pH values of many soils from south-east Australia
also lie between those of kaolinite-quartz and gibbsite. This may be due to the metastable
state of the system controlling the activity of Al3+ (Conyers, 1990 ). In the Oxisol used here,
the undersaturation of the solution with respect to the solubility of gibbsite was due to the
humic acid. One hypothesis is that the organic matter was binding aluminium faster than it
was dissolving. It is possible however, that the addition of the humic acid could have
lowered the apparent solubility of the soil aluminium compounds. Cronan et al., (1986)
showed that the activity of Al3+ was related to the fractional coverage of the soil humus
surface with copper-extractable organically bound aluminium.
b. Ion activity products [ Atu 1 [ OH J"
Ion activity products (IAP) expressed as [Al3+] [OH"]° can be obtained by substituting
the pH in the regression equations with (14-pOH), where n is the gradient of the stability line.
The humic acid displaced the stability lines by 0.6 pAl3+ units in the Oxisol and by 0.7 pAl3+
units in the Ultisol. There was little evidence that the displacement was due to kinetic
restrictions since the dissolution of the soil aluminium was relatively rapid. The stability lines
were established quickly with the activity of Al3* responding rapidly to soil pH. The increase
in the intercepts of the stability lines caused the ion activity products to decrease (Table 3).
When the stability lines were parallel, the decreased IAP meant that the soil aluminium was
less soluble. The solubility changed little after 28 days incubation so that the lower pAl3*
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Table 3. The ion activity products of [Al3*] [OH ]n expressed
as -log (IAP) for the Oxisol and Ultisol treated or untreated with
humic acid.

Sampling
time

Oxisol

Ultisol

No HA

+ HA

HA

+ HA

12 days

25.5

26.1

16.3

17.0

28 days

30.1

30.6

21.0

21.8

35 days

25.6

31.8

21.2

22.0

activity was maintained. Helyer et al., (1993) suggest that the decreased solubility may be
due to complete dissolution of the more soluble soil aluminium fractions and the binding of
the dissolved aluminium organically. The adsorption of organic anions onto the mineral
surfaces may also be important.
c. Selectivity for exchangeable Al.
The main KCl-exchangeable cations in the two soils were Ca 2 \ Mg2+ and Al3*. The
percentage aluminium saturation of the exchange surface decreased at higher pH values and
when humic acid was applied (Fig. 2). Aluminium saturation is governed by the composition
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Soil pH

Fig. 2. Changes in the percentage Al-saturation of the Oxisol and Ultisol with
soil pH and humic acid (HA) treatment.
of the equilibrating solution and the selectivity of the sites for the exchangeable cations. The
Gaines and Thomas selectivity coefficient for (Ca2+ + Mg^/Al 3 * exchange was calculated
from the activities of the three cations in solution and their respective fractions on the
exchange sites. The selectivity coefficient (K<;T) generally increased with increase in soil pH
indicating greater affinity of the two soils for aluminium at higher pH values (Fig. 3). The
affinity was increased in both the Oxisol and Ultisol by humic acid treatment and higher KoT
values were obtained.
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25

2.0
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ü

5
1.5
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A

Oxisol + HA

A

Ultisol

O

Ultisol + HA •
1.0
3.6

4.0

4.4

Soil pH
Fig. 3. Changes in the Gaines and Thomas selectivity coefficients for (Ca2+
+ Mg2+)/Al1+ exchange for the Oxisol and Ultisol and following treatment with
humic acid (HA).
Aluminium saturation responds to and is an indicator of the activity of Al3+ in the soil
solution. It has often been used to predict the response of plants grown on acid soils. This
technique has however proved to be of limited universal acceptance (Asher et al., 1992).
Our results suggest that a main reason could be the difference in the selectivity of different
soils for aluminium giving rise to differing critical values for different soils. For example,
at the same aluminium saturation and calcium activity, the activity of aluminium in the humic
acid treated soil is less than in the untreated soil during exchange reactions.
While the longer term control of Al3* activity in the soil solution will be maintained
by dissolution of the soil aluminium, the short term control will be achieved by cation
exchange which is more rapid. The Gaines and Thomas equation could be used to predict
short term changes in aluminium activity when the composition of the soil solution is changed
following rainfall, evaporation or fertilizer application (Reuss, 1983). In numerous subsoils
from Queensland where the affinity of the soil for aluminium was presumably similar, it was
found that the activity of Al,+ in the soil solution could be predicted from the aluminium
saturation of the soil and the ionic strength of its soil solution alone (Bruce et al., 1989).
By decreasing the apparent solubility of the soil aluminium, which controls aluminium
saturation, and by increasing the selectivity of the soil for exchangeable aluminium, the humic
acid will ameliorate aluminium phytotoxicity. Several workers have demonstrated the benefit
of organic matter applications in the improvement of acid soils (Asghar and Kanehiro 1980,
Bessho and Bell, 1992, Hue and Amien 1980, Thomas, 1975). It has also been suggested that
soluble coal-derived calcium fulvate could be used to ameliorate subsoil acidity (van der Watt
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et al., 1991).
Field experiment
a. Response of maize and beans to organic matter
The yields of both maize and beans increased with organic matter applications (Fig. 4).
Calliandra, Leucaena and farm yard manure (FYM) were more effective than Grevillea. The
amounts of nutrients contained in the tree prunings and FYM were 42-181 kg N ha"1, 3.4-29.8
kg P ha"1, 6.3-43.2 molc K ha', and 17.1-116 molc (Ca+Mg) ha' (Table 4). Multiple
regression analysis showed that the yield of maize grain was not significantly related to the
nutrients contained in the residues but a weak relationship was obtained with the amounts of
N contained in the organic matter applications. The yield of beans was weakly related to the
amounts of (Ca+Mg). In both crops, the nutrients applied in the organic matter accounted for
only a small proportion of the variation in yield since fertilizers were applied and the the
availability of the organically bound nutrients were not taken into account.
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Fig. 4. Effect of organic matter application on the yield of maize and beans.

Table 4.

Chemical composition of the organic materials in kg t'1*.

Organic Material Ca

Mg

K

N

Calliandra

15.6

2.8

9.5

30.1

1.72

Grevillea

8.8

1.6

14.4

17.6

1.13

Leucaena

33.6

3.0

12.5

26.0

1.29

FYM

14.0

5.2

28.1

14.0

4.97

* The application rates were 3 and 6 t ha'1 dry matter
b. Effect of decrease in Al saturation on grain yield
The phytotoxic effects result from the activity of Al in the soil solution. This in turn controls
the percentage Al-saturation (Reuss, 1983). Within a soil, Al-saturation should be a good
indicator of Al activity in the soil solution. Calliandra and FYM had the biggest effect on
the % Al-saturation of the soil measured at 0-10 cm (Fig. 5). The decrease in Al-saturation
was not large, presumably because the effect was localised in the superficial layers where the
organic matter was applied. Sampling the soil to 0-10 cm diluted the effect. The organic
matter effect may also have peaked before the time of soil sampling (Davelouis et al., 1991).
The decrease in Al-saturation was however clearly visible.
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Fig. 5. Percentage Al-saturation of the 0-10 cm layer following organic matter
application.
The grain yields of maize and beans were strongly influenced by the soil Al-saturation (Fig.
6). The regression equations for the yield of maize grains (Ym) in t ha'1 and beans Y„ in kg
ha"1 respectively were:
Ym = 8.94 - 0.103 % Al-saturation, r2 = 0.78
Y„ = 7004 - 84.7 % Al-saturation, r = 0.71
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Fig. 6. Relationship between the yield of beans and Al-saturation.
The quantitative relationship between the activity of Al in the soil solution and Al-saturation
meant that equally good relationships were obtained between grain yield and the Al in the soil
solution (Fig. 7). The regression equations for grain yields were:
Ym = 2.22 - 0.50 ppm Al, r = 0.85
Y„ = 1490 - 412 ppm Al, r2 = 0.78

606

1
1.5
2
2.5
Concentration of monomeric inorganic Al (ppm)

0.5
1,600

•
1,200

beans

\ \«
""^J

\«

'ra'

•

• •

J 800

V>.

I
400

• •
1

0.5

i

1
1.5
2
2.5
Concentration of monomeric inorganic Al (ppm)

Fig. 7. Relationship between the yields of maize and beans and monomeric
inorganic Al.
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In the case of maize, the regression was slightly improved by entering the amounts of N
returned in the residues. In the case of beans, entering the amounts of Ca+Mg applied in
organic matter and the concentration of Mn in the soil solution increased the percentage of
the yield variation that was accounted for:
Y„ = 1530 - 292 ppm Al + 4.0(Ca+Mg) - 169 ppm Mn, r2 = 0.92
These initial results indicate that the amount of organic matter required for the amelioration
of soil acidity is less than that calculated from the results of pot experiments (Bessho and
Bell, 1992). The localised sites of Al-detoxification are expected to coincide largely with the
sites of nutrient returns. These nutrients especially Ca, Mg and P are expected to further
improve the conditions of the acid soils. Superficial mixing of the materials in the top soil
also ensures that dilution with a large volume of soil is minimised.
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Field-scale soil fertility variability in acid tropical soils
A . D o b e r m a n n 1 * a n d T . G e o r g e 1 » 2 . lThe International Rice Research Institute. P.O. Box
933, 1099 Manila, Philippines and "^Nitrogen Fixation by Tropical Agricultural Legumes Center
(NiJTAL), 1000 Holomua Avenue, Paia, Hawaii 96779, USA.

Introduction
Acid, low activity clay soils (Oxisols, Ultisols, some Dystropepts and Alfisols) are the dominant soils of
forests, savannahs, and uplands in the humid and subhumid tropics. In the humid tropics they cover 63%
of the land area. Their relative importance is greater in Latin America (81%) than in Africa (56%) or Asia
(38%) (80). Increasing population pressure and intensification of cultivation techniques in many of these
regions pose a threat to the sustainability of these fragile ecosystems (40). Characterization of soil
resources will play a key role in the development of long-term soil and crop management systems in these
environments.
Over the past decades, soil fertility in tropical soils has been studied extensively and our general
understanding of soil forming processes, soil fertility constraints, and sustained soil management systems
has been greatly improved (1,2,25,30,39,46-48,53,81,86). There has been little research, however, on
spatial variability in soils of the tropics. Soil spatial variability is usually not considered among indices of
soil fertility or land quality. Agronomists and soil fertility specialists continue conducting field
experiments, frequently ignoring soil diversity (37).
To meaningfully discuss soil diversity, soil heterogeneity, or soil spatial variability, it is important
to define the scale of observation. Spatial variation in tropical soils at the geographical meso- or macroscale is mainly a function of soil-forming factors. There is no absolute difference in soil forming processes
between temperate and tropical regions, but there may be significant differences in their rates and extent
(37). General concepts of the zonal and intra-zonal distribution of tropical soils are well established and
widely used in small-scale mapping and modeling of agro-ecological zones (33,38). In general, soil
forming factors and their interactions change over different spatial scales. Increasing the scale of
observation increases the diversity (18,37).
In this paper we focus on field-scale lateral variability of soil fertility characteristics in highly
weathered, acid soils of the humid and subhumid tropics. We define field-scale variability as that
occurring within a typical field or small-holder farm. For practical purposes, this might be an area of 1 ha
or less. Variability at such a scale directly affects crop performance (37) and researchers' ability to
measure treatment effects. We use a recent case study in the Philippines to illustrate methods for studying
field-scale variability appropriate for acid upland soils in the tropics.

Brief review of research on soil spatial variability
There are several reviews of our understanding of the nature of soil spatial variability, based mostly on
research in the temperate regions (8,27,57,68,82,89,91,96,97) (59,64,90). Some general conclusions
follow.
1. Spatial variation of soils is scale specific. Soils vary continuously from megascopic to microscopic
levels of resolution (60). Quantifying the spatial variation of a given soil characteristic is always related to
a particular spatial scale and the frequency of observations specified. Spatial variability is the result of
interacting soil-forming processes, each of those acting over a different spatial scale (18). Variation in soil
properties increases with size, from microscopic to pedons to mapping units. The increase in variation
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differs between environments and soil types. Up to half of the variability within a field may be present in
one square meter (8,97). Our present knowledge is inadequate and the best that can be achieved is a post
hoc description of spatial variability (20). For practical purposes, spatial variability is frequently divided
into two broad categories, systematic and random variation. Ideally, all variation would be resolvable in
systematic terms (97).
2. Spatial variation of soils is site specific. Soil-forming factors and processes, including the effects of
soil management practices, are diverse and frequently very site specific. Results of studies on soil spatial
variability are usually only valid for a given area and methodology of assessment. They may not be
transferred to supposedly "similar" areas, but few attempts have been made to investigate the
transferability of such information.
3. Spatial variation of soils is property specific. Soils must be described in terms of measurable
morphological, chemical, biological, or physical characteristics. Each of these may exhibit a different type
of spatial variation in the field, and covariation is common. Results so far indicate that soil biological
activities cause a large degree of microvariation in soil properties (6,12,71), whereas soil properties
associated with continuous changes in parent material, climate, or topography frequently exhibit longrange structures of spatial variation across large land units (15,45). Selecting suitable parameters remains
a crucial problem in any spatial study.
4. Spatial variation of soils is time specific. Some soil properties are highly sensitive to temporal changes. Spatial patterns and correlation structures at one time may be very different from those at another time.
This seems to be particularly important for biological properties, soil water, crop growth, and to a lesser
extent, chemical properties (44,50,87). Analysis of space-time data is complex and has not been attempted
much in the past.
5. Spatial variation of soils is method specific. Results of studies on soil spatial heterogeneity are strongly
influenced by the sampling and the analytical methods used to determine the soil properties. Different
sampling and bulking strategies (sample volume, number of samples, sample processing, and others) may
yield different patterns of variability. Analytical errors may be different depending on methods used.
Estimating the variance of a soil property has little meaning unless the support (defined as the size and
kind of spatial units) for which it was estimated is clearly defined (19,20). It is often difficult to compare
magnitudes of spatial variability reported in the literature because of differences in sampling schemes.
6. Spatial variation of soils is land-use specific. Natural ecosystems may exhibit considerable variability
(9,27). Human land management practices (e.g., fertilizer application, soil tillage, irrigation, drainage,
crops grown) frequently increase spatial variability, particularly at the field scale (8,27). Properties most
affected by soil management (e.g. available nutrients) are commonly more variable than the relatively
stable characteristics such as horizon thicknesses, soil color, soil texture, and pH that are used to define
taxonomie units (82,97). The influence of a particular land-use on aspects of spatial and temporal soil
variability is not well understood and is difficult to predict.
Field variability in soil properties as a cause of crop growth variation is often reported in temperate
regions (16,17,32,36,61,62,70). Soil-specific crop management, farming by soil and computer-aided local
resource management are all new terms for technologies that match soil and crop management with
inherent variability within a field (77), The technologies are not yet available in the tropics, where small
fields and low-input agriculture dominate. Is field variability a problem in the tropics? If so, how can
researchers and small farmers manage it?
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Magnitudes of field-scale variability in the tropics
Long-range soil spatial variability has been studied in the tropics. Most of these studies followed classical
landscape-modeling approaches. The catena concept derived from Milne's work in East Africa (63) has
contributed much to our understanding of sequences of soil formation in the tropics. More recently,
attempts to characterize the soil fertility status of large regions (55) and to use geostatistical techniques
have been made to describe long-range spatial structures in relation to soil genesis (7,43,83,98). But the
problem of field-scale variability in tropical soils continues to frustrate agronomists and statisticians
conducting and analyzing field experiments. Several authors mention the high variability of soil properties
in these environments (22,49,66,74,76). Moormann and Kang (66) have reviewed studies on
microvariability in the tropics, but quantitative estimates of its magnitude, scale and causes are scarce. We
attempt to summarize here our present knowledge from a few detailed published studies. Our survey
revealed a considerable amount of "gray" literature.
Uneven crop growth over short distances is generally very pronounced in the tropics, particularly
under the low-input levels. (66). In the semi-arid tropics of West Africa, nutrient and water availability as
well as soil erosion may cause severe soil and crop growth microvariability (14,41). Pieri (73) reports
highly variable mineral content of farmyard manure in Mali, perhaps indicating variation of soils on which
the animals grazed. Probably the most detailed study in the humid tropics was conducted by Trangmar et
al. (84). In their experiments with upland rice (Oryza sativa L.) planted after cleared forest land in
Indonesia, an enormous variability in soil properties and of rice growth was documented within a 784-m2
area. Block-kriged grain yield of rice ranged from 11 to 355 g nr 2 and was generally higher on sites
where forest trash had been piled and burned (84). A uniformly fertilized soybean (Glycine max L. Merr.)
plot on an Oxic Paleustalf at IITA had pronounced intra-field variability of many soil properties and grain
yield (900-2600 kg ha -1 ), although it had already been cropped several times after land clearing (39).
Presumably, there are many field trials where a large variation between experimental plots perhaps made
significant treatment differences improbable. As an example, in field experiments on an acid Haplohumult
in the Philippines, CV ranges of 3.2-32.8% and 17.4-101.2% were measured over three cropping seasons
for yields of maize (Tea mays L.) and peanut (Arachis hypogea L.), respectively (34). Many CVs for
maize were below or close to an acceptable 15% level, but peanut growth was very variable. Coefficients
of variation not only varied from year to year, but also between treatments and crops.
Table 1 lists examples of CVs for soil fertility characteristics measured in acid tropical soils. It
should be mentioned that the CV may not be an ideal parameter to compare variability and it is much
influenced by frequency distributions and outliers in the data. As mentioned above, it is also controlled by
the sampling methodology and size of support used, details of which are often not reported in the
literature. Thus, these values may only provide general tendencies. In general, these CVs confirm the
results of studies in temperate regions. Relatively stable soil properties such as texture, organic matter,
and pH tend to be less variable than the concentrations of available nutrients, which are much more
affected by soil chemical and biological processes and human activities (8,97). Caution is needed in
interpreting CVs. Soil pH, for example, is on a logarithmic scale so that CVs of pH less than 10%
correspond to large differences in H + concentration.
The variability in soil pH in the humid tropics can be further illustrated. At an experimental site in
the Philippines, pH ranged from 4.4 to 5.2, presumably causing considerable variation in the chemistry of
soil nutrients and aluminum (3). A study of pH in a Typic Plinthudult in Malaysia showed substantial pH
variation (4.3-5.2) between plots of 0.16 ha size (76). Even with plot sizes of 4 by 40 m on an Oxisol, the
variation in pH ranged from 4.5 to 6.5 pH units (76). Conyers and Davey (24) measured soil pH in small
plots (< 1 ha) of acid soils in New South Wales. Differences in pH at any given site ranged from 0.3 to
1.5 pH units with 30-100% of this variation occurring within a single square meter. More systematic
research on soil variability in the tropics is needed in to make comparisons and to draw general
conclusions.
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Table 1. Coefficients of variation (%) describing microvariability of soil fertility characteristics in the
humid tropics.
pH

Org. C Total N Av. P Ex.K Ex.Ca NO3-N NH 4 -N Description

Source

6

35

-

44

51

39

(52)

7

9

-

54

36

38

6

10

-

47

40

33

.
-

21
2-30

19
5-M)

55
5-50

_

-

>30

>30

>30

>30

68
20-50 20-50 -

_

_

.

5-12

15-32

6-16

50-10 _
52-83 44-76

2-9

9-13

4

35-69 25-45

19

147

.
-

Oxic Paleustalf, W-Nigeria, 0-15 cm,
secondary forest plot
Oxic Paleustalf, W-Nigeria, 0-15 cm,
thicket plot
Oxic Paleustalf, W-Nigeria, 0-15 cm,
cassava plot
Ultisol, Malaysia, experimental plots
Ferralsol, Malaysia, 0-2 cm,
20-years upland rice/bush fallow cycle
Tropeptic Haplorthox, Indonesia, 0-20 cm,
recently cleared forest land, 784 m 2 plot
Slash and burn fields, Malaysia,Thailand
Dystric Cambisol, Laos, 0-25 cm,
200 m 2 plot, shifting cultivation site,
slope 35%
Ferric Alisol, Laos, 0-25 cm,
200 m 2 plot, shifting cultivation site,
slope 30%

(52)
(52)
(76)
(4,75)
(84)
(5)
(78)

(78)

Sources of field-scale soil variability in the tropics
Not all of the variability in crop growth at the field-scale is caused by soil variability. Other factors
include weeds, insects and diseases, but at present we do not know much about such factors and the scales
at which they affect spatial variability in acid tropical soils. There is enough evidence to conclude that
field-scale soil variability in the subhumid and humid tropics is often large and caused by many factors.
As in temperate regions, lithological, geomorphologic and pedological factors seem to be the main
causes of spatial variability within landscapes in the tropics, acting over scales of less than 100 m up to
hundreds of kilometers. But chemical and biological processes and human activities are probably the major
source of variability in small fields (66,76). Distinct changes ir the parent material, soil depth, gravel
content, or soil texture are also observed over short distances (23,66,76). The study of Moormann et al.
(65) at IITA has clearly shown that soils and crop growth vary considerably along toposequences of
continuously changing edaphic and hydrologie conditions. Spatial variability at the field scale is frequently
much less regular and occurs in patches or other small patterns that cannot be related to gradually acting
processes.
A number of soil and crop management practices particular to the tropics may result in short-range
soil variability. In shifting cultivation areas, land clearing and management practices may introduce
significant soil microvariability. Topsoil displacement, soil tillage, burning, ash piles, tree stumps,
remnant vegetation and erosion affect the variation of many soil properties in small plots
(51,52,66,76,80,84). The change with time of several soil properties and crop yield after forest clearing
have been frequently studied (4,73,79,80). Shifting cultivation practices seem to exhibit a large influence
on soil chemical properties and to a lesser extent, on soil physical characteristics (56), although the latter
is still controversial (21). Mechanized cultivation may cause soil compaction and exposure of hardened
plinthite to the soil surface so that crop stands at such places are generally poor (21). So far, the effects of
cultivation practices on spatial patterns of soil fertility in the field have not been considered much and
quantitative estimates of their influence are rare.
Coconut (Cocos nucifera L.), oil palm (Elaeis guinensis Jacq.) and rubber (Hevea brasiliensis) are
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important tree crops in Southeast Asia. They are usually grown in rows or other regular patterns with
fertilizer being concentrated near the trees, resulting in significant "row" and "inter-row" effects on the
soil (75,76). Systems such as alley-cropping and hedge-row farming may significantly change gradients
of soil fertility in sloping lands. Contour grass strips may act as buffer zones for soil erosion and cause
accumulation of soil organic matter. Recently, results of such a system established on an Ultisol on
sloping land in Thailand have demonstrated cyclic effects of higher soil fertility within grass strips in
addition to a gradual decline in soil fertility up the slope (85).
Uneven soil tillage and fertilizer application may be a serious problem in many fields. Ndiaye and
Yost (67) used a geostatistical approach to show that maximum yields of chinese cabbage (Brassica
oleracea L.) decreased by 9.5% due to nonuniformity of fertilizer application on a Typic Hydrandept in
Hawaii.
Termite mounds common in many uplands of the humid and subhumid tropics are sources of soil
variability. Mounds are mainly composed of subsoil material, and their texture, structure, bulk density,
water-holding capacity, and nutrient concentrations significantly differ from the surrounding soil
(21,54,66,76). According to Moormann and Kang (66), the percentage of land covered by mounds may
vary from 2% or less to much more than 30% and flattening of such mounds may cause localized poorer
crop stands due to nutrient imbalances.
Soil variability is also caused by free-standing trees. The positive influence of Acacia trees on soil
properties and yield of pearl millet (Pennisetwn glaucum R. Br.) in the dry tropics is known (29,42,66).
In the forest zone of Nigeria, oil palm trees are widely found in cleared land and have significant positive
influence on soil moisture retention, organic matter content, and nutrient status of the surrounding soil and
the growth of maize on the palm sites (51). Assuming that the palm effect extends to a radius of 2 m
around the tree, the same author has estimated that about 7% of the land area benefits from this effect.
Similar effects were reported for areas in Benin and Togo (66) and may also be expected for large parts of
agricultural land in Cambodia, where sugar palms are widely found (pers. observation of the senior
author).

A case study with upland rice
To investigate magnitudes of soil and crop variation within a single field we conducted a uniformity trial
at an acid upland site in the Philippines. The prime objective of this study was to obtain detailed maps of
soil fertility characteristics in order to design an appropriate layout of a long-term field experiment. Below
is a description of this study.
Material and methods
Site description
The study was conducted at an acid upland site in a field of approximately 0.7 ha in Cavinti, Laguna,
Philippines. The mean annual precipitation at the site is approximately 4,000 mm with 5 to 6 wet months.
The site was said to be subjected to 'slash and burn' about 15 years ago. After the initial few years of
cropping with upland rice and other crops, this field was abandoned until a tomato crop during the wet
season (July to December) of 1990. The tomato crop received a nutrient input of approximately 5 t ha"1 of
chicken manure. Since the tomato crop, the field has been periodically grazed by stray buffaloes and there
has been periodic removal of grass patches from the field. A number of 'buffalo pits' were scattered over
the field. At the start of the experiment, there were places of thicker and greener grass stands presumably
at places of buffalo excrements. The soil, which is deep but well drained, is tentatively described as
clayey, kaolinitic, isohyperthermic Typic Palehumult. The soil was plowed once with a buffalo-drawn
plow during 9-13 August 1993 and rotovated once. Uprooted grasses with attached roots were collected
and removed after rototilling. Upland rice (Var. UPLR5) was dibbled into furrows 25 cm apart at 70 kg
ha"1 and covered with soil by foot on 25-26 August 1993. One weeding by manually raking the soil with
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sickles was done during 21 to 24 September 1993.
Sampling and measurements
A 8 m x 8m grid was established on the entire field resulting in 105 sampling locations (Fig. 1). Soil
samples from 0 to 15 cm and 15 to 45 cm were from these locations on the grid using dutch augers during
2 to 6 August 1993. At each grid point, two samples were taken 15 cm away from the center on opposite
sides in the east-west direction and bulked into one composite sample. These soil samples were air-dried
and passed through a 2 mm sieve for later analyses. Available P (Double-acid method; 0.05 N HC1 +
0.25 N H 2 S0 4 ), exchangeable bases and aluminum (NH4-acetate method, pH 7), pH (H 2 0) and pH (KCl)
were determined for these samples. Soil was sampled again during rice growth on 28 to 29 September
1993, but this time the two samples from each point were collected 15 cm away from the point in the
north-south direction. These soil samples were transported fresh to the laboratory in an ice cooler for
immediate KCl-extraction and determination of N0 3 -N.
90 •

90

100

110

East-West distance (m)

Fig. 1. Sampling layout in the experimental field.
On 15 and 16 December 1993 (advanced milk stage of the crop), canopy leaf area index (LAI) was
measured from a 1 m 2 area at each point on the grid using an optical sensor (LAI-2000 plant canopy
analyzer, LI-COR, Inc.) described elsewhere (94). Two measurement cycles, each consisting of one above
and five below canopy readings of light intensity, were taken in a cross-diagonal manner and the average
LAI was computed for each location. The LAI estimates by this method include all opaque objects, such
as stems, leaves, and panicles and can be interpreted as a general index of vegetative growth. At maturity,
rice plants were cut at soil surface from a 1 m2 area at each grid point during 4-7 January 1994. An
additional area of 3 m2 was harvested surrounding the 1 m2 area by cutting all remaining plants from a 2
by 2 m area with the grid point at the center. Dry weight of cleaned and unfilled grains were determined.
Statistical analyses
The data were statistically described using classical statistical measures as well histograms and normal
probability plots for analysis of frequency distributions. Approximation to normal and lognormal
probability distributions was tested using the Shapiro-Wilk W test for both the raw data and logtransformed data. The W-value allows a direct comparison of the distribution fits, i.e. values closer to 1.0
indicate a better fit to the respective distribution function. Linear correlation coefficients and stepwise
multiple regression were computed to quantify influences of soil properties on rice growth.
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Geostatistical methods were used to analyze the spatial dependence of the variables and to produce
maps. Regionalized variable theory, the basis of all geostatistical techniques, assumes that the spatial
variation of any variable can be expressed as the sum of three major components. Let x be a position in 1,
2, or 3 dimensions. Then the value of variable Z at any location x is given by:
Z(x)=/Xx)+é? (*)+£"

[1]

where /i(x) is a deterministic function describing the structural' component of Z at x (= constant mean
value or a constant trend), E'(X) is a term denoting a random, spatially correlated component, and E" is a
random, spatially independent noise or error term . Thus, a main component of the spatial variation of a
regionalized variable is a certain spatial structure (e'), exhibiting the spatial autocorrelation at different
distances and in different directions. In the geostatistical approach the semivariance is used to describe this
spatially correlated component, as estimated by

where y(h) is the semivariance at the lag distance h, Z(x;) and Z(x;+h) are the values of variable Z at two
locations x separated by distance h, and n is the number of pairs or samples separated by the same
distance range. A plot of 7(h) vs. the lag distance h is known as the semivariogram and used as the central
tool to evaluate type, extend, and direction of spatial dependence of a regionalized variable in a given
area. A fitted semivariogram model is further used as input for spatial estimation methods like kriging
(interpolation) or conditional simulation (31,92,93).
Geostatistical analysis of the data set was performed using GSLIB (31) and details of the procedures
are given in there. Prior to the analysis, the data were transformed to normal scores. Semivariograms were
computed for five different directions (all directions, N-S, NE-SW, E-W, SE-NW) in order to check for
anisotropy. Semivariogram functions were fitted using a weighted least squares as described by Cressie
(26). Linear or spherical models were found to fit the data best and their formulas are given as (92)
Kh) = C 0 +C(h/a)
forO<h<a
Kh) = C 0 +C
for
h>a

Kh)=Co+cJ — - - f - H
[2a 2\&J \
Kh) = C 0 +C

for

0<h<a

for

h>a

Linear model with sill

[3]

u • , ., ,
Spherical model

[4]

c

/ w

where CQ is the nugget variance, C is the structural component, CQ+C is the sill, h is the lag distance,
and a is the range of spatial dependence. Maps were produced by point kriging in a 2- by 2-m grid with
grid nodes arranged 1 m south of the original sampling points and, therefore, smoothing out some
occurrences of extreme values in the field. These maps were used to visualize spatial patterns and trends
in the field.
Results and discussion
Frequency distributions and correlations
Only pH, exchangeable Na and grain yield were normally distributed, whereas all other variables were
positively skewed and better approximated lognormal distributions (Table 2). Soil pH had the lowest CVs
(2.8-3.3%) at both depths, followed by exchangeable Na. For all other variables CVs exceeded 37%, thus
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falling into the most variable class of sou variability proposed by Wilding and Drees (97). Somt
maximum values measured must be evaluated as extremely high for this soil type. More than 75% of the
samples had extractable P contents of < 2 mg kg"1 in the topsoil, but exceptionally high values of up to 17
mg kg"1 in the top soil and 7.4 mg kg"1 in the 15 to 45 cm depth were measured at some locations in the
field. Exchangeable Ca ranged from 0.07 to 4.24 cm kg 1 . Except for K, Na, and Al, nutrient
concentrations in the upper 15 cm were higher than in 15 to 45 cm depth, but there were no distinct
differences in the spatial variability between the two depths (Table 2).
Table 2. Descriptive statistics of soil and crop data.
Variable
Depth 0-15 cm
pH (KC1)
Av. P
Nitrate-N
Exch. K
Exch. Na
Exch. Ca
Exch. Mg
Exch. Al
Exch. Bases
Depth 15-45 cm
pH (KC1)
Av. P
Nitrate-N
Exch. K
Exch. Na
Exch. Ca
Exch. Mg
Exch. Al
Exch. Bases
LAI
Grain Yield 3
Grain Yield 4
Unfilled Grain 3
Unfilled Grain 4
1
3

Unit

Mean

Stdv

CV %

Min

Max

Skew

W(N)1

W(LN)2

mg kg"1
mg kg"1
cmol kg"1
cmol kg"1
cmol kg"1
cmol kg"1
cmol kg"1
cmol kg"1

3.61
1.88
1.35
0.34
0.25
0.88
0.56
0.42
2.03

0.12
2.78
0.95
0.25
0.05
0.67
0.37
0.19
1.12

3.3
147.9
70.3
74.0
19.1
76.1
65.5
45.9
55.0

3.33
0.06
0.10
0.05
0.14
0.07
0.03
0.05
0.45

4.01
17.40
4.44
1.32
0.37
4.24
1.89
1.07
7.05

0.35
3.39
1.16
1.97
0.05
2.73
1.44
0.74
1.92

0.988
0.582**
0.892**
0.801**
0.975
0.757**
0.880**
0.957*
0.859**

0.991
0.957*
0.962*
0.946**
0.963*
0.903**
0.968
0.963*
0.977

mg kg"1
mg kg"1
cmol kg"1
cmol kg"1
cmol kg"1
cmol kg"1
cmol kg"1
cmol kg"1

3.61
0.61
0.69
0.27
0.26
0.37
0.25
0.51
1.15

0.10
1.00
0.64
0.30
0.05
0.24
0.19
0.19
0.55

2.8
164.1
92.3
113.2
18.3
64.7
74.2
37.1
47.9

3.39
0.00
0.02
0.04
0.15
0.07
0.03
0.19
0.42

3.86
7.36
3.17
2.34
0.39
1.71
1.01
1.01
3.14

0.18
4.24
1.52
3.98
0.16
2.07
1.37
0.78
1.44

0.977
0.542**
0.844**
0.648**
0.983
0.858**
0.882**
0.931**
0.875**

0.979
0.972
0.963*
0.975
0.979
0.912**
0.923**
0.976
0.974

m 2 m"2
kg h a 1
kg ha"1
kg ha 1
kg ha"1

1.63
295.71
284.83
61.15
60.49

0.71
123.13
108.79
37.96
38.76

43.2
41.6
38.2
62.1
64.1

0.48
22.58
30.94
9.88
10.33

4*22
677.79
577.16
212.45
229.36

0.99
0.29
0.20
1.27
1.51

0.936**
0.984
0.981
0.909**
0.887**

0.985
0.886**
0.911**
0.967
0.978

Shapiro-Wilk W for normal distribution 2 Shapiro-Wilk W for normal distribution
Measured in 1-m^ area
* Measured in 4-m^ area

An examination of outliers in the data revealed that some locations in the field, having exceptionally
high values of P, N0 3 , and exchangeable bases in the topsoil, were near to "buffalo pits'. Presumably,
buffalo excrements rich in minerals, P and N are scattered around those places. The reason for the high
extractable P concentrations in the 15 to 45 cm soil layer at few locations is unknown.
Trangmar et al. (84) obtained lognormal distributions and similarly high CVs for most soil fertility
characteristics at a comparable site in Indonesia. In a lowland ricefield in Russia CVs of mineral N,
available P, available K and grain yield ranged from 37 to 122%, but were much lower (10-16%) for soil
properties such as organic C, soil texture, and pH (32). These results generally confirm that, at the field
scale, man's activities are probably the major source of soil variability, mainly affecting labile soil
properties such as nutrient contents or other soil fertility characteristics. In the studies cited above (32,84)
land clearing, burning, land leveling for irrigated rice production, and nonuniform fertilizer application
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were the major factors of human induced spatial variability. Based on our results, we can add organic
manure additions by man or grazing animals to this list.
No correlation between P in the topsoil and P in 15 to 45 cm depth was found (r=-0.05 n.s.).
Similarly, weak correlations, although significant, were measured between the two depths for Ca
(r=0.30**) and K (r=0.27**). The two depths were relatively strongly correlated for N0 3 , Na, Mg, and
Al (r=0.38-O.73***). The strong correlations between the depths of some nutrients are likely to be
associated with their localized high concentrations in the topsoil and their mobility. Nitrate is obviously
more mobile and could have easily leached down to lower soil layers.
Correlations between soil chemical properties and grain yield were generally very poor (Table 3).
Soil properties accounted for only 27% of variance in grain yield and 28% of variance in unfilled grain
weight. Magnesium and Ca had weak positive influences on grain yield (r=0.20-0.24*). Higher
concentrations of topsoil Al seem to reduce grain production in some parts of the field (r=-0.27**).
However, factors affecting dry matter partitioning and grain filling in rice are complex and interact in
many ways, and standard correlation or regression approaches may not reveal single effects because of
multicollinearity. It is also important to mention that correlating soil properties measured before sowing
and grain yield at harvest does not take into consideration temporal changes throughout the cropping
season. Further, other factors not measured in our study may contribute much to crop performance during
the grain filling stage. Trangmar et al. (84) could also only explain 29% of the variance in grain yield as a
factor of soil chemical properties, with Al as the main yield reducing factor. They suspected soil physical
properties as another major source of crop growth variation.
Table 3. Correlations between soil properties and growth components of upland rice.
Variable
LAI

Depth

pH (KC1)

P

0-15 cm
0.23*
-O.02
0.19
0.15
15-45 cm
Grain Yield
0-15 cm
-0.06
0.17
15-45 cm
0.17
0.13
Unfilled Grain
0-15 cm
0.07
-O.06
15-45 cm
0.09 • 0.18
* significant at P < 0.05
** significant at P < 0.01

NO3-N

K

0.48** 0.39**
0.39** 0.26**
0.01
0.13
0.17
0.19
0.20*
-0.02
0.28** 0.12
*** significant at P <

Na
-0.21*
-0.27**
-0.03
-0.06
-0.18
-0.14
0.001

Ca
0.04
0.17
0.20*
0.05
-0.02
-0.15

Mg
0.33**
0.50**
0.24*
0.20*
0.17
0.04

Al
-0.38**
-0.40**
-0.27**
-0.10
-0.17
-0.10

Therefore, using only grain yield as an indicator for spatial variability may result in misleading
conclusions about soil fertility patterns in a field. As mentioned earlier, yields and crop response to soil
variability may vary from year to year. A simple uniformity trial measuring only yield may not be
worthwhile. In addition to soil measurements, above-ground measurements of plant density, biomass,
uptake of nutrients etc. should be included. We have made such measurements, but sample processing and
chemical analyses are yet to be completed and, therefore, cannot be presented at this time. However, we
have made canopy leaf area measurements during advanced milk stage of the crop. We used an indirect
optical method and these canopy LAI values are estimates of whole crop stands at each location integrating
plant density and single plant characteristics. Crop stands are probably directly influenced by nutrient
availabilities and toxicities in early stages of vegetative growth and, therefore, better related to the soil.
Nitrate-N, K, and Mg in both depths were positively correlated to LAI (r=0.26-0.50***), whereas Al
negatively affected crop stands (Table 3; r=-0.38...-0.40). Similarly, Dobermann (32) reported that soil
factors had much greater influence on plant density, plant height, and stover yield than on panicle weight
and grain yield of rice. Trangmar et al. (84) explained 41% of the variance in plant height as a function of
soil chemical properties.
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Spatial variability
Semivariograms of most soil and crop variables were isotropic and their sill values did not exceed the
sample variance (1.0), indicating absence of clear trends in the fields (Table 4, Fig. 2). Only exchangeable
Al in both depths showed a clear trend along the field slope and in N-S direction with semivariances
continuously rising and well exceeding the sample variance. Directional semivariograms were generally
not well structured. Only P in 15-45 cm showed signs of anisotropy with a larger range in N-S direction
(a=42 m) and generally higher P concentrations along the eastern field border. As a result, the isotropic
semivariogram did not reach the maximum variance (1.0) within the maximum lag distance used. A slight
anisotropy in the NW-SE direction probably caused a similar effect for grain yield (Fig. 2).

Table 4. Parameters of isotropic semivariograms.
Variable

Model

a

%C+C n

jm]_
pH (KC1) 0-15 cm
pH (KC1) 15-45 cm
Available P 0-15 cm
Available P 15-45 cm
Nitrate-N 0-15 cm
Nitrate-N 15-45 cm
Exch. Bases 0-15 cm
Exch. Bases 15-45 cm

Linear+Sill
Linear+Sill
Spherical
Spherical
Linear+Sill
Linear+Sill
Spherical
Spherical

34.1
28.5
15.6
29.6
27.0
26.8
19.0
35.7

0.774
0.800
0.352
0.463
0.618
0.573
0.424
0.530

77.9
79.4
35.1
53.0
61.8
57.0
43.4
52.8

0.220
0.208
0.650
0.411
0.382
0.433
0.553
0.473

LAI
Grain Yield 1 m 2
Grain Yield 4 m 2

Spherical
Linear+Sill
Linear+Sill

32.2
34.1
32.0

0.450
0.837
0.744

45.1
84.0
82.9

0.547
0.160
0.154
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Fig. 2. Isotropic semivariograms of normal scores.
All semivariograms had large nugget variances, ranging from 35 to 84% of the total variance (Table
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4). Most of the variability occurred over distances of less than 8 m and could not be resolved with the
sampling design used. In addition to this large short-range variability, ranges of spatial dependence for
most of the soil and crop variables were in a similar magnitude of 27 to 36 m indicating a more gradual
change over larger distances which might be related to general changes in the soil type. Only P and
exchangeable bases were affected by more abrupt differences among sampling locations, as demonstrated
by ranges of 15.6 and 19 m, respectively. Again, this seems to be caused by buffalo excrements or other
human activities in the field causing isolated patches of high nutrient concentrations.
Nitrate N in both depths exhibited very similar spatial dependence with ranges of 27 m and a nugget
variance of 57 to 62%. Many authors have reported no spatial dependence (pure nugget variance) for N0 3
at the field scale (28,95). We speculate that the major process controlling the spatial variability of N 0 3 in
our study was leaching and lateral transport along the field slope. There were heavy rains a week prior to
NO3 sampling possibly enhancing leaching and lateral movement of NO3.
Semivariograms of grain yield were generally poorly structured and had the highest nugget
variances. Obviously, most of the variability in grain yield is already contained in a single square meter.
Increasing the harvest area to 4 m2 only slightly reduced the nugget component (Table 4) and this again
suggests that grain yield alone is not a very good indicator of spatial soil variability within a field. Grain
yield determination involves many successive procedures (sampling, fresh weight determination,
threshing, drying, dry weight determination). There could be additive errors associated with grain yield
measurement procedures. Rapid field measurement of LAI, on the other hand, resulted in a better
structured semivariogram and a much smaller nugget component of 45%.
Our field was of relatively large size and the sampling scheme was aimed at producing field maps
rather than exploring scales of spatial variability in detail which was the emphasis of a previous study at
Sitiung (84) using much smaller field size and sampling distances. Semivariograms at the Sitiung site
resolved most of the short-range variability (low nugget variances) and ranges of only 3 to 7 m and 15 to
20 m were measured for soil and crop variables, respectively. They reflected variability induced by ash
piles, tree stumps, and exposed subsoil, factors that were not existing in our study. This demonstrates
some of the problems in comparing geostatistical results across different sampling strategies and site
specific factors.
Phosphorus and Ca in the topsoil showed patchy spatial distributions in the field that were clearly
influenced by the buffalo pits (Fig. 3). In both maps high values occurred in areas near to those pits.
Such patches of high P or exchangeable bases were limited in their spatial spread, which is reflected in
semivariogram ranges of < 20 m. Nitrate was also found to be high at some of these locations, but, seems
to be more regularly distributed. There is a large area with high NO3 concentrations slope downwards
around the center of the field. The same pattern, but with lower absolute values may be seen in the map of
15 to 45 cm soil depth, supporting the previously mentioned hypothesis that leaching and lateral transport
were dominant processes for NO3. The spatial patterns of P, exchangeable bases, and N 0 3 also suggest
that buffaloes might have preferred certain trails as they grazed the field.
The map of aluminum in the topsoil was found to be kriged based on a semivariogram model fitted
only up to 20 m lag distance. There is clear accumulation of Al along the lowest elevations in the field,
which also coincided with the lowest pH values (Fig. 3). Aluminum is commonly less mobile than other
cations in soil, but may have been leached from top positions and transported along the field slope.
Another explanation could be that soil water content in the depressed field locations is greater than the
elevated potions through most of the time. During the wet season, these areas may probably be water
saturated for prolonged periods, causing intensive reduction of iron. Ferrolysis may then follow (13). Reoxidation of free iron in the dry period may produce large quantities of protons, which in turn would
replace other cations on the sorption complex and even break up clay minerals. This process could release
Al bound in clay minerals and this could accumulate in these parts of the field.
Finally, areas of high LAI and grain yield did not always coincide. Highest yields were obtained in
the NW corner of the field, where LAI values were only moderate. Processes affecting LAI and grain
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Nltnfr-N 15-45 cm (mg/ka)

^«W>-Wft<5cm (mg/kg)

Sxch. At 0-15 cm (cmolfltg)

Fig. 3. Point kriged maps of selected soil and crop variables.
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yield are obviously different as discussed above. The spatial distribution of LAI seems to be closely
related to Al (Fig. 3), with low LAI values occurring in areas of higher Al concentration.
Implications for experimental design
The plan was to establish a long-term experiment with five P levels and 2 cropping sequences as factors.
Based on the geostatistical analysis of spatial variability, we can stepwise design an optimized layout for
such an experiment. As a first conclusion and based on the fact that the field was much larger than
required for the experiment, its size was reduced for further analyses. The maps produced suggested to
restrict the suitable experimental area to a rectangle of 66 x 54 m (dashed line in Fig. 1). By doing this,
most of the areas with higher Al content and low pH and some places with accumulation of exchangeable
bases and P were already excluded, resulting in a more homogeneous potential experimental field. It also
excluded the area of high subsoil P content along the eastern field border, therefore, reducing its trend
effect.
Secondly, another set of maps were interpolated, but with grid nodes matching the sampled points.
Kriging is an exact interpolator, i.e. it returns the original values for those estimated points that coincide
with sampling locations. As a result, maps interpolated with this procedure looked more spotty and
contained a wider data range. Their frequency distributions were similar to those of the original dataset.
These maps were used for evaluating the effects of different plot sizes and shapes on within- and betweenplot variation in possible configurations of a field experiment. Forty configurations of square and
rectangular plot sizes and shapes, ranging from 4 x 4 m to 20 x 10 m, were simulated. For each plot in a
particular configuration, mean value and standard deviation of available P and grain yield (4 m2 area)
were calculated from the point kriged estimates falling into the respective area. For example, a plot shape
of 9 x 9 m would result in 48 plots, with 25 kriged points in each plot.
When trying to design an experimental layout, some compromise between within-and between-plots
variance has to be found. Increasing the plot size also increases the within-plot variability, but decreases
differences between plots. This effect is clearly demonstrated in Figure 4, which shows the standard
deviation of plot mean values (as a measure for between-plot variability) and the mean standard deviation
within plots as a function of the plot size. In both cases, grain yield and P were not linearly related and
were better described by power or exponential functions.
Grain Yield (4 m2)

Phosphorus 0-15 cm

*
•
00

I
0

Standard deviation of plot maant
Maan standard deviation within plots

I 1 1 ' I
1 • 1 • I I
20 40 60 80 100 120 140 160 180 200

Plot size (m2)

50 I 1 1 1 1
0 20 40 60

I 1 I 1 I
80 100 120 140 160 180 200

Plot size (m2)

Fig. 4. Influence of plot size on mean standard deviation between and within simulated experimental plots.
At plot sizes of less than 40 m 2 , extractable P and grain yield were still relatively homogeneous
within most plots, but could be very heterogeneous among plots. The decline in between-plot variability is
pronounced up to a plot size of 60 m2 and, as a first recommendation, this should be the minimum size for
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an experiment with P and yield as important variables at this site. Further increase in the plot size
continues to decrease the between-plots variability, but at a much slower rate and at the cost of higher
within-plot variability. This is in agreement with the results of the semivariogram analysis, showing most
of the variability occurring at distances of less than 8 m. Plot lengths of more than 8 to 10 m also increase
the risk of trend effects. Plot shapes seem to be of minor importance at this site. The semivariograms were
generally isotropic and plot length:width ratios ranging from 2:1 to 1:2 did not show significant
differences with the simulation procedure we used.
Finally, the range of most semivariograms (27 to 34 m) was large compared to the available
experimental region, suggesting that blocking might further improve the experimental design (58).
Completely randomized designs should only be used in cases of great soil homogeneity at the large scale
(35). Thus, a RCB design with 8 x 8 o r 8 x 9 m plots would be an appropriate choice, resulting in 54
potential plots. Some of them would include buffalo pits and should not be used for this reason, leaving
still about 50 plots, which would be enough to conduct the planned experiment with 4 or even 5
replications per treatment. It also requires that sampling to obtain representative means for each plot must
be intensified, in order to take advantage of possibly less variation between the plots.
We have demonstrated here how geostatistical or spatial information can be used in designing a field
experiment in soils with high spatial variability. Other geostatistical approaches have been developed to
account for spatial variability in the design and analysis of field experiments (10,58,69,72,88), but all
require a thorough site characterization. They also need extension to multivariate dimensions, especially
when several soil properties are categorical factors in a planned experiment.

Conclusions and perspectives
Field-scale variability in acid tropical soils is often large, but has not received much investigation.
Increasing the production per unit area means to manage deficiency or excess levels of a manifold of soil
factors even within a single field. We contend that soil spatial variability should be considered as a land
quality index in developing crop production strategies. A number of specific land use practices may affect
patterns of soil variability within a field, many of which are site specific. Thus, site characterization takes
precedence to developing or adopting technologies.
Why study spatial and temporal variability at the farm or field level in the tropics? Typical fields are
small and production levels are low, not allowing the use of sophisticated technologies of soil specific
crop management developed for large fields in Northern America and Europe. On the other hand, field
research in the tropics to generate specific technologies is often met with difficulties because results of
field plot experiments on highly variable soils are hard to interpret.
Systematic research is needed to:
i) Identify scales, magnitudes and sources of spatial and temporal variability at the field-scale.
ii) Quantify crop and cultivar responses to soil spatial variability.
iii) Quantify the impact of soil and crop management practices on spatial variability.
iv) Develop better guidelines to account for spatial variability in field experiments.
v) Develop technologies that do not increase spatial variability.
Geostatistics is one approach to study spatial variability, but it requires large datasets and proper
sampling designs. Another problem in applying geostatistics is the site specificity of most results. New
geostatistical techniques such as factorial kriging or indicator kriging should receive special attention when
studying heterogeneity of tropical soils. Factorial kriging provides the logical geostatistical extension into
multivariate dimensions, taking into account interactions between soil properties at different spatial scales
(43). Indicator kriging (11) or other "soft" approaches could be alternatives to solve the "parameter crisis"
(lack of quantitative datasets) in the tropics, because they can use qualitative information that is easy to
gather directly in the field. Co-spatial soil and crop surveys (58) can be powerful tools to study soil-crop
relationships over a much wider range of combinations. Used as exploratory tools, they can help us to
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identify indicators of variability with respect to their influence on crop performance. In order to identify
common factors at similar scales of variability and to allow transferability across sites, soil/crop data need
to be collected and analyzed using the same methods at different sites.
We need to account for field-scale variation in order to better design and interpret field experiments
in the tropics. Our study indicated that large plot sizes may be required to overcome the problems
associated with soil variability in tropical acid soils. Information generated from such experiments should
enhance our ability to apply research results to farmers' land conditions.
Chauvel et al. (23) have summarized the need to study soil variability in the following statement:
"All variations in the environment, no matter whether they are caused by natural conditions (climatic, tectonic)
or by human action (deforestation, cultivation), trigger transformations that show an orderly pattern in time
and space. We simply have to discover this orderly pattern, instead of negating the existence of variations or
regarding them as artifacts of the analysis. "
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Foreword

Dr.Antonio Turrent Fernandez

Fertilizer has become a basic input of both modern and traditional crop production
throughout the world. A great share of the 1.35 billion hectares of the world farmland is
fertilized with 138 million tons of N, P2O5 and K2O units every year. Fertilizer along
with other imputs such as improved crop cultivars, pesticides and irrigation water, have
been central factors of success in the historical race between population and world food
supply.
Access of world farmers to fertilizer in not equal, by any means. The average world
fertilizer treatment 57-27-18 (N-P2O5-K2O) is low, even after accounting for the sizable
share of low quality farmland which cannot be fertilized because of short term
economics. Worldwide differences in (a) farmer access to production resources and to
technology, (b) crop commercial value, (c) national availability of foreign exchange, (d)
public policy, (e) market and infraestructure development, and other factors, are
associated with stark differences in the intensity as well as in the efficiency of fertilizer
use in the world.
Public concern for the detrimental impact of intensive fertilizer use on the ecosystem is
growing rapidly in the industrial world. The intensive use of fertilizer and of other
agrochemicals has been identified as a factor in (a) contamination of deep water
reservoirs, (b) global climate change (c) eutrophization of the ecosystem, and of other
negative ecological impacts. Meanwhile, traditional farming systems of the world
continue to starve for fertilizer, and their contribution to increasing the world's food
supply remains well below agronomic potential.
Both extremes in intensity of fertilizer use point to the necessity of developing new
fertilizer technology that will be more efficient both in economical and in ecological
terms.
The papers presented in this Symposium ID-19 cover topics that are relevant to fertilizer
use in the industrial world and in the developing world.
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Leading Experiences in Relation to an Increased Efficiency
of N Fertilizers
B.R. Bock. Agricultural Research and Practices, Tennessee Valley Authority,
Shoals, Alabama 35660, USA.

Muscle

Abstract. The urgency for improving fertilizer N use efficiency (NUE) has increased with mounting
concern for environmental impacts of N fertilizer use. Two critical requirements for improving
NUE are better prediction of optimal N fertilizer rates on a site-specific basis and increasing N
uptake efficiency by the crop at optimal N rates. This paper reviews advances in improving NUE
from the following TVA focus areas involving U.S. maize and wheat production systems: (i) sitespecific prediction of optimal N rates in the more humid eastern regions of the United States and
(ii) systems optimization of enhanced ammonium nutrition (EAN) for improving N uptake efficiency
and crop productivity. Key advances in predicting optimal N rates have been: (i) determining that
residual nitrate from the previous cropping season is of practical significance in the more humid
eastern regions, as well as the drier regions, of the United States; (ii) extending the preplant nitrate
test (PPNT) from the semi-arid Great Plains to the upper Midwestern states of Minnesota, Wisconsin,
and Michigan; (iii) development and adoption of the pre-sidedress nitrate test (PSNT) for identifying
N sufficient sites, with greatest success in Iowa, and the Northeast and mid-Atlantic regions; and
(iv) development of measurements of leaf greenness with chlorophyll meters as an index of N
status of maize and wheat. Key advances in systems optimization of EAN have been determining
that: (i) maize and wheat both have significant physiological potential for enhanced growth and
grain yield when supplied with EAN, especially during growth stages when number of kernels is
established; (ii) sufficient variation in response to EAN exists among maize and wheat cultivars to
enable selecting/developing "ultivars for enhanced response to EAN, (iii) higher levels of soil CI
and/or K are required to optimize EAN vs. N0 3 nutrition; (iv) NH4 applied with a nitrification
inhibitor should be placed in the root zone to assure adequate positional availability of the NH4; and
(v) inhibiting nitrification of NH4 applied as a late sidedressing for maize has been shown to delay
N availability and reduce NUE due to enhanced immobilization of N in soil organic matter.
Introduction. The urgency for improving fertilizer N use efficiency (NUE) has increased with
mounting concern for environmental impacts of N fertilizer use such as N0 3 contamination of
waters (1,2) and N 2 0 emissions into the atmosphere (3). The most critical requirement for improving
NUE is better prediction of optimal N rates on a site-specific basis. This holds promise for avoiding
overapplication of N while maintaining or improving profitability of N fertilizer use. The second
most critical requirement is to increase N uptake efficiency by the crop at optimal N rates, leaving
less N for potential adverse environmental impact. This paper reviews advances in improving NUE
from the following TVA focus areas involving U.S. maize and wheat production systems: (i) sitespecific prediction of optimal N rates and (ii) systems optimization of enhanced ammonium nutrition
(EAN) for improving N uptake efficiency and crop productivity.
Advances in Site-Specific Prediction of Optimal N Rates. Much of the recent emphasis on
improving prediction of optimum N fertilizer rates in the United States has been in the more humid

eastern regions (4). The residual N0 3 test has been widely accepted in the drier regions of the
United States (5), but a site-specific N soil test has not been widely accepted in humid and subhumid
regions. Development of a site-specific N soil test is particularly important in these regions because
of relatively high potential for excess moisture and loss of agricultural N to the environment.
The traditional approach for predicting N fertilizer needs for maize and other grain crops in the
humid regions of the United States has been as follows:
Predicted N Need = (N factor x Expected yield) - N credits

[1]

where the N factor is based on general estimates of N contained in the crop per unit of yield (internal
N requirement) andfractionof N recovered by the crop, and N credits are based on general estimates
of N mineralization for a given region and/or set of soils, previous legume crops, and organic
amendments. In humid and subhumid regions, residual N0 3 traditionally has not been credited
because it was considered to be an unreliable source of N for the next crop. The traditional approach
involving Eq. [1] gives good general estimates of N need but lacks year and site specificity.
One key advance for improving specificity of N credits has been determining that residual N0 3
from the previous cropping season is of practical significance in the more humid regions as well as
drier regions of the United States, especially following dry years and/or manure applications (4).
This has resulted in extension of the preplant nitrate test (PPNT) from the semi-arid Great Plains to
the upper Midwestern states of Minnesota, Wisconsin, and Michigan where soils remain frozen
during most of the winter, minimizing overwinter losses of residual NO r In these states, the PPNT
involves adjusting N rates based on soil N0 3 levels to a depth of 60 or 120 cm just before planting
maize.
The utility of the PPNT for improving the accuracy of N fertilizer recommendations for maize in
humid regions is illustrated in Fig. 1. Economic optimum N rates for maize in a series of experiments
on two silt loam soils in Wisconsin are presented vs. PPNT levels. Without the PPNT, the same
standard N rate recommendation (160 kg N ha') would have been provided in all experiments.
However, the economic optimum N rates varied from 0 to approximately 180 kg N ha1, depending
on soil N03-N content. These results show that the PPNT effectively improves the accuracy of N
recommendations for maize through site-specific adjustments for soil N03-N in the upper Midwestern
region of the United States.
Conditions favoring high spring N0 3 levels in humid regions include: low precipitation, low
percolation soils, soils conducive to deep rooting, and excess N inputs (7). Preliminary results
suggest that the utility of the PPNT may be limited on sandy soils in humid and subhumid regions,
but further research is needed to substantiate this. The utility of the PPNT may be lower in regions
to the south and east of the upper Midwest because of increases in precipitation over
evapotranspiration and less influence of frozen soils in the winter. The utility of the PPNT may be
limited in the southeastern United States because of limited capacity of soils to retain nutrients and
water, high annual rainfall, and warm winters (8).
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Fig. 1. Economic optimum N rates for maize vs. PPNT levels on two Wisconsin soils (6).
Another key advance for improving specificity of N rate recommendations has been development
of the pre-sidedress nitrate test (PSNT) which involves measuring NO, in the upper 30 cm of soil
when maize is 15 to 30 cm tall (9). This sampling time is a compromise between the need to sample
late enough to reflect effects of spring weather conditions on N availability and early enough to
enable use of the test results for recommending sidedress N fertilizer applications. The PSNT is
primarily an index of N mineralization whereas the PPNT mainly reflects residual N0 3 .
A typical relationship between relative yield (check yield divided by plateau yield) and PSNT levels
for 221 site-years in Pennsylvania, Delaware, and Maryland is presented in Fig. 2. The critical level
of 22 mg NO,N kg soil', relatively large scatter of points in the N responsive range, and much less
scatter of points in the N sufficiency range are typical of most evaluations of the PSNT. In this
example, almost all the sites with PSNT values greater than 22 mg NO, kg soil-' received a significant
organic input (defined as a forage legume grown on the site or a manure application) in the two
years prior to the PSNT test. Only 4 of the 91 nonorganic sites had values greater than 22 mg NO,N
kg soil'. Thus, there probably is little value in using the PSNT as a test of N sufficiency on unfertilized
nonorganic input sites. The PSNT has little utility for recommending N rates in the N responsive
range (PSNT values less than the critical level) because of the large scatter of points in this range.
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Fig. 2. Relative maize grain yield vs. PSNT values in the Mid-Atlantic region (10).
The clearest consensus for use of the PSNT is for maize following manure applications, mainly for
identifying sites unlikely to respond to N fertilizer and not for predicting N fertilizer needs with
PSNT levels in the N responsive range. An emerging environmentally sensitive approach is to
apply a moderate rate of manure or sewage sludge before planting and then use the PSNT to determine
whether supplemental N fertilizer is needed at sidedressing time. There is some indication that use
of the PSNT on coarse-textured soils may require soil sampling to depths greater than the standard
30 cm, especially following wet springs. There is less consensus concerning advantages of the
PSNT over traditional systems for maize following legumes. The PSNT has had a strong tendency
to underestimate availability of N from previous forage legume crops, suggesting little or no benefit
of the PSNT over traditional generalized credits for previous legume crops. Increasing traditional
generalized N credits for legumes may be as effective as the PSNT for improving prediction of N
fertilizer needs.
Implementation of the PSNT is most advanced in Iowa and the Northeast and mid-Atlantic regions.
Demonstrations in eight states from these regions showed that use of the PSNT resulted in reductions
of N use on maize ranging from 10 to 33% without adversely affecting yield (11). For these regions,
the PSNT has greatest utility for (i) diagnosing N sufficient sites resulting from mineralization of
manure and sewage sludge; (ii) warm-season crops with delayed N uptake (e.g., maize and grain
sorghum); (iii) fine-textured soils and situations with predominantly macropore flow, which are
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common in reduced-tillage systems, silt loam soils, and soils with long-term manure history; and
(iv) "normal" spring weather (4). In general, successful uses of the PSNT may be more challenging
in the southeastern United States than in regions to the north. One reason is that N mineralizes
earlier in the Southeast, resulting in greater potential for mineralized N being lost before it can be
either reflected by the PSNT or used by the crop. A second reason is that mineralized N, the primary
N pool reflected by the PSNT, generally accounts for a smaller portion of the crop's N than in
regions to the north which have higher soil organic matter levels; however, this is not necessarily
true for soils receiving organic wastes. Organic wastes likely represent the greatest opportunity for
successful use of the PSNT in the southeastern United States (12).
There are three primary problem situations that may provide opportunities for increasing the accuracy
of the PSNT (13). These problems are (i) leaching of N0 3 from the surface 30 cm prior to the PSNT
sampling, but significant amounts still remain within the root zone; (ii) leaching of N0 3 out of the
root zone after sampling; and (iii) cool wet conditions early in the season, with low mineralization
of organic-N, followed after PSNT sampling by conditions favoring mineralization. Cases (i) and
(iii) result in underestimation of soil N supply and case (ii) results in overestimation of soil N
supply. Use of a qualitative flagging system is being used in Vermont to address these problems
(13).
Recent advances have occurred in measuring leaf greenness with chlorophyll meters as an index of
the N status of maize (14) and wheat (15). Chlorophyll meter readings are correlated with leaf
chlorophyll concentrations which are in turn correlated with leaf N concentration and grain yield. A
key feature of the chlorophyll meter test is that readings tend to plateau with excess N. An advantage
of the plateau feature is that it gives more definitive threshold values for N sufficiency than do leaf
N concentrations which tend to increase with excess N. On the other hand, the plateau feature is a
limitation because it precludes use of the chlorophyll meter test for identifying situations with
excess N.
Chlorophyll meter readings vary somewhat with cultivar and environmental conditions and fluctuate
during the growing season, regardless of N fertilizer rate. Normalizing readings relative to an
adequately fertilized reference area for each sampling date compensates for much of this variation
and simplifies interpretation. Data normalization is a critical requirement for successful
implementation of the chlorophyll meter test.
Normalized chlorophyll meter readings show promise for identifying N deficiencies of maize and
wheat at a given point in time. Like other plant indices of N status, the chlorophyll meter test does
not indicate how much additional N is needed. For this reason, the chlorophyll meter test should be
used in conjunction with other diagnostic techniques, such as N0 3 soil testing. The preferred
implementation of the chlorophyll meter test is to add N in increments until the test indicates sustained
N sufficiency. This approach is most easily implemented when N can be applied on demand in
irrigation water. The chlorophyll meter test has shown some promise for use at sidedressing time
for maize; however, improvements in interpretation must be made before widespread use of the test
at sidedressing time can be expected.
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Other advances in refining N rate recommendations include recalibration of traditional
recommendations for conservation-tillage systems and refinement of general N credits for legumes
and manure. These refinements improve the general accuracy of N rate recommendations over sites
and years, but do not necessarily improve site and year specificity. Improvements in site- and yearspecific prediction of the N factor and expected yield parameters in Eq. [1] are needed.
Systems Optimization of Enhanced Ammonium Nutrition (EAN). Inhibiting nitrification and
supplying elevated NH4/N03 ratios to plant roots (EAN) has potential for both reducing N0 3 losses
to the environment and enhancing the physiological response of maize and wheat. Traditional
approaches for nitrification inhibitor use have focused only on soil aspects of reducing N0 3 losses.
In order to fully capitalize on EAN, a systems approach involving optimization of both plant and
soil factors is needed to assure efficient crop recovery and utilization of NH4.
Although both N0 3 and NH4 can be used by wheat and maize as N sources, most of the NH4 in
productive soils is thought to convert to N0 3 before being taken up by the roots (16). Use of a
nitrification inhibitor to provide EAN holds promise for increasing growth and yield of wheat and
maize due to physiological effects of N form. Significant yield increases of wheat (17) and maize
(18) have been obtained from EAN in recent studies, even when the level of N in the root zone was
nonlimiting on growth. These types of physiologically based yield increases cannot be achieved
simply by adding higher rates of N and, therefore, hold considerable promise for serving as an
economic driving force for adoption of environmentally "friendly" EAN technologies which reduce
N losses from cropping systems to the environment.
Recent greenhouse studies in both solution culture and soil indicate that wheat has significant
physiological potential for responding favorably to EAN in comparison with all N0 3 or virtually all
N0 3 . Wheat yield increases from EAN are summarized for these studies in Table 1. Grain yield
increases with EAN vs. all N0 3 in solution culture ranged from 28 to 78% and averaged 43%. With
soil as the growth medium, grain yield increases with EAN vs. virtually all N0 3 ranged from 7 to
47% and averaged 21%.
An example of typical yield and yield component responses to EAN is presented in Table 2. EAN
gave comparable increases in yield and total dry matter production and, therefore, had little or no
effect on dry matter harvest index. Grain yield increases with EAN were associated with enhanced
tillering and increased number of heads in all of the studies in Table 1. EAN generally had little or
no effect on kernel wt. but often decreased the number of kernels per head. Positive responses to
EAN occurred over a wide range of plant populations and with six cultivars.
The physiological mechanisms of response to EAN were not clear from these studies. EAN generally
increased total N uptake proportionally with dry matter. However, it is not clear whether greater N
uptake facilitated the increases in dry matter accumulation, or whether EAN increased dry matter
accumulation by some other physiological mechanism, thereby creating a greater sink for N. A
seedling growth chamber screen (24) showed increased seedling tillering without an increase in
shoot N content, suggesting that the N sink explanation is more likely.
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Table 1. Wheat cultivars and associated grain yield increases with EAN (17).
Reference

Cultivar

Grain yield increase
with EAN, %'

Greenhouse Solution Culture Studies:
(19) Heberer and Below, 1989
Study 1
Inbar
Len
Study 2
(20) Below and Heberer, 1990
Marshall
Below, unpublished data
Caldwell
IL 82-3298
Pioneer 2555
Mean
Greenhouse Studies with Soil as Growth Medium:
(21) Bock, 1987
Study 1
Len
Study 2
Len
(22,23) Camberato and Bock, 1990ab
Study A
Len
Study B
Len, Marshall,
Coteau
Len
Bock, unpublished data
•
Mean

78
28
37
34
33
50
43

47
19
19
7
15
21

'Yield increases were calculated as follows: [(plateau grain yield (PGY) with EAN-PGY with
N03)/PGY with NOJxlOO.

Table 2. Effects of N source on plateau yields and grain yield components for Len spring wheat
averaged across 800, 900, and 1000 mg N pof' (21).

N Source

N0 3
300 N0 3 + urea
Urea
LSD-.-

Grain
yield

Total
dry matter
6 F"1

26.5
30.4(15)'
31.6(19)
1.4

Heads

Kernels

no. pot"'
49.6
54.3 (10)
56.6(14)
2.6

30.3
40.1(32)
40.9(35)
2.2

' Percent increases relative to all N0 3 .
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705
780.(11)
781.(11)
44

Kernel wt.
— mg —
37.9
39.1(3)
40.5(7)
1.1

In hydroponic studies, EAN increased wheat productivity more when provided during vegetative
growth than during reproductive growth (20). Increased productivity was similar when EAN was
supplied either throughout the entire life cycle or only during vegetative growth. These results
indicate that the major benefit of EAN to wheat productivity occurs early in the plants life cycle and
that EAN needs to be supplied mainly during vegetative growth to enhance productivity. The yield
component data also suggest that early events in plant development were benefited by EAN since
productive tiller number and number of kernels per plant were the yield components affected most
strongly by EAN.
Recent field hydroponic studies indicate that maize has significant physiological potential for
responding favorably to EAN in comparison with all N0 3 . Maize grain yield and yield component
data for a five-year period are presented in Table 3. EAN increased maize grain yields in all five
years. Percentage grain yield increases were relatively consistent over thefive-yearperiod (range of
10 to 14%), despite large differences in yield level as a function of growing season and hybrid (data
not presented). In all cases, yield increases with EAN were associated with more kernels per plant;
kernel weight was not affected by EAN. Increases in kernel number with EAN were achieved by
improved filling of ear tips (i.e., less kernel tip abortion) or through an increase in prolificacy (data
not shown). These results imply that the beneficial effects of EAN are imparted during the period of
reproductive development. Separate studies involving supply of EAN at several growth stages
indicated that, for maximum yield enhancement, EAN needs to be supplied during the entire period
when reproductive potential is determined and set (i.e., between V7 and R2 growth stages) (18).
EAN did not affect rate or duration of photosynthesis.
Table 3. Effect of EAN on grain yield and yield components of maize grown in field hydroponics;
data averaged over hybrids (18).
N0 3 N/NH 4 N

1987

1988

1989

1990

1991 Mean

.
it-i
Grain yield, g plar it
187
203 165 181
203
208
224 186

100/0
50/50

158
181

100/0
50/50

552
646

692
772

689
765

630
721

695
782

652
737

100/0
50/50

284
282

274
271

300
295

264
260

262
261

277
274

179
200

TVA in-house and cooperative studies indicate significant variation among wheat (24, 25) and
maize (18, 26, 27) cultivars in response to EAN and significant potential for selecting/developing
wheat and maize cultivars for improved response to EAN. Yield responses to EAN in unpublished
field studies have been smaller and less consistent than in controlled-environment studies. Improved
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cultivars and applications of the following findings are expected to improve the magnitude and
consistency of responses to EAN. Preliminary studies suggest that higher levels of soil CI and/or K
(28,29, 30,31) are required to optimize responses to EAN. Because NH4 is much less mobile than
N0 3 in soil, NH, applied with a nitrification inhibitor must be placed in the root zone to assure
adequate positional availability of the NH4 (16). Inhibiting nitrification of NH4 applied as a late
sidedressing for maize (V6-V9) has been shown to delay N availability and reduce NUE due to
enhanced immobilization of N in soil organic matter (32). Applying NH4 and nitrification inhibitor
at or just before planting alleviates this problem.
Literature Cited.
(1) Keeney, D.R. and R.F. Follett. 1991. Managing nitrogen for groundwater quality and farm
profitability: overview and introduction, p. \-\l.In R.F. Follett et al. (eds.) Managing nitrogen
for groundwater quality and farm profitability. SSSA, Madison, WI.
(2) Hebert, Thomas R. 1992. Predicting N fertilizer needs for corn in humid regions: relevance to
public concerns and mandates, p. 1-5. In B.R. Bock and K.R. Kelley (eds.) Predicting N fertilizer
needs for corn in humid regions. Bull. Y-226. National Fertilizer and Environmental Research
Center. Tennessee Valley Authority, Muscle Shoals, AL.
(3) Duxbury, J.M., L.A. Harper, and A.R. Mosier. 1993. Contributions of agroecosystems to global
climate change, p. 1-18. In Lowry A. Harper et al. (eds.) Agricultural ecosystem effects on
trace gases and global climate change. ASA, Madison, WI.
(4) Bock, B.R., K.R. Kelley, and J.J. Meisinger. 1992. Predicting N fertilizer needs for corn in
humid regions: summary and future directions, p. 113-127. In B.R. Bock and K.R. Kelley
(eds.) Predicting N fertilizer needs for corn in humid regions. Bull. Y-226. National Fertilizer
and Environmental Research Center. Tennessee Valley Authority, Muscle Shoals, AL.
(5) Hergert, G.W. 1987. Status of residual nitrate-nitrogen soil tests in the United States of America,
p. 73-88. In J.R. Brown, (ed.) Soil testing: sampling, correlation, calibration, and interpretation.
Spec. Pub. 21, ASA, Madison, WI.
(6) Bundy, L.G., M.A. Schmitt, and G.W. Randall. 1992. Predicting N fertilizer needs for corn in
humid regions: advances in the upper midwest, p. 71-89. In B.R. Bock and K.R. Kelley (eds.)
Predicting N fertilizer needs for corn in humid regions. Bull. Y-226. National Fertilizer and
Environmental Research Center. Tennessee Valley Authority, Muscle Shoals, AL.
(7) Meisinger, J.J., F.R. Magdoff, and J.S. Schepers. 1992. Predicting N fertilizer needs for corn
in humid regions: underlying principles, p. 7-27. In B.R. Bock and K.R. Kelley (eds.) Predicting
N fertilizer needs for corn in humid regions. Bull. Y-226. National Fertilizer and Environmental
Research Center. Tennessee Valley Authority, Muscle Shoals, AL.
(8) Breitenbeck, G.A. and D.J. Boquet. 1992. Scientific basis for soil nitrate testing, p. 1-10. In
K.L. Wells and W.R. Thompson, Jr. (eds) Current viewpoints on the use of soil nitrate testing
in the South. Proc. Sym. So. Branch Am. Soc. Agron., Feb. 4, 1992, Lexington, KY, ASA,
Madison. WI.
(9) Magdoff, F.R., D. Ross, and J. Amadon. 1984. A soil test for nitrogen availability to corn. Soil
Sci. Soc. Am J. 48:1301-1304.
(10) Fox, R.H., J.J. Meisinger, J.T Sims, and WP Piekielek. 1992. Predicting N fertilizer needs in
humid regions: advances in the mid-Atlantic states, p. 41-56. In B.R. Bock and K.R. Kelley
(eds.) Predicting N fertilizer needs for corn in humid regions. Bull. Y-226. National Fertilizer
and Environmental Research Center. Tennessee Valley Authority, Muscle Shoals, AL.

640

(11) Woodward, M.D., V.A. Bandel, and B.R. Bock. 1993. p. 24. In Agronomy Abstracts. ASA,
Madison, WI.
(12) Alley, M.M. and G.K. Evanylo. 1992. Nitrate soil testing in the South: current status and
challenges, p. 15-14. In K.L. Wells and W.R. Thompson, Jr. (eds) Current viewpoints on the
use of soil nitrate testing in the South. Proc. Sym. So. Branch Am. Soc. Agron., Feb 4, 1992,
Lexington, KY, ASA, Madison. WI.
(13) Magdoff, F.R., W.E. Jokela, G.F. Griffin, and S.D. Klausner. 1992. Predicting N fertilizer
needs for corn in humid regions: advances in the northeast, p. 29-42. In B.R. Bock and K.R.
Kelley (eds.) Predicting N fertilizer needs for corn in humid regions. Bull. Y-226. National
Fertilizer and Environmental Research Center. Tennessee Valley Authority, Muscle Shoals,
AL.
(14) Schepers, J.S., TM. Blackmer, and D.D. Francis. 1992. Predicting N fertilizer needs for corn
in humid regions: using chlorophyll meters, p. 103-114. In B.R. Bock and K.R. Kelley (eds.)
Predicting N fertilizer needs for corn in humid regions. Bull. Y-226. National Fertilizer and
Environmental Research Center. Tennessee Valley Authority, Muscle Shoals, AL.
(15) Scharf, P.C. and M.M. Alley. 1993. Chlorophyll meter readings as predictors of optimum
topdress N rate for winter wheat, p. 285. In Agronomy Abstracts. ASA, Madison, WI.
(16) Bock, B.R. 1986. Increasing cereal yields with higher ammonium/nitrate ratios: review of
potentials and limitations. J. Environ. Sci. Health, A21(7), 723-758.
(17) Bock, B.R., J.J. Camberato, F.E. Below, W.L. Pan, and R.T. Koenig. 1991. Wheat responses to
enhanced ammonium nutrition, p. 93-106. In Effects of enhanced ammonium diets on growth
and yield of wheat and corn. Potash and Phosphate Institute. Atlanta, GA.
(18) Below, F.E., L.E. Gentry, and K.D. Smiciklas. 1991. Role of mixed-nitrogen nutrition in
enhancing productivity of maize, p. 1-11. 7K Effects of enhanced ammonium diets on growth
and yield of wheat and corn. Potash and Phosphate Institute. Atlanta, GA.
(19) Heberer, J.A. and F.E. Below. 1989. Mixed nitrogen nutrition and productivity of wheat grown
in hydroponics. Annals of Botany 63:643-649.
(20) Below, F.E. and J.A. Heberer. 1990. Time of availability influences mixed-nitrogen-induced
increases in growth and yield of wheat. J. Plant Nutrition, 13(6), 667-676.
(21) Bock, B.R. 1987. Increases in maximum yield of spring wheat by maintaining relatively high
ammonium/nitrate ratios in soil. J. Fert. Issues 4:68-72.
(22) Camberato, J.J. and B.R. Bock. 1990a. Spring wheat responses to enhanced ammonium supply.
I. Dry matter and nitrogen content. Agron. J. 82:463-467.
(23) Camberato, J.J. and B.R. Bock. 1990b. Spring wheat responses to enhanced ammonium supply.
II. Tillering. Agron. J. 82:467-473.
(24) Teyker, R.H., J.J. Maddox, and B.R. Bock. 1992. Response to enhanced ammonium nutrition
in spring wheat cultivars. I. screening based on early tillering response in the growth chamber,
p. 293. In Agronomy Abstracts. ASA, Madison, WI.
(25) Maddox J.J., R.H. Teyker, and B.R. Bock. 1992. Response to enhanced ammonium nutrition
in spring wheat cultivars. II. greenhouse yield evaluation of seedling screen, p. 283. In Agronomy
Abstracts. ASA, Madison, WI.
(26) Teyker, R.H. 1991. Influence of environment and genotype on response to enhanced ammonium
supply by corn. p. 12-45. In Effects of enhanced ammonium diets on growth and yield of
wheat and corn. Potash and Phosphate Institute. Atlanta, GA.

641

(27) Hopkins, A.G., Jr., R.H. Teyker, and J.L. Geadelmann. 1993. Early response to enhanced
ammonium nutrition in forty-five corn hybrids, p. 274. In Agronomy Abstracts. ASA, Madison,
WI.
(28) Koenig, R.T., and W.L. Pan. 1993. Calcium chloride enhancement of ammonium nutrition
with spring wheat, p. 276. In Agronomy Abstracts. ASA, Madison, WI.
(29) Malzer, G.L. and G.W. Randall. 1991. Response of corn hybrids to enhanced ammonium
nutrition as influenced by potassium, p. 80-85. In Effects of enhanced ammonium diets on
growth and yield of wheat and corn. Potash and Phosphate Institute. Atlanta, GA.
(30) Teyker, R.H., W.L. Pan, and J.J. Camberato. 1992. Enhanced ammonium nutrition: effects of
root development, p. 116-156. In Harold F. Reetz (ed.) Roots of plant nutrition. Potash and
Phosphate Institute. Atlanta, GA.
(31) Maddox, J.J., R.H. Teyker, and CM. Hunt. 1994. Enhanced ammonium response oftwo spring
wheat cultivars to K and CI rates in the greenhouse. Southern Regional ASA meeting. Nashville,
TN (in press).
(32) Ferguson, R.B., J.S. Schepers, G.W. Hergert, and R.D. Lohry. 1991. Corn uptake and soil
accumulation of nitrogen: management and hybrid effects. Soil Sci. Soc. Am. J. 55:875-880.

Fertilizer Technology for Increased Fertilizer Efficiency in
Paddy Rice Fields
Upendra Singh* and Roland J. Buresh. International Fertilizer Development
Center-International Rice Research Institute Cooperative Program, Los Banos,
Philippines and International Center for Research on Agro-forestery, Nairobi,
Kenya.
Introduction. Fertilizer has played and will continue to play an important role in increasing rice
production. However, fertilizer use in the soil-plant-atmosphere continuum must be managed
effectively to ensure productivity, stability and sustainability of agroecosystems without
degradation of other physical resources. Our concern becomes more emphatic when nearly all
fertilizers consumed in the developing world are imported. Increasing effectively and
economically the productivity of rice paddy fields, while reversing degradation and yield
stagnation proceses and reducing fertilizer losses, requires a considerable amount of basic and
strategic research and technology transfer efforts. The nutrient dynamics in these sytems, the
flux of nutrients into and out of various pools, need to be understood, monitored, and managed
carefully. Such effort would facilitate proper identification of technologies for management of
nutrient inputs that would ensure the long-term productivity and regeneration of paddy fields
without contaminating the environment. Productivity of paddy rice fields can be enhanced,
maintained or restored by integrated management of nutrient inputs involving judicious increases
in application of inorganic fertilizers and organic manures based on soil testing and crop
demand, biological exploitation of native fertility and biological nitrogen fixation (BNF), and
use of locally available agrominerals such as phosphate rocks and liming material.
In the past much of our attention has focused on nutrient transformation and management
during the rice crop, and rightfully so. It is only recently that International Fertilizer
Development Center (IFDC) - International Rice Research Institute (IRRI) Cooperative Program
has redirected its attention to the generation and development of management strategies focused
on the production system approach in order to sustain productivity and protect the resource base.
The variability of production management of the different rice-based crops may offer advantages
as well as disadvantages to the production system and to the resource base. The paper highlights
past and on-going efforts and future directions for improving fertilizer use efficiency in paddy
rice fields with emphasis on nitrogen.
Fate of Nitrogen Fertilizer in Paddy Fields. Nitrogen is the most important nutrient added to
rice cropping systems. Lowland rice is highly responsive to N fertilization and the high yield
potential of modern varieties cannot be realized without adequate N supply during the entire
growing season. Paddy soils are unable to maintain an adequate supply of N without fertilization
to match the removals and losses associated with high productivity . On the other hand there
is usually little response to phosphorus and potassium, presumably due to high availability of soil
phosphorus and potassium in most submerged soils. In Asia, 60% of the N fertilizer consumed
is for rice production (Stangel and De Datta, 1985). Despite the extensive research on N
budgets in lowland rice, the efficiency of fertilizer N in rice paddy fields is generally poor,
largely due to losses of 40-70% of the fertilizer N from the soil-plant system (Craswell et al.,
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1984; Vlek and Byrnes, 1986) and unavailability of N at critical growth stages (Zhu, 1988; De
Datta and Buresh, 1989). Nitrogen supply either as inorganic fertilizers, organic residues or
farmyard manures places a major constraint on the productivity of rice.
Nitrogen loss mechanisms. Ammonia volatilization and emission of N2 and N 2 0 following
nitrification-denitrification are important N loss processes in rice paddy fields (Fillery and De
Datta, 1986; De Datta, 1987). Runoff losses during the wet season and leaching losses,
particularly in paddy fields with high percolation rates, are as important.
Ammonia volatilization. In irrigated lowland rice with good water management, ammonia
volatilization is the dominant loss mechanism. Direct measurements have indicated that 5-47%
of applied N is lost by volatilization depending on season - temperature, rainfall, windspeed,
solar radiation -; soil pH; and CEC (Fillery et al., 1986; De Datta, 1987; De Datta and Buresh,
1989; Zhu et al., 1989). While basal urea application on saturated soil without standing water
rather than delayed broadcast application can reduce N losses and frequently increases grain
yield, there is still substantial gaseous losses ranging from 15 to 60% cf applied N occurring
with basally incorporated urea (De Datta et al., 1987; Cai et al., 1986; Fillery et al., 1986).
Of the currently prescribed N timing in irrigated rice - basal, maximum tillering stage, 5-7 days
before panicle initiation and at heading -, the lowest recovery in general is at basal
incorporation. It is thus imperative that basal N losses be reduced.
The key to curbing N losses is to reduce the proportion of ammoniacal-N left in the
floodwater and hence reduce the partial pressure of ammonia in the floodwater. This could be
achieved through (i) improved application methods: increasing the degree of fertilizer
incorporation, deep placement of urea and liquid urea band injection (Padilla et al., 1990); (ii)
reducing the rate of urea-N buildup by use of slow- and control-release fertilizers, urease
inhibitors (Buresh et al., 1988), and split applications; (iii) use of algicides to suppress increase
in pH during the daytime due to algal activity - a unit increase in pH above pH 7 could cause
10-fold increase in volatilization loss (Muirhead et al., 1989); and (iv) use of surface films to
reduce the emission rate constant of NH3 from floodwater (Simpson and Freney, 1988).
Nitrification-denitrification. Nitrification and denitrification reactions occur simultaneously in rice
paddy fields where a thin oxidized surface layer overlies a thicker reduced soil layer. Nitrate
formed by nitrification in the oxidized soil layer diffuses into the reduced soil layer and is lost
by denitrification, mostly as N2, and relatively smaller amounts (5-12%) as N 2 0 and NO. Direct
measurements have shown that denitrification is a relatively minor N loss pathway, with losses
ranging from 0-13% of applied N (Buresh and De Datta, 1990; Mosier et al., 1989; Banerjee
et al., 1990). The directly measured denitrification losses suffer from high variability and
underestimation because: (i) there is inherent high soil variability of nitrification-denitrification,
(ii) entrapped N2 and N 2 0 are not accounted for, and (iii) some measurements do not include
gaseous evolution through plants. The rates of nitrate formation and ammonium diffusion are
the main factors controlling N loss by denitrification (Reddy and Patrick, 1986). Availability
of soluble carbon as energy source for denitrifiers is not a limitation for denitrification in rice
paddy fields (John et al., 1990; Bronson et al., 1993).
The emission of nitrous oxide from rice paddy fields is of great interest because N 2 0
contributes to global climate change and atmospheric chemistry. The current assessment is that
it contributes approximately 5 % of the global warming potential of the greenhouse effect (Rodhe,
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1990). N 2 0 is the major source of stratospheric nitric oxide, one of the predominant catalysts
for ozone removal (Crutzen, 1976). Nitric oxide (NO) also plays an important role in the
chemistry of the atmosphere and is believed to contribute to an increase of tropospheric ozone
concentration. In general, below field capacity the net production of NO exceeds N 2 0, whereas
above field capacity the opposite occurs (Davidson, 1992). Circumstantial evidence indicates
that nitrification is the main process for NO production. Factors affecting the production and
emission of these gases, however, are not well understood.
Soil drying. Soil drying and oxidation of soil layers may occur in rainfed environments which
have erratic rainfall during rice cropping and in irrigated as well as rainfed ecosystems between
the rice crop. Either situation promotes nitrification and subsequent loss of nitrate-N due to
denitrification and/or leaching on reflooding the field. Reported losses have been comparable
with or even higher than those occurring just prior to the initial fertilizer application in
completely flooded paddy fields (Buresh et al., 1989). Due to labor constraints many rice
growing countries are opting for direct seeded rice over transplanted rice. Since the field is not
flooded immediately large quantities of soil and fertilizer N are nitrified and denitrified
(unpublished data, IFDC-IRRI Cooperative Project). Hence it is essential to develop
management- paractices to reduce N losses.
NH3 volatilization and denitrification have been regarded as complementary loss
mechanisms (Fillery and Vlek, 1986; Simpson and Freney, 1988); depression of both processes
must be considered simultaneously in reducing N loss. However, due to its environmental
threat, reducing denitrification loss is more important. Our current research effort in rainfed
environments focuses on reducing denitrification and leaching loss by assimilating soil nitrate
in plant biomass, using deep-rooting and drought tolerant crops to take up N and moisture, and
thereby reduce nitrification rate, and incorporation of wax-coated calcium carbide during land
preparation and sowing to reduce N 2 0 production during wetting and drying sequences before
the flooding of paddy fields in dry-seeded rice.
Continuous submergence. Continuous submergence and puddling limits nitrification and N losses
due to denitrification and leaching. Also under flooded conditions weeds are less problematic
and nutrients such as P have enhanced availability. However, continuous submergence with
build up of organic matter, slow percolation rate, low mineraliztion rate and accumulation of
reduced substances may result in lower absorption of N by the rice plant (Park et al., 1990; Pan
et al., 1986). Indirectly, long term continuous flooding and puddling results in low bulk density
(high organic matter), shallow tillage (poor trafficability) and, consequently, poor physical
support for the rice plant (higher incidence of lodging and disease). Occasional drying and
oxidation of soil layers seem to be the key towards improving N supply and soil health.
Synchrony of fertilizer N supply with plant N Demand. Efficient use of applied N is
dependent on management of indigenous soil N and biological N fixation. Even when a
recommended dosage of fertilizer N is applied, almost two-thirds of the N requirement is derived
from soil N (Broadbent, 1984). However, only in highly productive rice fields will soil N
supply match plant N demand.
N supply. N supply is dictated by soil N transformations, losses over the long term, abundance
of roots, previous cropping history, and climatic, edaphic and management factors. Plant
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growth is greatly affected by the supply of N. Typically the supply of N to plants at the
beginning of the season is relatively high and becomes lower as the plant reaches maturity
(Figure 1). The increased supply of N may be attributed to incorporation of readily
mineralizable organic residues, effect of tillage/puddling, and favorable water and temperature
regimes. However, one must be cautious about foregoing early N application. The potential
uptake of N from a layer is constrained by the availability of water, soil temperature, the root
length density and the concentration of N in that soil layer. There are few roots present (for N
acquisition) early in the season, and the critical N concentration requirement for young seedlings
is much greater than that for mature plants. Also, the efficiency with which rice roots acquire
N from the soil and flood water system will vary with genotype, root age, and temperature. A
small amount of basal N (not higher than one-third of the total amount or 30 kg N ha1) therefore
should be applied for better crop establishment and overcoming transplanting shock.
Soil N supply in irrigated rice is primarily dictated by pre-rice management. In flooded
fields with anaerobic conditions, mineralized N or fertilizer N remains in ammonium form and
is the principal form of N taken up by the rice plant. At the end of cropping, soil ammonium
N is typically low due to plant uptake where plant N demand generally execeeds N supply. In
aerobic soils ammonium N is oxidized to nitrate. Intermittent wetting and drying stimulates N
mineralization and nitrification: the Birch effect. The fate of this nitrate-N has an immense
effect on the following flooded rice crop and the environment; for example, if recovered as
organic N in crop residue, it provides residual N for rice; however, if accumulated as soil
nitrate, it is prone to losses by leaching and denitrification on flooding (Figure 2). Greenhouse
as well as field studies have shown up to 10-fold increases in N 2 0 emission during the pre-rice
stage compared with irrigated lowland rice.
Table 1.

Effect of in situ growth of Sesbania and water regime on yield and N
accumulation of the following wet season rice crop.

Water regime for the last 25
days of the pre-rice crop*

Grain yield (t ha"1)
Weed-free
fallow

Sesbania

N accumulation (kg ha"1)
Weed-free
fallow

Sesbania

Nonflooded

1.8

3.6

34

78

Fully flooded

2.4

3.4

48

74

* At 5 days before rice transplanting the pre-rice crops/treatments were incorporated, and soil
flooded and puddled (Source: Buresh and De Datta, 1991).
The management practices preceeding the flooded rice crop which may reduce soil nitrate
accumulation and its subsequent losses are: upland crop, green manure, weedy fallow, and use
of nitrate inhibitors. As illustrated in Table 1, Sesbania effectively recycled soil N to the rice
in terms of higher yields and N accumulation in the following wet-season rice. The greater yield
difference between nonflooded pre-rice treatment of Sesbania and weed-free fallow is due to
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uptake of soil nitrate by Sesbania and its release to rice, while in the weed-free nonflooded water
regime soil nitrate was lost via denitrification and leaching.
Nitrogen management practices - timing, rates, etc - based solely on inorganic fertilizers
need modification to accomodate integrated use of fertilizer N with organic sources of N
(farmyard manure-FYM and crop residue). Results from IFDC-IRRI trials in Vietnam have
shown that basal application of N could be omitted when 6-10 t ha"1 FYM (40 kg N ha') is
applied. When the harmful effects due to environmental pollution is taken into account, shifts
in N management, particularly with respect to sources, would occur. Use of organic residues
which promote CH4 prodution need to be curbed while use of sulfate and other forms of N
which could reduce CH4 production should be encouraged. Likewise, cultural practices, such
as mid-season drainage which has been shown to drastically reduce CH4 emission, need to be
re-evaluated.
Plant N demand. Plant growth under nonlimiting conditions is dependent on incident solar
radiation, temperature, and genotype. In addition, rice yields in irrigated lowlands are greatly
affected by pests and disease, and the supply of N. In problem soils P deficiency, micronutrient
deficiency, Al toxicity, acidity, and B toxicity are the major causes of low rice yield.
Uncertainty of water availability (drought/flooding) is the principal yield-constraining factor in
rainfed environments.
In irrigated and favorable environments, the supply of N to plants at the beginning of the
season is relatively high and becomes lower as the plant reaches maturity (Figure 1). The soil
N supply was supplemented by 80 kg N ha' topdressing at 15 days after transplanting (DT) and
40 kg N ha"1 topdressing at 32 DT. The increment in plant N uptake illustrates the direct effect
of N fertilization. Plant N uptake in the 15-day period after first topdressing by N difference
(N uptake with 80 kg N ha"1 minus N uptake without fertilizer N) was equivalent to 38% of N
applied. Since the extractable soil N in the fertilized treatment was similar to the N0 treatment
(Figure 1), most of the fertilizer N not accounted for by plant uptake was hence lost from the
system. Likewise for the second application, plant uptake after 15 days was 65% of applied N.
N recovery is therefore much higher and N loss lower when plant N demand is greater. The
results also indicate that by heading (68 DT) there was a deficit in N supply and a topdressing
at heading could have resulted in additional N uptake and higher grain yield.
The concentration of N in plant tissues also changes as the plant ages. At any time there
exists a critical N concentration in the plant tissue below which growth will be reduced (Figure
3). Nitrogen demand by a crop is based on "deficiency demand" and "new growth demand".
Deficiency demand is the amount of N required to restore the actual N concentration in the plant
to the critical concentration. This deficiency demand can be quantified as the product of the
existing biomass and the concentration difference between the critical and actual N levels. The
demand for N by new growth assumes that the plant would attempt to maintain a critical N
concentration in the newly formed tissues. During the early stages of plant growth the new
growth component of N demand will be a large proportion of the total demand. As the crop
biomass increases the deficiency demand becomes the larger component. During grain filling,
some of the N required by the grain is removed from the vegetative pool to form a grain N pool.
The resultant lowering of concentration in the vegetative pool may lead to increased N demand.
Optimum timing of fertilizer N application is thus crucial if plant N demand is to be met.
In addition plant N concentration must exceed critical levels at early and mid-tillering stages to
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maximize panicle number and at reproductive and ripening stages for optimum number of
spikelets per panicle and high percentage of filled spikelets, respectively.
Fertilizer Nitrogen Use Efficiency. The efficiency of fertilizer nitrogen is dependent on the
recovery efficiency of the rice crop and physiological or production efficiency of N taken up by
the crop. The ultimate goal of any N management strategy is the efficient use of nitrogen
fertilizer for maximum production of grain yield. The recovery efficiency of N is dependent
on root environment and physiochemical and biological characteristics of the soil. Physiological
efficiency, on the other hand, is dictated by the crop characteristics or genotype. The agronomic
efficiency (grain yield increase per unit applied N) is the product of recovery efficiency (increase
in plant N per unit of applied N) and physiological efficiency (grain yield increase per unit
increase in plant N).
Under paddy conditions, increased nitrogen use efficiency, in terms of increased grain
yields and lower volatilization and denitrification losses, can be achieved by thoroughly
incorporating fertilizer nitrogen, proper fertilizer N timing, placing it deep into the soil, or by
the use of controlled-release fertilizer. The latter reduces losses and increases plant utilization
by reducing the burst of biological and chemical activities when fertilizer is applied with slower
releases of nutrient into floodwater, and by ensuring that the release coincides with plant demand
for this nutrient. The grain production efficiency of nitrogen taken up by the plants may be
influenced by the nutritional balance in the plant, abiotic stress (water, temperature) and biotic
stress (disease, weed competition, etc).
Past and on-going research with irrigated lowland rice at IRPJ has shown that nitrogen
use efficiency differs among cultivars. Differences exist in their ability to efficiently use soil
N (De Datta and Broadbent, 1988) and to support biological N fixation (Ladha et al., 1988).
Most of these differences have been attributed to differences in growth duration among the
cultivars. Generally, the longer the duration of the genotype, the higher is its N recovery.
However, results of a recent study with genotypes of similar growth duration suggest
diferences in N use efficiency for a given N input. The genotypic differences may be due to (i)
improved N acquisition (higher root distribution, ability to utilize subsoil N, higher N uptake
per unit root length, lower root senescence, and rhizospheric effects on N mineralization and
BNF resulting from interaction of the roots and diazotrophs), and (ii) improved N utilization
(lower internal N requirement - more biomass production per unit N, greater and more efficient
translocation and remobilization of N to the actively growing organs).
Simulating N Dynamics. Lowland rice soils undergo many different N transformations.
Seasonal variation in moisture regime, resulting in repeated saturation and drying, causes
substantial variation in the rates of mineralization of organic matter. The rewetting and drying
of soil in the rice cropping system may occur between rice crops in the favorable rainfed or
irrigated environments, or during rice growth in environments with inadequate or irregular water
supply. Inundation of soils following dry spells results in losses of nitrate via leaching or
denitrification. In flooded soils, ammonium-N accumulates as organic matter is mineralized
because the conversion of ammonium to nitrate is restricted by lack of oxygen. Nitrogen is lost
from flooded systems mainly by ammonia volatilization or is rendered temporarily unavailable
to the rice crop by immobilization. These processes will vary in importance in the different
climatic and edaphic environments of the tropics.
Cultural practices, including tillage and method of crop establishment, play an important
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role in managing N for lowland rice. Nitrogen management for a rice crop established by
transplanting would differ from management for a crop established by broadcasting germinated
seeds. Likewise, N dynamics and fertilizer management would differ for rice sown on aerobic
nonpuddled soil and rice growing as an upland crop until irrigated or sufficient rainwater
accumulates for flooding. Cultural practices after the rice crop - for example, growing upland
cereals, leguminous crops, or having a weedy fallow or weed-free fallow - may have substantial
residual N value for the subsequent rice crop (Buresh et al., 1989; unpublished IFDC/IRRI
collaborative research). Inadequate supply or mismatch between N supply from soil and N
demand by the crop, either spatially in the soil profile or temporally during the growing season,
will lead to reduced yield. Excess N supply can cause yield losses because of lodging or
through aggravating water stress in unfavorable rainfed environments.
Given (a) the need to improve the efficiency of N use by the rice crop because of its
direct effect on productivity, (b) the increasing awareness of reducing environmental degradation
due to N losses, (c) the many N transformations that are possible, and (d) the large impact of
climatic, edaphic and management factors on fertilizer use efficiency, it is impossible, on the
basis of a limited number of field experiments, to recommend a single fertilizer management
strategy that is optimal. Computer simulation models that allow the user to predict the
performance of particular fertilizer strategies in relation to local soil and weather conditions have
considerable potential in this regard. In particular, simulation models that can predict the effects
of weather, soil properties, and crop management on 1) the major transformations of N in the
soil and floodwater, 2) the processes of crop development and growth, 3) the water balance, and
4) N uptake dynamics, could contribute to our understanding and also provide insights into N
fertilizer management in rice cropping systems.
Currently there are two widely used crop models for lowland rice, CERES-Rice model
(Singh et al., 1993) and ORYZA-1 (Kropff et al., 1993). The CERES-Rice model simulates
soil, floodwater and plant N dynamics (Godwin et al., 1990; Buresh et al., 1991; Singh, 1993)
Gaps in Knowledge. With increasing concerns about emissions of such greenhouse gases as
methane and nitrous oxide from rice fields, a common blame-it-all-on-fertilizer attitude, and the
urgency to produce more rice to meet the increasing food demand, it is critical that fertilizer
management practices be environmentally sound, economically feasible, and socially desirable.
To achieve this, nutrient transformation processes, mechanisms, and their interaction with major
abiotic and biotic factors need to be understood. There are several gaps in our knowledge base;
for example, a major N transformation process, nitrification, is not well quantified under
lowland rice conditions. As a result, the importance of denitrification may not be fully
appreciated. The effect of continuous flooding on N availability and consequently N
management, particularly in the tropics, needs additional research.
Conclusions. Fertilizer technologies for increased fertilizer use efficiency need to be developed
and monitored for the entire rice cropping system and not just for the rice crop. Most of the
denitrification losses and gaseous emissions of nitrous oxide occur during the establishment/land
preparation phase for the rice crop following a fallow or upland crop. It is essential to develop
flawless fertilizer management strategies for lowland rice at maximum production levels with
minimum environmental contamination. It is envisaged that such strategies would deter the
opening up of unsuitable lands for rice-based cropping, maintain and improve the resource base,
and create a sustainable production system. As more quantitative information on nutrient
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transformation processes in paddy rice fields becomes available, computer simulation models and
expert systems will become reliable tools for research and management, and will provide new
and innovative ways to increase rice production and improve fertilizer efficiency.
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The European Experiences in Fertiliser Technology for
Increasing Fertiliser Efficiency for Food Crops
E. Andres. Kali und Salz AG , P.O. Box 10 20 29, D-34111 Kassei, Germany.
Abstract
Falling farm prices and lower returns from plant production have caused a negative trend in fertiliser use in Europe in the last 4 y e a r s . Whereas farmers in
Western Europe carefully diminish fertiliser application to find the new optimum,
the remnants of state farms and cooperatives in the former socialistic states of
Eastern Europe nearly omitted fertiliser use after the opening of the iron
curtain and the breakdown of their markets for agricultural produce.
In this situation new ways have to be found to improve the efficient use of
fertilisers for food crops following the target of integrated cropping as a means
for economically and ecologically sound agriculture. To keep up with this t a r get, fertiliser prognosis has to be more site-oriented, because neglecting the
influence of site factors gives rise to lack of precision in fertiliser r e commendations .
For the presentation of a concept for formulation and propagation of
specific fertiliser recommendations the nutrient potassium was chosen.

site

Based on a dense network of long-term K fertiliser trials on different sites,
automated management of information is achieved b y means of a geographic information system. This system is capable of identifying all areas which are
cartographically compatible with the site factor combination of the area under
study. Within the calculated validity areas>experimentally confirmed information
for ecologically and economically optimising the soil K status and K fertiliser
rates will be made available to farmers and advisors for a given site and crop.
Introduction
About 150 years after mineral fertilisers have been introduced into farming
practice based upon the works of Sprengel and Liebig agricultural sciences are
still striving for their optimum use in satisfying the nutrient requirements of
crops and ensuring yield and quality of produce.
During the initial stage of fertiliser use in Europe it was essential to increase
the nutrient content of agricultural land, which had been exhausted for centuries by nutrient transfers from the rural regions to the establishing urban
areas. To ensure the food supply of a rapidly growing population was both a
societal task and political challenge. Mineral fertilisers were the only nraans
- to generally raise the level of soil fertility,
- to increase the production of food crops in total and per unit of the agricultural area,
- to overcome the system of 'local nutrient concentration 1 b y 'extended
haustion' ,
- to stop the process of deforestation for land reclamation.

657

ex-

After world war II the common interests of agricultural politics in Western
European countries were decisive factors for the foundation of the European
Economy Community (EEC). The contracts of Rome signed in 1957 aimed at increasing the productivity of agriculture, guaranteeing the food supply of the
population at adequate prices, stabilising the markets and creating a p r e ferential position for the 6 member companies. Today the European Union (EU)
as the successor of EEC is consisting of 12 member countries with a total population of 325 million and an agricultural area of 128 million hectares.
In Eastern Europe the adequate food supply of the population was estimated to
be a decisive element for the stability of the socialist system. Within the
COMECON, which was founded in 1949, the countries behind the iron curtain
tried to rationalise and optimise industrial and agricultural production b y
central planning. The system was constructed in a manner mainly serving the
needs of the farmer USSR, which in food supply never reached self-sufficiency.
Eastern Europe, without the farmer USSR, has a population of 128 millions and
an agricultural area of 70.6 million hectares.
In both Eastern and Western Europe agricultural production was supported
through fixed product prices and in the socialist countries, moreover, b y low
prices for farm means (e. g. fertilisers) due to the rouble-clearing. Fertiliser
use, therefore, was highly profitable in Europe and together with nutrient
supply in form of manure, slurry and imported foodstuffs often exceeded the
nutrient removal from fields.

Fig.1:

Simple effect of crop production factors over a 30-year average
Marton vésér, 1960-1990
Fertilisation 31% • Cultivar 28% • Weed control 17% • Plant number 21% • Deep ploughing 3%

Grain yield
Without fertilisation: 1.97 t/ha
Open-pollinated variety
Low plant number
Shallow cultivation
^ K
Poor weed control

With fertilisation: 8.37 t/ha
Hybrid
High plant number
Deep cultivation
Good weed control

This contribution is aiming at presenting the present status of fertiliser use in
Europe and b y taking potassium as an example, at demonstrating how the efficiency of fertiliser use could be improved in the near f u t u r e .
Fertiliser use in European agriculture
Highly developed production techniques including sufficient and balanced fertiliser use (Fig. 2) enable Europe to produce 16 % of the global cereal p r o duction and 24 % of the global meat production on only 9 % of the world's agricultural area (Fig. 3 ) .
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Fig. 2: Europe's share in world fertilizer consumption 1990/91
(FAO, 1992)
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At present Western European farmers are supplying the population with sufficient amounts of high quality food and even Eastern European agriculture is
able to feed people. Moreover, referring to their potential^both regions could
export remarkable quantities of agricultural produce ( e . g . cereals, sugar, meat)
to the world markets. But the limitations for exports are obvious: as a result of
the GATT negotiations Western Europe has to reduce agricultural production.
The European Union is shifting its politics from supporting farm prices towards
area-related payments to farms. Set aside programs meanwhile cover about 6.3
million hectares, that means 8 to 10 % of arable land. In Eastern Europe the
breakdown of the Comecon trade system based on transfer roubles in 1991 has
nearly totally stopped the export of goods to the former USSR because of the
lack in convertible currencies. Farm prices have dropped to one third of the
1989 level, entirely questioning the profitability of production.
Falling farm prices and lower returns from plant production have forced farmers
both in Western and Eastern European countries to reduce inputs e . g . fertiliser
use. Whereas farmers in Western Europe carefully t r y to find the new optimum,
the remnants of state farms and cooperatives in Eastern Europe, burdened b y
the lack in financial liquidity and threatened b y privatisation and restructuring,
nearly omitted fertiliser use in the last four years mainly in the case of P and
K (Fig. 4, 5). This was possible without running the risk of a breakdown in
yields in the short-term run where soil fertility had been built up in the years
before (Table 1 ) . But it cannot be regarded as a general rule, as in countries
or regions where sandy soils with low nutrient buffering capacities are p r e dominating ( e . g . Poland) the development of yields immediately followed the decline in fertiliser application. Furthermore it has to be stated, that imbalanced
fertiliser use is gaining ground, particularly in Eastern Europe.
Tab. 1:

Soil K supply of arable land in selected countries of Western
and Eastern Europe

very low

% of soils in K supply category
low
medium
nigh

very high

Germany
former FRG
former GDR
Czech Republic

1)
2)

3)

4)
Slovak Republic
Hungary
Poland

5)

6)

6

23

44

21

6

1

10

32

42

16

1

8

30

35

26

2

9

24

29

36

7

15

28

30

20

18

29

26

12

16

1) Wiechens and Deller, 1988
2) Schnee, 1991
3) Baier, 1992

4) Hrtanek et aL, 1993
5) Baranyai et aL, 1987
6) Fbtyma and Gosek, 1992
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In Western Europe as well as in the restructured agriculture of Eastern Europe
integrated cropping systems will have to be established when the challenges of
an economically and environmentally sound land use are accepted. To keep up
with these targets farmers have to search for new strategies to improve the
efficiency of nutrient application and to make optimum use of soil nutrient
reserves for international competition.
Focusing on potassium in the following a few b u t decisive aspects of futureoriented fertilisation strategies are discussed.
Limitations of conventional fertiliser strategies
The aim of fertiliser application is to make up for the difference between the
nutrient status of soil and the demand of plants and to ensure that sufficient
nutrients are available in all developmental stages.
For economical and ecological optimisation of fertiliser input it is necessary to
determine this difference as precisely as possible. Conventional approaches
based e . g . on soil test data, nutrient offtake tables and balance sheets give
only approximate estimates of soil K reserves and K demand of plants.
Precise prediction of optimal K fertiliser rates in the medium- and long-term
range requires profound knowledge on the soil-plant system's response to fertiliser input accounting for the specific climatic and management conditions at
farm level.
Availability of soil potassium for plant uptake depends on a number of factors:
- reserves of exchangeable K,
- reserves of non-exchangeable K,
- soil texture,
- clay content and type of clay,
- organic matter content,
- effective rooting depth,
- water, heat and gas economy,
- specific K uptake efficiency of the plant.
The combination of these factors is variable depending on the individual site
and gives strongly site-specific relationships between K reserves determined b y
soil tests and K uptake or crop yields observed in field trials (Schlichting and
Sunkel, 1971). Orlovius (1984) was able to demonstrate in long-term field trials
on heavy soils in South West Germany that a characteristic relationship between
soil K reserves and crop yield existed for each of the investigated sites (Figure
6 ) . This result was corroborated b y field trials on an enlarged scale showing
that his differentiation even occurred at similar clay contents (Andres, 1989).
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Yield
(grain equivalent)
t/ha
% Clay
O Fluvi-Eutric-Cambisol
30
• Orthic Luvisol
24
D Fluvi-Eutric-Cambisol
37

A Stagno-Dystric Gleysol
• Eutric Cambisol
• Vertic Cambisol

% Clay
34

37
39

9H
y = 75.95-0.27 • x
r2 = 0.34

8-

7-

6-

wrong interpretation
of data

5-

t.

10

i

20

30

40

50

60

70

80

K-content of soil* (mg K 2 O/100 g)
Calcium-Acetate-Lactate extraction (Schüller)
Fig. 6 : Site specific relations between K - c o n t e n t of soil a n d plant yield
(Data: Orlovius, 1984)

If all points of measurement in Figure 6 are calculated together, the result
reveals that increasing the soil K status does not give a yield advantage,
although yield increases had been measured on each of the 6 sites. For this
reason relating yields or yield increase b y fertiliser K on different sites to soil
K reserves does not provide a sound basis for assessing the soil K status of a
given site.
Derivation of site specific fertiliser optima
As long as the influence of all site factor combinations on the K status in soil
cannot be quantitatively assessed, long-term field trials will constitute the most
important data basis from which optimal soil K status and optimal K fertiliser
rates can be derived. Field trials reflect the influence of a whole range of site
factor combinations, including the changing local weather conditions in the
course of a year.
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In conventional fertiliser prognosis based on soil analytical results as commonly
practised by agricultural testing and research stations, the test sites are at best
grouped according to clay (and partly also to humus) content; mean values of
the desired soil K status and mean K fertiliser rates to raise the soil K status
to the desired level are calculated from test results of groups having the same
clay contents. This deprives the farmer of decisive information on the response
of the individual site and thus of the actual precondition for adapting the K
fertiliser rates to the site-specific requirements.
Applying site-specific information obtained on one test field to other localities
with identical site characteristics would mean a considerable improvement in
fertiliser prognosis. Figure g 7 shows how this theoretical model is translated into
practical advice: A network of long-term field trials on different sites is
estabhshed in which the optimal soil K reserves and the respective K fertiliser
rates are determined for each site, followed b y detailed site descriptions of the
locality. Suitable maps are evaluated according to areas with identical site factor
combinations and K dynamics. These are presented in the form of special-purpose maps offering both to farmers and advisors experimentally confirmed s p e cific information with regard to optimal soil K status and respective K fertiliser
rates for given soil and climate factors.

Longterm field trials
on different sites

Assessment of optimum
soil-K status and optimum
K fertilizer rates

Application to areas
with similar site
characteristics

Correlate crop response
with site-specific
characteristics (soil
factors, climatic factors)

Utilization of maps
(Geo!., soil, climate)

Supporting research into
causal relationships

<—

Fig. 7: Procedure of incorporating site factors in potash recommendations

The procedure of preparing these special-purpose maps b y hand is v e r y timeconsuming. Automated management of information with the aid of geographic information systems is more convenient (Figure 7 ) 1
The Agricultural Advisory Service of Kali and Salz AG has elaborated a concept
for the formulation and propagation of site-specific K fertiliser recommendations
(Andres and Orlovius, 1987; Andres, 1990).
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The main features of this concept are:
a) a dense network of about 115 long-term K fertiliser trials in agricultural
areas of Germany allowing to obtain empirical basic data for economic and
ecological optimisation of soil K status and fertiliser rates (Figure 8).
b) a geographical information system with digital storage of information on soil
and climate factors (thematic maps) for complete coverage of the respective
areas.
This information system called KALIPROG is used for POTASH PROG (nosis) in
advisory practice. A model is presented in Figure 9.
At present KALIPROG covers the Federal Republic of Germany in the boundaries before Oct. 3, 1990.
Soil Map

Geological
Map

T

T

Precipitation
Map

Map of
Natural Areas

Temperature
Map

Geographical
Map

Digital Conversion

Data Base

Input of Results and
Site Parameters of
Field Trials

Production
of
Thematic Maps

Identification of Areas
with Definite Site
Factor Combinations

Quoting
of
Site Informations

Specification of
Optima! Soil-KContent and Fertilizer Rate
Fig. 9 : Structure of the site information system KALI PROG®
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The digital site information system offers the possibility to present areas with
identical factor combinations on screen or printout and to relate areas with
identical desired soil K status and respective economically optimal K fertiliser
rates to existing field trial network.
Working principle of the site information system KALLPROG in fertiliser prognosis
The working principle of the above mentioned system is demonstrated for the
land of Baden-Wiirttemberg (South-West Germany) having an agricultural area of
about 1.5 mill, hectares.
Here K+S has run a network of 22 long-term field trials on different geological
parent materials with different site conditions regarding soil type and climate
(Figure 10). In these experiments the effects of K fertilisation on crop yield
and quality have been investigated for typical crop rotations and varying levels
of soil K content. The results of these trials are the basis for K fertiliser
recommendations at farm level. A field trial on loess deposits may serve as an
example for the whole system. Loess deposits are covering about one third of
the agricultural area of Baden-Wiirttemberg.
The presented site is characterised as follows:
Site description of the field experiment Pforzheim

Geographic location
Municipality
District
Major natural region
Main natural region
Mean annual precipitation
Mean air temperature
Soil type
Parent material

Pforzheim
Pforzheim
Neckar-Tauber-Gauplatten
Kraichgau
807 mm
9.1°C
Orthic Luvisol
Loess

Land appraisal*

L3LÖ 82/85

* Taxation of natural yield potential based on soil and climatic
conditions
At an initial soil K content of 233 ppm (Calcium-acetate-lactate extraction, CAL)
at trial location Pforzheim the following results were obtained (Tab. 2 ) : r e garding the development of crop yields and soil K contents in the different
treatments it can be concluded, that at the investigated site in a soil K range
between 180 and 240 ppm in total about 240 k g fertiliser K should be applied to
the crop rotation consisting of sugar beet, winter wheat and winter barley to
optimise both yields and farm income as well as to maintain soil fertility. Annual
K rates beyond 80 k g K • ha" will induce falling soil K contents and in the
medium-term r u n a decrease in yield level.
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Crops

Parent material
9 loess

19 wi.wheat
muschelkalk

8 sugar beet

1

5 grassl.
1 mixt.
(5 oil seed rape

keuper (gypsum)

young morain

4
alluvial dep

1

Classic clay

low moor

summer barley 5

T T J
fodder
beet

w

9 maize

oats

Method of soil analysis
CAL 23

F/g. 10: K field trial network
Baden-Württemberg

KALIPROG®
K + S - field trial

Tab. 2: Results of K field experiment Pforzheim '83
Crop rotation:
sugar beet, winter wheat, winter barley
Crop residues:
Incorporation
Duration:
1983 - 1989
Soil analysis at outset
(ppm)
K(CAL):
233
K(CaCI2): 160
KEUF-I/II: 160/70
Fertilizer K
kg K/ha/yr
sb
cereals

sugar - / g r a i n yield
(t/ha)
sb
WW
wb

soil K content
( 0 1987 - 1989)
CAL
CaCI2 E U F - K - I / I I

net return
of K fert.
DM/ha/yr

0

0

11,40

7,83

6,37

184

120

170/ 80

_

96

40

11,79

7,89

6,71

216

140

180/ 90

92

200

80

12,06

7,85

6,79

248

190

210/110

127

320

128

12,22

7,95

6,79

312

290

270/120

129

0,35

0,61

LSD 5 %

0,75

This information is confirmed b y a long-term field trial on Orthic Luvisol from
Loess deposits nearby Kassei in the center of Germany (Fig. 11). Soil K
content at outset was 200 ppm (CAL) in this trial. The experiment has been
run for 15 years to find out the effect of different K fertiliser rates on the
sustainability of the cropping system: during the 15 years of trial duration the
yield level of crops developed quite different. Winter wheat yields raised from 4
t / h a at outset in 1978, to nearly 7 t / h a in 1990 on plots without K fertilisation
due to general technical progress (new varieties, plant protection, e t c . ) . But
optimum K dressings led to a further yield increase of u p to 3 t / h a .
In production of sugar beet the use of technical progress was not possible without adequate K fertilisation. Sugar yields fell dramatically during trial duration
on Kn plots because K uptake from the depleted soil was not sufficient for yield
performance. Therefore an adequate soil K supply and its maintenance by fertilisation is an important factor of sustainable agriculture.
It should be the farmer's target to defend the advantage in competition the
present (elevated) soil K supply offers compared to neighbour farms with lower
K supply of soil on similar sites.
Furthermore, the experiments show that in high-yielding European cropping
systems K fertiliser rates adapted to the requirements of the specific site are
well able to mobilise yield and profit reserves even under conditions where the
soil K status is relatively high.
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Fig. 11: Effect of different K fertilizer rates on the long-term development
of yields (Andres and Orlovlus, 1993)
Orthic Luvisol from Loess; 200 ppm (CAL) soil K at outset
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The next but decisive step is to utilise the test results for agricultural p r o duction at farm level. For this purpose the site information system has to
identify all areas which are cartographically compatible with the factor combination of the test site (PFORZHEIM).
From the total area of about 500 thousand hectares of loess soils in BadenYJürttemberg only a part correspond in their ecological characteristics to the
specific conditions of the test site PFORZHEIM.
To determine the potential validity area of the experiment the following soil a n d
climate criteria were combined:
Soil type:
Geol. parent material:
Annual precipitation:
Annual temperature:

Orthic Luvisol
Loess
700-800 mm
8-9° C

In Baden-WUrttemberg this particular combination applies to about 12600 hectares (Fig. 12). Within the calculated validity area experimentally confirmed i n formation for optimising the soil K status and K fertiliser rates of a given site
and crop rotation will be made available to farmers and advisors.

8086=38,3»
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HG 7 0 0 - 8 0 0 MM
FLAeCHENINHALT: 136 OUADRATK1LOMCTTR

•1

KAUPROG"

K+S

KiTmmuEHouBnqajisamiXH
VERSUCHE PFORZHEIM

-**rx-

Fig. 12: Potential validity area of field trial PFORZHEIM'83
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Accounting for the specific nutrient dynamics of the individual sites is a
decisive prerequisite in fertiliser prognosis to achieve optimal fertiliser use
efficiency in plant production.
In this respect, the concept of "site-related fertiliser
KALIPROG is based on the following model:

recommendations"

by

- Localities with identical site factor combinations have the same optima with
regard to K status and K fertiliser r a t e s ,
- deviations in the site factor combination effect changes in these optima.
Exception: the deviations are very small or neutralise each other,
- functional spatial units (areas with identical K status) can be determined b y
reproduction of real landscapes in a geographic information system.
The efficiency of the whole system depends to a large extent on the density of
the field trial network and the scale of the maps recorded in the data bank.
Spatial information systems at a scale of 1:1 mill, like KALIPROG show a high
degree of aggregation. In view of the great variability which may occur within
a small area (cf. Webster and Beckett [1971],); Mutert et al. [1979]) it is
therefore only possible to give guidelines for the area concerned. It depends on
the advisor to modify these guidelines according to his specific experience, if
site and management conditions of the field deviate from those of the test field.
Conclusion
Caused b y falling margins in agricultural production agriculture in Western
Europe has reduced and in Eastern Europe nearly omitted fertiliser use. But
reduction or emission of fertiliser application alone cannot be the optimum
solution for future-oriented, integrated cropping systems. The scientific
approach must be oriented towards increasing the efficiency of fertiliser u s e , e.
g. b y site-specific fertiliser recommendations. One way to proceed in meeting
this target might be the use of geographical information systems for the areal
interpretation of field trial results as shown for the nutrient K.
If a geographic information system is utilised for large a r e a s , it is indispensable
to evaluate as many field trials as possible and to determine the respective
areas of validity. This gives information on the already existing recommendation
network and is superior to the conventional approach of determining the fertiliser requirements from soil analytical data alone. Moreover, the areas for which
fertiliser recommendations have to be worked out in the future can also be
identified. Accordingly, information systems like KALIPROG constitute progress
both for site-specific advisory practice and future test programs.
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The Field Method for Determining Fertilizer
Recommendations as it has Evolved in Mexico
R. Laird*, A.Turrent, V. Volke, and J. Cortes. Department of
Soil Science, Colegio de Postgraduates, 56230 Chapingo, Méx. México.
Introduction. Many chemical and biological methods have been used over the years to measure
nutrient eficiencies in soils and estimate fertilizer recommendations for crop production.
One of these, the field method or the field-plot method (30), involves measuring the crop
yields obtained with different fertilizer treatments in trials carried out mainly on farmers' fields.
The quantitative effects on yield of several rates and combinations of fertilizers, measured at
many yield sites and often over a period of years, are used to estimate fertilizer recommendations
for specific crops. Although the field method is the most expensive and time consuming of all
diagnostic procedures, it is generally considered to be the reliable way for estimating general
fertilizer recommendations for a given area and for calibrating chemical and biological tests for use
in estimating specific fertilizer recommendations.
In Mexico, the field method has provided the basic information for estimating fertilizer
recommendations since the use of chemical fertilizers began to expand rapidly in the early fifties.
During most of this period, a soil testing service has been available to farmers in parts of the
country through public and/or private agencies. However, the fertilizer recommendations
transferred to farmers by extension agents and credit institutions have come mainly from
research Cdrried out on farmers' fields.
The characteristics of the field method as used in Mexico at the present time reflect the influence
of many years of on-farm research. Mexico offers a unique opportunity for developing the field
method due to: (a) great variability in soil, climate and management; (b) wide distribution of the
basic food crops, maize and beans; and (c) degrees of agricultural development that vary
appreciably among regions. The manner in which on-farm research is carried out varies greatly
among institutions and even among researchers in the same institution.
Two prominent institutions in Mexico in the use of the field method and in the development of
research methodology are the Postgraduate College at Montecillo (CP) and the National
Agricultural Research Institute (INIFAP). At this time, the general characteristics of the
field method, as understood by the leading scientists of these institutions that are involved in
on-farm research, will be presented. To begin, the evolution of the field method in Mexico
over the past 50 years will be reviewed.
Evolution of the Field Method for Determining Fertilizer Recommendations
One of the early reports on research conducted on farmers' fields in Mexico was published in 1954
(18). It summarizes the results obtained in 177 experiments carried out with maize in 12 states of
the central part of the country during the eight-year period, 1945-1952.
A single
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general fertilizer recommendation for maize was reported for each of nine states. Three of the
states were divided into two parts and a general recommendation estimated for each part. In each
case, the general recommendation was estimated by averaging the results obtained in all the
experiments corresponding to that entity.
Based on this report and other studies carried out during the forties and early fifties, certain
characteristics of the field method as employed in the earlier years are evident: (a) the investigator
defined the fertilizer treatments and planned the field trials without taking into account the
circumstances of the local farmers; (b) experimental sites were selected at random, usually along
roads that were accessible during the rainy season; (c) the investigator participated in
establishing the experiments and in the harvest; he visited the trials on two or three occasions
during the growing season; and (d) the characterization of experimental sites was limited
mainly to the determination of the physical and chemical properties of the soils.
It is evident, however, in the 1954 report that the researchers were already concerned about
the theoretical framework of the field method. In the introduction to the report, the theoretical
relationship between crop yield and the production factors was presented. It was emphasized
that the optimum rate of fertilization did not depend solely on soil properties; it depended as well
on the other characteristics of the system: climate, plant, management and time. The relationship
between response to fertilizers and rainfall was explored. It was concluded that the optimum rate
of fertilization for a given area would be greater under irrigation than under rainfed conditions.
It was noted that the selection of the optimum plant density was complex because it depended
on many factors, the most important of which were climate, soil and the variety itself.
A study of the fertilization of rainfed maize in Jalisco, carried out in 1954 and published in 1959
(19), contributed in several ways to the evolution of the field method. The central part of the
state, recognized locally as having climatic conditions favorable for maize production, was
selected for study. The experimental sites were distributed among the important
agricultural areas. The investigators visited the experiments frequently during the growing
season and made qualitative observations on vegetative response to treatment, weed competition
and damages caused by insects, diseases, animals, drought, hail and poor drainage.
In the interpretation of the field data, it was recognized that, in order to generalize the results
obtained in a given year, it was necessary to examine historical weather records and adjust
experimental results to what one would expect to find in an average year. Employing a
modification of the van Bavel procedure (39), historical rainfall data were used to calculate the
number of "drought days" in 1954 and in previous years. The number of drought days at each site
in 1954 was compared with the numbers in previous years, and the conclusion was reached that
drought damage was usually light in the area, and that rainfall in 1954 was slightly more
favorable than in an average year.
Also, a procedure designed for estimating the number of days with excess soil moisture was
applied to the historical rainfall data for the area. It was found that damage due to excess
moisture in 1954 was greater at certain sites and less at others than in an average year. The
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calculated probabilities of drought and excess moisture at the experimental sites were used in the
estimation of optimum fertilizer rates. Rather than a single fertilizer recommendation for the
whole area, specific recommendations were made for seven different soil conditions.
The 1954 Jalisco study also included the determination of optimum plant densities. The
optimum plant population was defined as "the smallest number of plants per hectare capable of
producing the maximum yield". Also, for a given variety, a linear relationship between
optimum plant density and productivity level was reported.
The first attempt to stratify the producing conditions in a given area, as a part of research planning,
occurred in a study of wheat fertilization carried out in the Yaqui Valley, Sonora, during the
winter of 1955-56 (2). Based on a reconnaissance of the area and the experiences of other
researchers, eight "producing systems" (15) were defined, a priori, in terms of differences in
physical soil properties, previous crop and the number of years under cultivation. Two
experiments were located in each of the eight systems. The experimental results were used to
formulate specific fertilizer recommendations for seven producing systems.
A rainfed maize fertilization study, carried out in El Bajio (central Mexico) during the four-year
period, 1962-65, introduced and employed new ideas about the use of the field method (20,21).
At the beginning, the objectives of the study were to: (a) develop fertilizer recommendations
for rainfed maize in a target area, and (b) estimate the quantitative importance of each of the
factors limiting yield. While carrying out the research, a third objective was added: obtain a
regional yield equation, useful in the estimation of optimum rates of fertilization for specific
sites, and acquire a better understanding of the problems involved in using multiple linear
regression for calculating the regional equation. Both scientific and methodological objectives
were explicit in this research.
In the implementation of the study, two fundamental changes were introduced into the field
method: (a) to reduce to a minimum the differences among sites in the production practices held
constant (date of planting, variety, plant density, cultivations, weed control, insect control), as
well as minimize the extent to which these practices limited yield, the investigator worked
closely with the farmers to assure that recommended production practices were used in all trials;
and (b) the most quantitative procedures available at the time were used to measure the
uncontrollable productivity factors (climate, soil, previous management), as well as deficiencies in
those practices supposedly maintained constant in all experiments. For example, through
observations made at regular intervals, damages due to drought, excess moisture, weed
competition, hail, budworm and Helminthosporium turcicum (16) were quantified at all locations.
The results obtained in 76 experiments carried out over a period of four years were used to
formulate fertilizer recommendations for 16 producing systems, characterized in terms of
differences in soil texture, soil depth and annual rainfall. In addition, a regional empirical
equation with 23 independent variables was calculated for use in estimating specific
fertilizer recommendation for individual plots in the area of study.
During the latter part of the sixties, it became quite common for fertilizer use researchers to
express their results in the form of mathematical models, particularly as quadratic
polynomials. As there is no way to know which mathematical model represents most closely the
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true relationship between yield and the amounts of applied nutrients, this way of expressing the
results of fertilizer studies necessarily introduces bias error. Moreover, it was known that the
magnitude of bias error is influenced by the manner in which treatment combinations are
distributed in the factor space. For this reason, toward the end of the sixties and at the
beginning of the seventies, the effect of treatment design on the bias error of estimated
functions was studied (4). Also, popular treatment designs were compared in terms of the variance
of estimated parameters and bias error (5, 22).
The decade of the seventies was undoubtedly the period in Mexico with greatest activity
devoted to perfecting the field method for use in developing recommendations on the use of
fertilizers and other agricultural inputs. This investigation was headed-up by Antonio Turrent,
research professor at the Postgraduate College. During the period, 1970-1983, Turrent directed the
thesis research of 41 students at the M. S. degree level and two at the doctoral level (42). Most of
this research was directed toward the improvement of the field method. In 16 theses,
methodological aspects involved in the estimation and use of regional empirical equations were
studied. A three-stage procedure for estimating regional empirical equations was developed, as
well as criteria and methods for judging bias and precision in predicting fertilizer needs. In 14
theses, the research dealt mainly with the stratification of producing conditions into
agrosystems*
and the comparison of the agrosystem approach for generating farmer
recommendations with other common methods.
The development of regional empirical equations and the agrosystem approach were seen as
alternative ways of evaluating crop response to production factors and estimating farmer
recommendations. The former is a continuous while the latter is a discrete approach. During this
period, it became evident that the use of regional empirical equations, even though more costly
and requiring the collection of information directly from farmers' fields, showed no clear
advantages over the agrosystem approach (6, 8, 27, 28, 40, 41, 46). As the requirements of
infrastructure and technical assistance are minimal with the agrosystem approach, it was
considered to be more suitable at that time for developing countries**.
Also, during the seventies, the institutionalization of knowledge about the use of the field
method for generating technological recommendations was accelerated. In 1971, Turrent began
his course in "Soil Productivity". The VII Congress of the Mexican Soil Science Society
(SMCS), held in 1974, included a section on "Soil Productivity", In both instances, it
was understood that Soil Productivity brought together information and research about the use of
the field method for generating recommendations for farmers. In 1976, Turrent changed the name
of his course to "Methodology for the Study of the Productivity of Agrosystems"; in 1989, the
XXII Congress of the SMCS changed the name of the Soil Productivity section to "Productivity of
Agrosystems". By the mid-eighties, the activity known as "Research on the Productivity of
Agrosystems" was widely understood to be the modern version of the use of the field method
for generating technological recommendations.
* In the mid-seventies, the term "agrosystem" began to be used in place of "producing system".
** Research for further development of thefieldmethod is continuing in Mexico in at least three areas: (a)
inclusion of soil testing as a diagnostic tool within the agrosystem, (b) development of diagnostic-prescription
manuals and agrosystem cartography for specific crops, and (c) extrapolation of fertilizer technology taking into
account geographic gradients and changes in crop cultivars.
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During the second half of the seventies, the CP published a series of writings by Turrent on the
methodology for studying the productivity of agrosystems. In one of these (34), Turrent
expands on the concept of agrosystems and suggests several definitions including the following:
"Within an agricultural region, an agrosystem for a given crop comprises all plantings with
similar producing conditions. In the process of developing technology, differences in crop
response to controllable production factors, among sites or among years within an agrosystem,
are considered to be due to random variation". Other writings of Turrent present information on:
(a) the Plan Puebla experimental matrix (38), (b) making field observations (31), (c) the need to
carry out integrated, multifactorial, technological research (32), (d) the graphic-statistical
method for the economic interpretation of experiments conducted using the Plan Puebla I matrix
(33), (e) the use of a mixed matrix for the optimization of five to eight factors (37), and (f) the
CP method for designing agrosystems (36)

Contributions of economists
Until the early seventies, crop research on farmers' fields was almost exclusively an activity
of agronomists. This situation began to change, however, as evaluations of agricultural and
rural development programs, like Plan Puebla (1), reported levels of adoption of recommended
technology much lower than expected. Economists accepted the challenge to explain the causes
of low rates of adoption (11,43,44) and, at the same time, increased their participation in
on-farm research, directing their attention to the study of factors limiting the adoption process.
A suggested cause of low adoption of recommended technology was that such technology was
often not useful to farmers. The hypothesis was proposed that, on many occasions, the
recommended technology was simply not appropriate to farmers' needs, particularly the
needs of small fanners, and that this came about largely because agronomists planned and carried
out research and interpreted the results without fully understanding farmers' circumstances.
During the last 15 years, there has been a marked increase in activities and reports focussed on
defining the most effective way to collect and interpret information
on farmers'
circumstances and use it in agronomic research (3, 7, 14). One of the first organizations to come
up with a diagnostic procedure was the Agricultural Science and Technology Institute of
Guatemala. A group of specialists in socio-economics, working directly in the field with
agronomists, developed the "Sondeo" for diagnosing farmers' conditions. This procedure has
received attention in many parts of the world because it is simple, low cost and fast. According
to Hildebrand (14), five agronomists and five specialists in the social sciences can diagnose
farmers' circumstances in an area of 40 to 150 km2 in six to 10 days.
The approach used by the Economics Program of the International Maize and Wheat
Improvement Center (CIMMYT) for describing farmers' circumstances (3) has been adopted by
many research
agencies. This procedure includes the review of secondary sources of
information, an exploratory survey (similar to the Sondeo), field observations and a formal
survey to obtain detailed information on those aspects critical for planning the field trials.
According to the authors, this process, including the analysis and interpretation of data, can be
completed in about three months.

679

Also, in recent years, economists have made significant improvements in the economic
interpretation of yield data from field trials. Perrin, et al (25) have published simple
procedures for selecting optimum treatments, taking into account risk and rates of return. The
estimation of labor costs, particularly when family labor is involved, has been improved.
Economists have also made important contributions in the area of research planning. CIMMYT,
for example, includes the following activities in the planning of field trials (3): (a) the
stratification of the diversity in a study area in recommendation domains, groups of
farmers
with
similar circumstances. In contrast to agrosystems, differences
in
socioeconomic conditions, as well as differences in climate and soils, are taken into account in
defining recommendation domains; and (b) the prescreening of potential technological
components to assure that expected changes are in accord with farmer circumstances.

The farming system approach
Since the end of the Second World War, the systems concept has become progressively more
important in development, particularly in the industrial and other economic sectors. At the
beginning of the seventies, when it became evident that rates of adoption of recommended
technology by small farmers in agricultural and rural development programs were very low, the
people and institutions involved in such programs, concerned about the reliability of the
recommendations, turned to the systems approach as a posible option for generating appropriate
technology. The Tropical Agronomic Center for Research and Teaching at Turrialba, Costa Rica,
for example, began a fanning systems program and promoted agricultural research using
the systems approach in the Central American countries. International organizations like the
International Institute of Tropical Agriculture in Nigeria and the International Crops Research
Institute for the Semi-Arid Tropics in India included farming systems research (FSR), from the
beginning, as a part of their programs.
During recent years, interest in FSR has continued to gain momentum, both in national and
international research programs. In February, 1985, for example, the National Agricultural
Research Institute of Mexico held a two-day meeting to discuss concepts employed in FSR
and analyze several projects underway at that time. By 1983 (29), all the international agricultural
research centers coordinated by the Consultative Group of the World Bank were involved in
some degree in FSR.
In view of the rapid increase in FSR and the lack of a consensus with respect to concepts and
terminology, the World Bank in 1983 (29) commissioned Norman Simmonds to visit several
national and international programs involved in FSR and suggest unifying terms of reference.
In his report, Simmonds classified the kinds of FSR that he had observed in three categories and
offered comments about each of them:
1. FSR sensu stricto. Research on farming systems as they exist; their description,
analysis, classification and understanding. It is essentially an academic activity good for
generating Ph. Ds, but not much use to agricultural research.
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2. On-farm research with farming systems perspective (OFR/FSP). It uses the FSP to help define
the on-farm research necessary for practical progress. It is a "style" of doing agricultural
research founded on the well-justified assumptions that changes need to be adapted to the
circumstances of their users, and that on-station experiments do not always predict farm
experience. It assumes that progress will be stepwise rather than revolutionary and devotes
itself to a cautious, empirical evolutionary process.
3. New farming systems development. It seeks to generate revolution rather than evolution and
to build radically new systems from the beginning. It is practically oriented agricultural
research and must be founded on at least some FSP. It differs from OFR/FSP in degree rather
than in nature, but it necessarily has a lesser OFR component.
Research on the productivity of agrosystems, as it has evolved in Mexico, corresponds to the
second category of Simmonds, on-farm research with a farming systems perspective.
In recent years, scientists involved in research on the productivity of agrosystems have become
concerned about accelerating the institutionalization of the discipline. During 1991, researchers
at the CP, INIFAP, the Autonomous University of Chapingo and other entities held three symposia
for the purpose of achieving a better understanding of how best to use the productivity
of agrosystems approach for generating and transferring agricultural technology. In late
1991 and early 1992, several research professors at the Soil Science Center of the CP tried to
define the content of a Master of Science program in the "Area of Productivity of Agrosystems".

The Discipline of Productivity of Agrosystems in 1993
In the discussions held during 1991 and 1992 at the Soil Science Center of the CP, the central
concern has been to understand more clearly just what the productivity discipline is, and how to
define its interfaces with other agricultural disciplines. The study turned out to be difficult,
and it was not possible, even within a small group, to reach a consensus. In the following
paragraphs, some ideas are presented with respect to general concepts, scope and research
methodology of the productivity of agrosystems.

General concepts
To better understand just what is meant by productivity of agrosystems, several definitions and
statements are offered below:
1. Soil fertility refers to the capacity of a soil to supply the mineral nutrients that are essential
for plant growth.
2. Soil productivity refers to the capacity of a soil to produce crops. It is a broader concept
than fertility and includes the effects of physical and microbiological properties. The productivity
of a soil varies, depending upon the crop being grown, the climate and the management practices
employed.
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3. An agrosystem is a part of the universe of production of a crop, a cropping pattern or a
cropping system in which the uncontrollable production factors (climate, soil, previous
management) vary within arbitrarity selected limits.
4. The land that is present on a farm, in a region or in the entire world may be stratified into
agrosystems in terms of macro differences in climate, soil and previous management. Macro
differences are those that provoke significant differences in optimal levels of production
practices.
5. To better position the concept of agrosystems within the terminology employed in systems
research, the following definitions are relevant:
a. A farming system is a complicated interwoven mesh of soils, plants, animals, implements,
workers, other inputs and environmental influences with the strands held and manipulated by the
farmer who, given his preferences and aspirations, attempts to produce output from the
inputs and technology available to him. It is the farmer's unique understanding of his immediate
environment, both natural and socioeconomic, that results in his farming system (9).
b. The cropping system of a farm includes all the crop production activities. A system may be
composed of a number of cropping patterns and involve the production of several crops. All
components required for the production of a particular crop and their relationships with the
environment are considered within a crop system. Those components include all needed physical
and biological inputs, including technology, capital, labor and management (45).
c. A crop is any number of species growing together during the major part of the season (35).
d An annual cropping pattern consists of one or more crops that occupy the land during a period
of 12 months.
e. An agroecosystem is an ecosystem that contains at least one population of agricultural
importance. A farming system consists of an agroecosystem with crops, an agroecosystem with
animals and a socioeconomic system (13).
6. Thus, the cropping system (or agroecosystem with crops) of a farming system consists of one
or more cropping patterns that are produced in one or more agrosystems.
7. The productivity of an agrosystem is expressed in terms of the yield of one or more species.
Mathematically, the yield of a species produced in a given agrosystem may be expressed as
follows (15):
Yield = f (climate, plant, man, soil, time)
8. The purpose of research on the productivity of agrosystems is to generate and/or validate
crop production technology that is appropriate to farmers' circumstances. As the uncontrollable
production factors (climate, soil and previous management) vary in space and in time, research on
the productivity of agrosystems must be conducted in such a way that the variation in
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these factors in the area of study is equitably sampled. This means that research on the
productivity of agrosystems must be carried out on farmers' fields.
9. The unit of study in research on the productivity of agrosystems is a crop, a cropping
pattern or a cropping system produced in a given agrosystem. A research project on the
productivity of agrosystems normally comprises a crop, a cropping pattern or a cropping system
that is produced in the major agrosystems in the area of study. One, several or none of the
agrosystems under study may be present in a given farming system.
10. Because of the residual effects of the use of production technology and changes in cultivars,
crop production technology gradually becomes obsolete over time and must be updated. For
this reason, research on the productivity of agrosystems in a given region is a continuing process.
11. Research in soil fertility consists of studies directed toward the development of farmer
recommendations on the use of fertilizers and other soil amendments and toward achieving a
better understanding of the functioning of nutrients in plant growth. It shares research objectives
with plant nutrition:
12. Research on the productivity of agrosystems covers part of the objectives of soil fertility
research, but is much broader. It includes the optimization of cropping practices corresponding
to all the controllable production factors (fertilization, irrigation, land
preparation,
cultivations, seeding rate, weed control, insect control, etc.).
13. As the scope of research on the productivity of agrosystems is very broad, it is necessary in
practice to define its limits with respect to other agricultural research programs:
a. Soil fertility. Research on the productivity of agrosystems should assume the responsibility
for the optimization of fertilization practices; soil fertility would conduct research on soil and plant
analyses, sources of fertilizers, soil amendments, etc.
b. Plant breeding, entomology, plant pathology, crop physiology, agricultural engineering, water
science and other soil disciplines. These disciplines develop new materials and technologies
at experiment stations, green houses and laboratories. Research on the productivity of
agrosystems should receive these new materials and practices and validate them in
experiments carried out on farmers' fields.

Scope of the research
To study many hypotheses in agricultural research, it is necessary to compare treatments under
conditions similar to those of the target farmers. This kind of research has to be carried out on
experiment stations or on farmers' fields. The central problem in defining the scope of research
on the productivity of agrosystems is deciding which lines of research must be studied on farmers'
fields and which lines can be investigated on experiment stations (17).
The empirical basis for suggesting that certain lines of research can be studied efficiently on
experiment stations, while others must be investigated on farmers' fields, derives from the
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multitude of studies carried out over the years that have demonstrated the nature of the
interactions between the response to technological components and the crop production
factors. Research carried out under many conditions has indicated that the interactions between
certain components and the production factors are large, other are relatively small and still other
are insignificant.
At this time, it seems reasonable to suggest that all technological components whose
interactions with uncontrollable production factors (climate, soil, previous management) are
large, should be investigated on farmers' fields. Expressed in another way, all componentes
whose optimal levels, or best choices, are sensitive to small differences in climate, soil and
previous management, should be studied on farmers' fields. Reasoning in the same manner, all
technological components whose interactions with the production factors are small, can be
studied efficiently on experiment stations.
An example of a technological component whose optimal level is very sensitive to small
differences in climate, soil and management factors is rate of fertilization. The optimal rate of
nitrogen for maize plantings under rainfed conditions in El Bajio, Mexico, was observed to vary
from zero in shallow soils receiving 525-600 mm of annual rainfall to more than 120 kg/ha in deep
soils receiving 800-950 mm of precipitation yearly (20). The recommended rate of nitrogen
fertilization for maize on deep soils of Popocatepetl, Puebla, Mexico, was reported to be 130
kg/ha for early plantings and 100 kg/ha for late plantings (1). It has frequently been observed that
the optimal rate of nitrogen is higher for fields where weeds are controlled effectively than for
fields with deficient weed control practices.
An example of a component of crop production technology whose best choice is quite
insensitive to small differences in the production factors is the recommended insecticide
treatment for controlling a particular insect. Generally, it has been found that information on
the relative effectiveness of insecticides is readily transferrible from one environment to another.
Plant breeding research combines components that may be investigated effectively on
experiment stations, and others that must be studied on farmers' fields. The breeding of new
varieties that combine attributes such as high-yielding ability and resistance to diseases, insects
and/or drought consists in assembling a large collection of genetic materials with one or more of
the desired attributes, making a large number of crosses to bring together in the same plant
all the desired characteristics, observing the crosses under environmental conditions that
permit the detection and the selection of plants that combine the desired traits, and evaluating the
new varieties under the local conditions.
The assembling of genetic materials is an activity that corresponds to a suitable experiment station,
and involves the use of information available from earlier research and that which becomes
accessible during excursions into areas where useful materials are expected to exist. The outcome
of a crossing program is clearly not sensitive to small differences in crop production factors and
can best be carried out at an appropriate experiment station. The evaluation of early generation
crosses and the selection of plants that combine the desired traits can best be done at an experiment
station if the proper environment is available on can be created. The screening for maize
resistance to the budworm, for example, requires the presence of a high population of that insect;
an adequate population may exist naturally or can be introduced artificially. The evaluation
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of new varieties implies the comparison of these with existing commercial materials,
including the fanners' variety, under local conditions. This final step in the crop breeding process
must be effected in trials carried out on farmers' fields.
In addition to the study of technological components that are sensitive to small differences in the
climatic, soil and management factors, there is a second activity that should be carried out on
farmers' fields: the validation of the economic feasibility of farmer recommendations. Usually the
package of recommendations developed by research consists of several technological
components: variety, seeding rate, date of planting, fertilizer treatment, weed control measure,
insect control practice, etc. Generally, these components are developed by separate research
programs. Once the individual components have been assembled, the economic viability of the
package should be determined. This validation should be made on farmers' fields.
It is suggested, therefore, that the research carried out on farmers' fields should cover two areas:
(a) the determination of optimal levels of technological components sensitive to small differences
in climate, soil and previous management, and (b) the economic validation of the package of
farmer recommendations. The scope of research on the productivity of agrosystems
corresponds to that carried out on farmers' fields in these two areas.

Research methodology
In the following pages, the process followed in studying the productivity of agrosystems is
outlined. The process is divided into the six principal activities carried out by the researcher, from
the selection of the area of study to the formulation of farmer recommendations at the
agrosystems level.
1. Selection of the area of study.
The approximate location of the study area is decided in accordance with national
agricultural policy and the research programs of the participating institutions.
The precise location of the area is made taking into account the heterogeneity of
environmental factors, crop diversity, accessibility by vehicle and the resources available for
research. In an easily accessible, compact area with few crops and relatively uniform climate and
soils, one investigator with vehicle and assistants can cover as much as 100,000 ha of
cultivated land. In an area with little cultivated land, many crops, a heterogeneous
environment and poor roads, an investigator and team might handle as little as 5,000 ha.
2. Collection of information on farmer circumstances.
This activity consists of gathering data on climate, soils, production, agricultural services,
etc. from secondary sources; information on soils, topography, access and crops from direct
observation in the area; and information about farmer resources,
cropping
systems,
production practices and limiting factors through interviews with producers.
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The most important element in the collection of information is the farmer interviews. With severe
limitations in time and resources, some investigators have selected a procedure like the sondeo
(14) which can be implemented in a couple of weeks. The economists in CIMMYT (3) with
fewer restrictions in time and resources, suggest both an exploratory survey and a formal
survey, which overall require a period often weeks or so.
The initial collection of information in the area of study is the first step in the diagnosis of fanner
circumstances, and should be sufficiently thorough to facilitate the selection of priorities and
the planning of field research. The diagnosis, however, is a continuous process in which the initial
perceptions are validated or modified through the understanding derived from the investigator-farm
family interaction during the implementation of trials on farmers' fields.
3. Stratification of producing conditions into agrosystems.
Conceptually, the stratification into agrosystems is made in terms of differences in climate, soil and
previous management of the cultivated land in the area of interest that is used for producing
the crops, cropping patterns or cropping systems targeted for study. It is assumed that in the
collection of information from secondary sources, in the reconnaissance of the area and in the
farmer interviews, well-trained agronomic researchers will recognize the main differences in
climate, soil and previous crop that influence crop production. Based on these differences,
researchers propose, as a working hypothesis, a subdivision of the area into agrosystems. As
experience is accumulated in the field studies, the limits of the agrosystems are adjusted and
verified.
The definition a priori of agrosystems is quite subjective, and the successful use of this concept
depends greatly on the preparation and experience of the researchers. A challenge at this time is
to find a way to use cartographic methods, like the physiographic survey (24) or the
classification in crop provinces (12), in the stratification in agrosystems.
4. The planning of research.
The information derived from secondary sources, visits to the study area, interviews with
farmers and representatives of service institutions, etc. is used in research planning. For a given
area, the planning of a research program occurs at two levels.
At the first level of planning, those production practices that should receive attention in the initial
research program are selected. Generally, it is a question of selecting the most important crops
in the area and, in the case of each of them, the production practices that are probably deficient
and can be improved through on-farm research. The Economics Program of CIMMYT (3) has
proposed a systematic way to select those technological componentes that should j be given
priority at the beginning.
(
The agronomic research program for a given area should include both the experimentation to be
carried out on farmers' fields and the studies proposed for the supporting experiment station. It is
expected that the researchers in productivity of agrosystems and those at the supporting
experiment station will work together as a team in the collection of information on farmer
circumstances and in research planning.
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In the initial stage, the selection of priority crops and technological components is the
responsibility of the researchers that will carry out the trials on fanners' fields and at the
supporting experiment station. After the tentative selection of priorities by the researchers,
however, it is important that they meet with farmers and representatives of the service
institutions, explain the selection of priorities, receive suggestions and arrive at a
consensus.
The second level of planning involves the preparation of detailed plans for the experiments that
are to be carried out on farmers' fields and at the supporting experiment station. Individual
treatments, treatment matrices, experimental designs, plot size, number of replications,
number of experiments, etc. are decided. Every effort should be made to build orthogonality
throughout the study. Procedures used in making field observations, taking and analyzing
soil samples, and in describing soil profiles should be standardized. A maximum yield
treatment, with the application of manure, chemical fertilizer, etc., should be included at each
experimental site. Also, it is necessary to define the levels of the production practices that are to
be maintained constant in the experiments. The researchers in productivity of agrosystems
and at the supporting experiment station, have the responsibility for planning the field trials.
In addition to specifying the details of the experiments, the second level of planning includes
making a decision as to which lines of research are to be studied on farmers' fields and which at
the supporting experiment station. As mentioned earlier, it appears that a useful criterion
to follow in assigning lines of research is the sensitivity of the optimal levels of the technological
components to small differences in climate, soil and previous management.
5. Experimentation on farmers'fields.
Experimentation on farmers' fields involves many activities, all of which need to be carried out
correctly to assure the generation of useful information. In the following paragraphs, several
of the steps involved in field experimentation, specifically for rainfed plantings, are commented
briefly.
a. Preliminary activities.
Although several weeks are employed in the reconnaissance of the study area, the collection and
analysis of information, the stratification in agrosystems and the planning
of
field
research, the investigator in productivity of agrosystems, in addition, should dedicate ample
time, perhaps two months or more (16), to getting a more detailed picture of the area and
assembling the materials and equipment needed for installing the trials at the opportune time.
Perhaps,half of this time is used in selecting collaborating fanners with land suitable for field
experimentation. It is necessary to find two or more farmers, distributed uniformly within each
agrosystem, with land that combines the desired climatic, soil and previous management
characteristics. Moreover, it is imperative that the researcher establishes a working relationship
with the farmers that assures their enthusiastic cooperation throughout the study. Often, this
implies frenuent interaction between the researcher and the farmers over a period of several
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weeks, so that the latter reach a detailed understanding of what is expected of them, and are
convinced of the value of the study and the importance of their contribution.
Once the experimental plots are located, a tentative calender for the installation of the
trials is prepared, taking into account the probable date of the first rains, based on information
from farmers and historic rainfall records. Rain gauges and other meteorological instruments
should be installed well before the date rains are expected to begin. All materials and equipment
are concentrated at a convenient location several days before the estimated date of the first
planting.
b. Installation of experiments.
Once the rains begin, the researcher needs to be in almost daily contact with the collaborating
farmers. As soon as a farmer decides that it has rained sufficiently to plant, it is necessary
that the researcher responds immediately and arrives to install the experiment the same day or
within the next couple of days. This implies a very heavy work load for the researcher during
periods when it is raining in most of the study area. Under such conditions, it may be
necessary to install as many as three trials per day and work on weekends.
Clearly, the date for installing an experiment should coincide as closely as possible to that
preferred by the collaborating farmer. In this way, the researcher assures that the planting of the
experiments takes into account the knowledge of the local producers. Also, by planting at the
time preferred by the farmers, the researcher avoids the possibility of farmers planting before he
arrives.
c. Supervision of the experiments.
The supervision of the experiments by the researcher has two main purposes: (1) assure the
establishment of an adequate plant population in each experimental plot, and (2) maintain the
constant production practices at the levels specified in the research plan.
To assure an adequate plant population, at times it is necessary to control rodents, birds,
insects, etc. and to protect the experiment from the invasion of large animals. The need for
protecting the plants is particularly urgent during the first couple of weeks after emergence.
d. Making observations.
During most of the crop growing season, the principal activity of the researcher is the
making and recording of observations on plant development and the production factors. In
general, the researcher should visit each experiment every five to 10 days and register
observations for each plot on size and vigor of the plants, symptoms of nutrient deficiencies, weed
competition, and damages caused by insects, diseases,
animals, drought, excess moisture, hail,
frost, strong winds, etc. It is expected that the information collected on the production factors
will be useful at the time of interpreting the experimental data, by helping to explain plant behavior
in the experiments
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A description of the soil profile in each experiment should be made at a convenient time during
the crop growing season. This information is useful in understanding plant behavior and is
necessary for confirming that the experiment was assigned to the correct agrosystem.
e. Harvest.
Well before the beginning of harvest, the researcher prepares a tentative calender of harvest dates,
taking into account the state of maturity of the grain in each experiment. Each farmer is advised
of the need to harvest as soon as possible after physiological maturity to avoid grain losses. As
soon as the grain in an experiment is ready for harvest, the researcher reaches an agreement with
the collaborating farmer and proceeds to the harvest.
6. Processing of experimental data.
Following the harvest of the experiments, the researcher proceeds to make any necessary adjustments and transformations of the experimental data and submits them to statistical analyses.
In addition, an economic analysis of the data from each experiment is made to determine the
best choice, in the case of discrete variables like the weed control practice, or the optimal dose,
in the case of continuous variables like the rate of fertilization.
A common deficiency in economic analyses is the lack of precision in the estimation of
production costs and the value of the harvest. Frequently, the researcher accepts a rough
estimate of the cost of a certain practice without insisting on a more precise estimate that might
involve collecting information from farmers. Many researchers continue to estimate the value of
the harvest of cereals exclusively in terms of grain yield.
The estimation of the economic optimal dose of a continuous variable is commonly made using
the graphic method, the partial budget analysis (25) or a mathematical function. Perhaps the
graphic method continues to be the most reliable, especially when working with yield averages with
a large standard deviation.
Once the economic analysis in completed, the researcher revises the stratification of farmer
circumstances into agrosystems, made at the beginning. He compares the variability, expressed
as differences in yield, optimal doses, etc., within agrosystems with the variability among
agrosystems. The CP Method of Turrent (36) may prove useful in this comparison. As a
product of this revision, the a priori stratification in agrosystems is confirmed or some
adjustment is made. Once the stratification in agrosystems is validated, a recommendation for
each agrosystem is estimated by averaging the optimal doses, or the best choices, calculated for
each trail carried out in the agrosystem.
For many researchers, the interpretation of experimental results ends with the estimation of these
recommendations. At this point, however, an important source of variability, that due to
differences in weather among years, has not been taken into account. It is widely accepted, for
example, that technological components like the optimal rate of nitrogen fertilization, or the best
crop variety, may be quite different in a year with favorable rainfall than in a year with severe
drought. It is essential that researchers use existing weather data to confirm or adjust the
recommendation estimated from the experimental data obtained in a given year. Although much
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research is needed to determine how best to use historical weather data for this purpose,
studies like those of Rebolledo (26), Mendoza (23) and Esparza (10) suggest possibilities.
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Use of Natural Zeolites to Increase Yields in Sugarcane
Crop Minimizing Environmental Pollution
L. Bouzo, M. Lopez, R. Villegas, E. Garcia and J. A. Acosta. National
Sugarcane Research Institute, Van Troi 17203, Boyeros, Habana, Cuba.
Abstract. Results from 6 field trials and from commercial demonstration plots on zeolite
application in sugarcane are reported. The work was carried out on Ferriticos (Oxisols), Gley
Ferrali'ticos (Entisols) and Pardos con Carbonatos (Inceptisols) soils, and included 16 crop
harvests. Zeolite doses (particle size 0-5 mm) ranging from 0 to 30 t/ha and two different
application methods were tested: material broadcasted on soil and located at the bottom of
furrow. Zeolite effectiveness on sugarcane yield varied according to soil properties. When soil
fertility and clay content increased, larger zeolite doses, to obtain the highest sugarcane yield,
were required. Sugarcane yield in plant cane was doubled and tripled with zeolite application
located at the botton of furrow in Ferriticos soils with dosis of 3 and 6 t/ha respectively. Zeolite
application, broadcasted or located at the bottom of furrow on Gley Ferrali'ticos soils with doses
of 7.5 t/ha, increased 23,4% the yield in second ratoon, whereas on Pardos con Carbonatos soils
a 44% yield increase was recorded in first ratoon when zeolite was broadcasted at a rate of 20
t/ha. The combined application of zeolite and nitrogen allowed to reduce 50% the dose of this
nutrient in Gley Ferrali'ticos and Pardos con Carbonatos soils, at least until second ratoon.
Key words: Zeolite. Nitrogen. Sugarcane.
Introduction. Enviromental issues relating to farming practices have come to the fore in recent
years. Some of the controversies concern fertilizer use and are directly or indirectly related to
nitrogen wich is commonly the most limiting nutrient in crop production.
The significance of N leaching in sugarcane nitrogen economy and its impact for enviroment is
not known with certanity. Nitrogen fertilizer efficiency is an important consideration for plant
production and it can be increased by addition to soil of higly selective exchanger for ammonium
ions (3).
Natural zeolites may play an important role in achieving these goals based on their desiderable
ion-exchange capacity and hidratation properties. Zeolites are alumino silicates with three
dimensional framework structure of (SiAl)04 tetrahedra wich contain pores filled with water
molecules and exchangeable cations (6). Clinoptilolite and other zeolites have high selectivity
for K+ and NH + 4 . The retention of NH4 in the mineral structural channels may prevent its
oxidation to NO"3 by nitrifying bacteria and help to reduce leaching losses of ammonium type
fertilizers (2).
Considerable progress has been made in the utilization of zeolites in many areas of agricultural
technology throughout the world. Large deposits of natural zeolites minerals are in Bulgaria,
Cuba, West Germany, Hungary, Italy, Japan, Korea, Mexico, South Africa and the USA.
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The objective of the present paper was to evaluate the effectiveness of zeolite as a soil
amendment in order to extend the resident time and availability of nitrogen in treated soils and
to determine its influence on sugarcane yield.
Materials and Methods. Results from 6 field trials and from commercial demonstration plots
on zeolite application in sugarcane were evaluated. The trials were carried out on Oxisols,
Entisols and Inceptisols soils, and included 16 crop harvests. Zeolites doses (particle size 0-5
mm) ranging from 0 to 30 t/ha and two different application methods (material broadcasted on
soil and located at the bottom of furrow) were tested.
The zeolite ore used was a clinoptilolite from a deposit in Tasajeras, Cuba. This ore containes
85-95 % clinoptilolite. Selected properties of this material are listed in Table 1.
Table 1. Typical Analysis of Cuban zeolite from Tasajeras tuff.
Chemical composition

%

Si02

65.11

Ti0 2

0.22

A1203

10.73

FeA

1.87

CaO

3.58

MgO

0.94

K20

1.49

Na 2 0
Cation exchange capacity > 150 meq/100 g
NH3adsorption capacity
= 6.9 m mol/gr of dehydrated zeolite
Pore volume
= 0.11 cc/g

0.90

To maintain soil fertility, prior to planting and after each harvest, N, P and K fertilizers were
added following INICA (7) recommendations (See foot notes tables 3, 4 and 6).
In relation to nitrogen, lower doses were studied and the possibility of using reduced doses wich
not affect yield was evaluated.
Soil samples were taken at 0-25 cm in each treatment on three dates (3, 5 and 7 months after
zeolite application) and were analized for N03.N and NH4 N by H2S04 digestion using micro
kjeldahl distillation (5).
Randomized complete block experimental designs, using a factorial arrangement of treatments
with four replications, were used.
Data were analyzed by analysis of variance and if significant differences among means ocurred,
Duncan Test was applied.
Results and Discussion. Zeolite effectiveness on sugarcane varied according to soil properties.
When the soil fertility and clay content increase higher zeolite doses to obtain positive effect on
sugarcane yield were required.
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Sugarcane yield in plant cane was doubled and tripled with zeolite application located at the
bottom of furrow on Oxisols with doses of 3 and 6 t/ha respectively (Table 2).
Table 2. Response of sugarcane to zeolite application
(Commercial demonstration plots, Oxisols).
Zeolite dose (t/ha)

Pol (%)

Cane t/ha

0

16.42

38.0

(c)

3

16.23

75.4

(b)

110.9

(a)

6
16.37
0 different characters differs significately p < 0.01

Zeolite application, broadcasted or located at the bottom of furrow on Entisols with doses of 7.5
t/ha increase 23.4% the yield in second ratoon (Table 3), whereas on Inceptisols a 44% yield
increase was recorded in first ratton when zeolite was broadcasted at a rate of 20 t/ha (Table 4).
Table 3. Response of zeolite application on sugarcane yield
(Experimental plots. Second ratoon. Entisols)
Zeolite dose

Pol

Cane

t/ha

%

t/ha

0.0

18.35

58.0

(c)

1.5

18.40

62.4

(be)

3.0

18.12

62.1

(be)

4.5

18.21

59.9

(be)

6.0

18.50

60.8

(be)

7.5

18.51

71.6

(a)

67.0

(ab)

15.0
Age of harvest
Fertilization kg N/ha
kg P205/ha
kg K20/ha

18.42
12 months
120
50
180

Rain (mm)
1 445
() different characters differs significately p < 0.01
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Table 4. Response of sugarcane to zeolite application
(Experimental plots, Incept isoLs, 1990-1991).
Crop yield

Zeolite dose
Plant cane

First ratoon

0

60.9

(ab)

66.1

(b)

10

64.6

(ab)

91.2

(ab)

15

76.6

(ab)

101.4

(a)

20

79.2

(a)

116.1

(a)

25

70.3

(ab)

94.8

(ab)

99.0

(ab)

(t/ha)

30
Age of harvest
Fertilization kg N/ha
kg P205/ha
kg K20/ha
Rain (mm)

53.6
(c)
9 months
80
50
120
1 005

12 month s
120
50
120
1 400

0 different character differs significately p < 0.01

When zeolite is added to the soil the active mineral fraction, with high cation exchange capacity,
increase and therefore the soil CEC is also increased. The beneficial effect on the plant is
related to the capacity retention and adsorption of the fertilizer nutritive ions (K+ and NH 4 + ),
mantainance of an adecuate hidric regime, slow release properties and nutrient supply. Greater
availability or less nitrogen losses by nitrification (Table 5) seems to be partiatly responsible of
yield increase.

.
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Table 5. Residual soil N after zeolite + urea application
(Experimental plots, Enlisols, 1989).
Zeolite (t/ha) + N (kg/ha)

Months after
application
3

5

7

ppm

(0+0)

(0+50)

(3+25)

(6+25)

N-NH4

27.72

26.95

32.30

41.58

N-N0 3

26.18

31.57

90.86

116.27

N-NH4N-N03

53.90

58.58

123.20

157.85

N-NH4

23.10

19.25

18.48

42.35

N-NOj

15.41

16.17

16.17

18.49

N-NH4N-N03

38.51

35.42

34.65

70.48

N-NH4

30.03

23.87

35.12

30.03

N-NOj

11.55

13.09

12.32

12.32

N-NH4N-N03

41.58

36.96

47.74

42.35

The combined application of zeolite and nitrogen allowed to reduce 50% the doses of this
nutrient in Entisols and Inceptisols at least until second ratoon (Table 6).
Zeolite seems to be efficient in reducing nitrate-leaching (Table 5). The application of 3 and 6
t/ha of zeolite produces a greater accumulation of mineral nitrogen comparing with the control
wich received a doble N dose and no zeolite. These results suggest a retention of NH/ by
zeolite and a reduction of nitrification. The erionite (a type of zeolite) inhibited the conversion
of N H / to NOj- by 30 to 40% (8).
Different studies (8,9) indicate that some zeolites could control leaching losses of NH4+-N from
treated soils. This can be directly attributed to the NH4+ selectivity of the zeolite and to its
capacity to retain NH4+ in channels that are inaccessible to Nitrosomonas and Nitrobacter
bacterias, so they could inhibit bacterial nitrification of NH,+ and thus reduce the potential
leaching and denitrification losses of N fertilizer (1, 2, 4). All results suggest that natural
zeolites would increase yields in sugarcane crop, reduce the need of nitrogen fertilizer, and
minimize environmental pollution.
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Table 6. Response of sugarcane to zeolite + urea treatment
(Experimental plots, 1989-1991)
Crop yield
Zeolite

N

t7ha

kg/ha

Plant cane

First ratoon

Cane t/ha

Pol %

Pol %

Second ratoon

Cane t/ha

Pol %

Cane t/ha

Soil: Entisols
0

Dr

17.53

83.5

17.73

69.8

17.71

55.8

3

1/2 Dr

17.22

82.5

17.82

69.3

18.35

55.8

6
1/2 Dr
Age of harvest
Dr: Recommended
N Doses
Fertilization
P 2 0 5 kg/ha
K 2 0 kg/ha

17.16
87.1
11 months
50

17.60

63.2
12 months
60

18.28
57.4
12 months
100

35
120

35
180

35
180

Rain (mm)

781

1511

1445

Soil: Inceptisols
0

Dr

15.64

58.6

102.1

17.05

82.8

3

1/2 Dr

15.74

59.9

113.5

18.28

86.5

15.30
60.8
10 months
100

106.7
12 months
100

6
1/2 Dr
Age of harvest
Dr: Recommended
N Doses
Fertilization
P 2 0 5 kg/ha
K 2 0 kg/ha
Rain (mm)

16.31
79.2
121nonths
100

50
120

50
120

50
120

1020

1248

1400

700

Conclusions. In Oxisols, Entisols and Inceptisols soils the application of zeolite doses of 6.0,
7.5 and 20.0 t/ha respectively produces a significant increment of sugarcane plantations yield.
The broadcast of zeolite over the soil surface (during soil preparation for planting) or its location
at the bottom of furrow during plantation are suitable application methods.
The zeolite (3-6 t/ha) in combination with nitrogen fertilizer allows a 50% reduction of N doses
in Entisols and Inceptisols soils, at least, in the first three crops.
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Intercropping Small Grains with Legume Species under
Reduced N Fertility to Improve Ground Cover, N-use
Efficiency, and Productivity
M. P. Reynolds1, K. D. Sayre1 and H. E. Vivar*. iWheat Program,
CIMMYT, Parley Program, ICARDA/CIMMYT, Lisboa 27, 06600 Mexico
D.F.
Introduction. Low amounts of soil organic matter and the incomplete ground-cover
commonly associated with intensive cultivation are two of the major factors leading to
accelerated soil degradation and loss. Intercropping with species that can help to control
soil erosion (Langdale et al. 1992), and at the same time utilize symbiotically fixed
nitrogen, may be a more sustainable approach to maintaining soil fertility, in comparison
to the use of high levels of inorganic fertilizer. In this study the hypothesis was tested
that, for wheat growing at suboptimal levels of nitrogen fertility, unused radiation can be
absorbed by an N-fixing intercrop without detriment to the main crop, thus increasing
ground cover, N input, and total plant biomass of the system. The cropping system
described may be especially relevant to highland regions, such as the Andes or Himalayas,
where steep gradients, high rainfall patterns, and a lack of infrastructure would favour the
adoption of low input technologies which decrease the risk of soil loss, while increasing
N-use efficiency, and crop productivity.
Materials and Methods. Experiments were conducted between 1990 and 1992 at
CIMMYT's El Batan experiment station, in Central Mexico. Wheat and barley were
grown in alternate rows with 3 legume species: hairy vetch, berseem clover, or faba bean.
Soil N levels were low, such that grain yields were in the range of 1 to 4 t/ha, and rainfall
was approximately 500mm. The forage legumes were harvested sequentially during the
cycle, while the faba beans were harvested at maturity of the cereal crop.
Results and Discussion. None of the legumes tested reduced yields of the cereal crop in
comparison to monocropped controls, which averaged 2.5 t/ha grain yield, while the extra
total biomass from legumes in some cases more than doubled productivity. The
intercropped legumes achieved dry biomass yields as high as 6.5 t/ha in the case of a
sequentially cropped forage crop of berseem clover, or 1.4 t/ha of dry beans plus 3.5 t/ha
of green residue in the case of faba bean. Total biomass in the intercropped situation gave
land equivalent ratios up to 1.54. This study differs from most others which show reduced
cereal yields when intercropped (Ofori & Stern 1987), even though land equivalent ratios
may be higher. However, surprisingly few data are available for the low nitrogen fertility
environments, where one would expect to see a greater degree of synergy between a cereal
and an intercrop which fixes its own nitrogen. In this study, with leaf nitrogen levels
averaging 3.8 %, it is assumed that the intercropped legumes fixed considerably more
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nitrogen than was removed by the wheat crop, thus improving N-use efficiency of the
system as a whole.
Light measurements inside the crop canopies indicated that the intercropped systems
intercepted a higher proportion of the incident solar radiation than the cereal monocrop,
presumably contributing to the large differences in total biomass produced. This result is
in contrast to other studies (Reddy & Willey 1981), where it was concluded that higher
productivity of the intercrop system was achieved by an increased efficiency in converting
light energy into dry matter, and not by an increase in the amount of light energy
absorbed. The increased light interception measured in these experiments reflected
increased ground cover of the systems, an important aspect of soil conservation, especially
in highland regions where steep gradients and high rainfall in combination, can cause
rapid soil erosion where bare soil is exposed.
While intercropping is currently of major interest in marginal environments, the potential
for intercropping with legumes has also been demonstrated in high yielding environments
(Grubinger & Minotti 1990). In our experiments, wheat yields of over of 4 t/ha were
achieved without detriment from the intercropped legumes. This is higher than the average
yield of spring wheat for the developing world, and indicates the potential of intercropping
to provide agricultural soils with a restitutive green manure crop without taking main
crops out of production. The use of alternate row cropping, in particular, is a system of
intercropping that is highly amenable to mechanized management (Ofori & Stern 1987).
Such systems allow the intercrop to utilize the available resources of light, nutrients, and
possibly water, at stages of development when they are not limiting to the main crop
(Trenbath 1976).
Literature Cited.
(1) GRUBINGER, V. P. & MINOTTI, P. L. (1990). Managing white clover living mulch
for sweet corn production with partial rototilling. American Journal of Alternative
Agriculture 5, 4-12.
(2) LANGDALE, G.W., CLARK , R.L. & BRUCE, R.R. (1992). The role of legumes in
sustaining soil productivity and controlling soil erosion. In Biological Nitrogen
Fixation and Sustainability in Tropical Agriculture.
(3) OFORI, F. & STERN, W. R. (1987). Cereal-legume intercropping systems. Advances
in Agronomy 41, 41-90.
(4) REDDY, M. S. & WILLEY, R. W. (1981). Growth and resource use studies in an
intercrop of pearl millet/grounded. Field Crops Research 4, 13-24.
(5) TRENBATH, B. R. (1976). Plant Interactions in Mixed Crop Communities. In
Multiple Cropping (Eds R.L Papendick, P.A. Sanchez & G. B. Triplett), pp. 129169. Special Publication No. 27. Madison, Wisconsin: American Society of
Agronomy.

703

Effects of Long-term Use of Urea and Anhydrous Ammonia
on Crop Yields and Soil Characteristics
C.A. Campbell*, V.O. Biederbeck, H. Ukrainetz, D. Curtin and T. Bouman
Agriculture Canada, Research Station, Swift Current, Sic, Canada, S9H 3X2
Introduction. The inherent fertility of soils of the semi-arid prairies of western Canada has been
deteriorating steadily, primarily because of the frequent use of conventional (tilled) summerfallow
as producers attempt to conserve water. Partly to address the degradation problem, and partly
to improve net returns, the use of nitrogen fertilizers has increased dramatically in western
Canada in recent decades.' The efficacy of various nitrogen sources has been much debated by
producers, scientists, and some segments of society. Anhydrous ammonia is generally the
cheapest source of nitrogen, but its reputation has been much maligned, especially by proponents
of organic farming, who allege that it destroys soil life and soil structure.
Hypothesis. Because N is a major nutrient for crops and soil micro-organisms, it will have a
positive influence on plant yield and quality and microbial growth and activity. However,
because N fertilizer, especially at high rates, will acidify soil, it may also have negative effects
on these characteristics. The results will reflect these two competing tendencies.
Objective. To compare anhydrous ammonia with the most commonly used N source in western
Canada, i.e., urea, re effects on: crop production; soil acidification; soil microbial populations and
activities; and soil nutrient supplying capacity.
Materials and Methods. The experiment was conducted on a moderately acid Elstow loam
(Typic Haploboroll) at the Experimental Farm of Agriculture Canada, Scott, Saskatchewan from
1983 to 1992. Climatic conditions at this site are characterized by short, warm summers and
long, cold winters. Mean annual precipitation is 355 mm, and potential evapotranspiration 635
mm, for a mean moisture deficit of 280 mm2.
Two N sources, anhydrous ammonia and urea, were applied at rates of 0, 45, 90 and 180
kg N ha"1. A randomized block design with a split-plot treatment arrangement was used with N
rate as main plots (3.7 m wide and 30.5 m long) and N source as subplots. Each treatment was
replicated four times. Each year, except for 1989 and 1992, half of each plot was seeded to hard
red spring wheat (Triticum aestivum L.) and half to barley (Hordeum vulgare L.). In 1989 and
1992, canola (Brassica campestris L.) replaced the cereals to break disease cycles. In spring of
each year, anhydrous ammonia and urea were injected at the 10 cm soil depth in rows spaced 30
cm apart. Anhydrous ammonia was contained in a pressurized cylinder and applied to the soil
by a conventional ammonia applicator fitted with banding knife shanks. Phosphate fertilizer (1155-0) was seed-placed each year on all plots at a rate of 19 kg P ha'1. Grain yields and grain
N contents were determined each year.
Soil samples were taken three times during the final year of the experiment (i.e., 3 days

before and 6 and 26 days after fertilization) to assess the long-term and short-term effects of
fertilization on selected soil properties. Soil samples were taken from the 0-7.5,7.5-15 and 15-30
cm depths. Within each plot several random samples were taken from each depth increment and
mixed to give a composite sample. The soil was passed, field moist, through a 2 mm sieve, the
samples divided into two, half was air-dried and used for chemical analyses and half stored at
0°C and later used for microbial counts. Chemical properties measured included pH (1:2
soil:0.01 M CaCl2 suspension) and exchangeable cation composition. Exchangeable cations were
extracted using 1M KC1. Calcium, Mg and Mn were determined by atomic absorption
spectroscopy (AAS).3 Olsen-P was determined by extraction with 0.5 M NaHCOj (pH 8.5).4
Total organic N was determined by kjeldahl digestion.
Nitrogen mineralization and nitrification rates were determined using samples of air-dried
soil. The soils were moistened to field capacity and incubated at optimum temperature (35°C)
with intermittent leaching to extract mineral N.5
Field-moist soil was used to measure numbers of aerobic heterotrophic bacteria and
actinomycetes by dilution plate count using soil extract agar; filamentous fungi and yeasts were
determined by plating on rose bengal-streptomycin agar;6 and nitrifiers and denitrifiers were
determined by an MPN technique.7 Microbial biomass C was determined by the chloroform
fumigation-incubation technique.8 Analysis of variance was performed using the CoStat software
package.9
Results and Discussion. Soil acidification increased with N application rate and was more
pronounced with anhydrous ammonia than with urea (Table 1). In Illinois, Khonje et al.10
observed a similar effect of N source after nine yr of application but, in Kansas, Darusman et
al.11 found no effect of N source after 20 yr. Soil pH (in CaCl2) decreased by up to 1 unit due
to fertilization, and reached a low of 4.3 at the injection depth in soil treated with the highest rate
of anhydrous amonia. The acidifying effects of the fertilizers were confined mostly to the top
15 cm soil layer; in the 15-30 cm layer, significant acidification was only observed at the highest
application rates. Acidification resulted in a loss in the exchangeable bases Ca and Mg.
Although Schwab et al.12 reported that fertilizer-induced acidification caused a greater depletion
of Mg than Ca, the relative proportions of exchangeable Mg and Ca changed little in our study
(Table 1). Manganese was a minor exchangeable cation, but it increased considerably with N
fertilization, particularly when high rates of anhydrous ammonia were applied (Table 1).
Surprisingly, soil acidification did not significantly increase soluble aluminum (data not shown).
Olsen-P tended to increase at the higher N rates. However, because the extractability of P in
bicarbonate increases as exchangeable Ca decreases,13 the results do not necessarily mean that
the plant-availability of P was increased by N fertilization.
Wheat and barley responded positively to N rate but the response was more frequent in
the case of barley (Table 2). In the later years wheat response to N appeared to be dampened
as soil pH decreased. Barley appeared to withstand the low pH better than wheat and continued
to respond positively to N even in later years. Canola was only grown in the later years when
the soil had become more acid and it appears that this crop is very susceptible to low pH because
its response was inversely related to N rate (Fig. 1). Anhydrous ammonia reduced canola yield
to a greater extent than did urea, presumably because of its stronger acidifying effect.
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Table 1.

Soil pH, exchangeable cations and extractable P in soils which had received nine
annual applications of urea or anhydrous ammonia at Scott, SK.

N
Source

N
Rate

pH
(CaCl2)

(kg ha'1)
0 - 7.5 cm
Check
Urea

Anhydrous
ammonia (AA)
LSD (P<0.05)
AA vs. Urea
7.5 - 15 cm
Check
Urea
Anhydrous
ammonia (AA)

0
45
90
180
45
90
180
**

0
45
90
180
45
90
180

LSD (P<0.05)
AA vs. Urea
15 - 30 cm
Check
Urea

Anhydrous
ammonia (AA)
LSD (P<0.05)
AA vs. Urea

0
45
90
180
45
90
180

KCli Exchangeable cations

Ca

Mg

— cmolt( kg 1 —

Mn

Olsen-P

— mg kg"1 —

5.3
5.4
5.1
4.8
5.0
4.8
4.6

9.2
9.0
9.0
8.2
8.5
8.5
7.5

2.7
2.5
2.5
2.2
2.4
2.3
2.0

24
26
21
33
31
42
73

0.2
•#

0.4
**

0.2

21

5.2
4.8
4.8
4.5
4.7
4.5
4.3

9.4
8.9
9.6
7.7
8.6
8.5
7.2

2.7
2.2
2.4
1.9
2.2
2.1
1.7

16
32
32
57
36
81
180

11
13
12
21
16
13
21

0.2
**

0.5
**

0.2
**

39
**

7
*

5.7
5.6
5.9
5.0
5.5
5.3
4.7

9.5
10.1
9.6
9.2
10.7
9.0
8.4

2.8
3.0
2.8
2.7
2.9
2.7
2.5

6
2
3
11
5
7
53

5
5
5
6
5
5
7

0.3
**

1.2
ns

0.3
ns

6

1

•*

*

•*

6
*

ns, *, ** denote not significant, and significant at P<0.05 and <0.01, respecitvely.
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38
35
33
39
39
34
42

Table 2. Effect of N treatments on grain yields' of wheat and barley at Scott, SK.

Nitrogen
Source

Check
Urea

Anhydrous
ammonia(AA)

Nitrogen
Rate

0
45
90
180
45
90
180

LSD(0.05)
A A vs. Urea1

Check
Urea

Anhydrous
ammonia(AA)
)!
LSD(0.05)
A A vs. Urea*

0
45
90
180
45
90
180

Grain yield in
1987
1985
1988

1983

1984

1823
2372
2773
3007
2343
2658
2791

kg ha"1
Wheat
2124
1505
1494
2209
1429
2630
1441
2225
1195
2288
1277
2358
1485
2271

379
ns

ns
ns

1843
2834
2709
3078
2444
2765
2770

Barlev
1217
2240
1324
2286
1300
2431
1321
2231
1141
2373
1353
2446
1284
2177

469
ns

231
ns

ns
ns

ns
ns

1990

1991

1994
2281
2209
2628
2420
2179
2310

1091
2093
1352
2067
1304
1289
1583

3050
3115
3148
3472
2770
3258
2787

2105
2251
2243
2546
1659
2386
2001

ns
**

505
ns

ns
*

ns
*

2568
2992
2649
3474
2981
2824
2953

1568
2062
1613
2703
1304
1690
1731

3645
4468
4106
4610
3307
4187
3968

1572
2216
1401
2598
1236
1692
1820

473
ns

548
**

814
*

824
*

* Cereals were replaced by canola in 1989 and 1992.
* Linear contrast (P=0.05); ns = not significant.

Fertilizer effects on soil microbes were most pronounced in the 7.5-15 cm depth (where
N was applied) and at 6 days after N application, although there was a residual effect of the
fertilizer because even the samples taken prior to fertilizer application in 1992 showed a
significant treatment response (Fig. 2). Fungi are known to be tolerant of acid conditions,14 thus
it was not surprising to find a positive response to N rate and higher numbers for anhydrous
ammonia (Fig. 2). However, bacteria generally are less tolerant of acidity14 thus, it was
surprising that they also responded positively to N fertilizer. In contrast to fungi, actinomycetes
and nitrifying bacteria are reputed to be intolerant of acid conditions14 and this was reflected in
their negative response to high N rates, with the negative impact being more severe for anhydrous
ammonia than for urea. At lower N rates, acidity was less severe and these organisms responded
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positively to greater available N substrate. On an acidic silt loam soil in Illinois, Khonje et al.10
found no significant changes in the numbers of bacteria, actinomycetes, or fungi after nine annual
applications of anhydrous ammonia at rates of N up to 300 kg ha"'. Numbers of denitrifier
bacteria in the 7.5-15 cm depth were not significantly affected by N treatments although there
was a strong tendency for numbers to decrease as N rate increased (i.e., as pH decreased) (Fig.
3).
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Figure 1.

Effect of N treatments on grain yield of canola in two years when this crop
was grown.

Microbial biomass was only significantly affected by N treatments when soil was sampled
prior to fertilization and then only in the top 7.5 cm depth (Fig. 4). Biomass C was decreased
by the highest rate of N (urea or anhydrous ammonia) in the surface depth. Soil organic N was
increased by high N rates (Fig. 5), probably reflecting greater crop residues with high N contents
(data not shown).

45

90 180

N Rate (kg/ha)
| Chock

Figure 2.

•

Urea

Q

Aniiydic

Influence of source and rates of N on microbial populations in soil sampled
3 days prior to (Tl) and 6 days after (T2) the tenth annual application of
fertilizer. (Only data for 7.5-15 cm depth shown).
QUrea
\U A. Ammonia

45
9»
Rate of N (kg/ha)

Figure 3.

Influence of source and rates of N on denitrifier populations in soil sampled
3 days prior to the tenth annual application of fertilizer (Tl). (Determined by
MPN method; differences were not significant at P=0.05).
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Influence of rates and source of N on microbial biomass C in soil sampled 3
days prior to the tenth annual application of fertilizer (Tl). [Differences
significant (P<0.01) only in 0-7.5 cm depth].
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Figure 5.

180

Influence of N source and rates on organic N in 0-7.5 cm depth in soil
sampled 3 days prior to the tenth annual application of fertilizer (Tl).
[Differences significant (P<0.10)].
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45
Rate of N i k K / M

90

180

Influence of N source and rate on potential rate of mineralization of N in 7.515 cm depth of soil sampled 3 days prior to the tenth annual application of
fertilizer (Tl). [Based on 16 wk incubation at optimum temperature (35°C)
and moisture (field capacity)].

Campbell et al.15 have shown that the initial potential rate of N mineralization (NQ x k)
provides a good index of the influence of agronomic treatments on soil microbial activity. In this
study this characteristic was not significantly affected by N treatment but there was a strong
tendency for it to be reduced by the 180 kg ha"1 rate of anhydrous ammonia-N (Fig. 6). There
was a tendency for all rates of urea and the lowest rate of anhydrous ammonia to increase
nitrification rate (Fig. 7), likely due to the added ammonium (substrate). Because anhydrous
ammonia acidified the soil (and increased toxic manganese) more than urea, nitrification was
suppressed at the higheT rates of N. The ability of these systems to nitrify ammonium in such
acid environments was surprising and may be related to the low soluble aluminum in these soils.
Our results show that, at equal rates of applied N, anhydrous ammonia will cause greater
soil acidification than urea. Soil microflora generally respond positively to applied N (anhydrous
ammonia or urea), but some inhibition of certain organisms (actinomycetes and nitrifiers) may
occur under low pH conditions, induced by high rates of N fertilizer. However, considering the
very low pH values in the soil receiving the highest rate of anhydrous ammonia (i.e., pH 4.2)
adverse effects of fertilizer-induced acidification on soil microbes were surprisingly small. This
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appears to be at least partly related to the low solubility of phytotoxic aluminum in our prairie
soil.

D Urea
I A. Ammonia

«
0
45
Rate of N (kg/hat

Figure 7.

Influence of N source and rate on average potential rates of nitrification in 7.515 cm depth of soil sampled 3 days prior to the tenth annual application of
fertilizer (Tl). [Based on 16 wk incubation at optimum temperature (35°C)
and moisture (field capacity)].

Conclusions: Anhydrous ammonia, when applied annually at normal rates (i.e., 90 kg N ha"'
or less), poses little long-term detrimental consequences for the soil microflora even though the
soil will be acidified. Cereals, especially barley, will respond positively to rates of N on such
soils if weather conditions are favourable but canola appears to be very susceptible to acid
conditions. Overfertilization with N will acidify the soil and cause a loss of bases, an increase
in exchangeable Mn, and could prove deleterious to some plants and some microorganisms (e.g.,
actinomycetes and nitrifiers). However in this soil, N mineralization and nitrification (i.e.,
indices of microbial activity) were not greatly affected by either N source when they were used
at rates commonly used in this region (less than 90 kg N ha"1). The results can be explained in
terms of the competing tendencies relative to the positive effects of nitrogen (as a substrate) on
growth of crops and microorganisms, and the negative effect of N fertilizer as it tends to acidify
soil.
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Nitrogen Sources and Methods of Placement for Zero Tillage
Barley
S.S. Malhil, M. Nyborg2, E.D. Solberg3 and K. Heier* . Agriculture Canada,
Research Station, Lacombe, Alberta, Canada TOC ISO; ^Department of Soil
Science, University of Alberta Edmonton, Alberta, Canada T6G 2E3; and ^Soils
Branch, Alberta Agriculture, Edmonton, Alberta, Canada T6H 4P2.
Introduction
Zero tillage (ZT) is one of the most effective methods in conserving soil and water, and
has less requirements for labour, fuel and machinery than conventional tillage (CT). However, ZT
may reduce crop utilization of fertilizer N (Carter and Rennie, 1984), and increase the potential
for immobilization (Carter, 1982; Fredrickson et al., 1982), denitrification (Aulakh et al., 1980)
and leaching (Ehlers, 1975; Edwards, 1982) of mineral N.
The difference in the availability of fertilizer N to plants under ZT versus CT depends on
N source and method of placement. On ZT, which precludes cultivation, the most common
method of N application is broadcast on the soil surface. Urea is the most dominant dry N
fertilize, but surface-applied urea is subject to substantial N loss through ammonia volatilization
(Volk, 1959). In U.S.A., urea-containing fertilizers have been found less efficient than non-urea
fertilizers under ZT (Bandel et al., 1980; Touchton and Hargrove, 1982; Maddux et al., 1984;
Howard and Tyler, 1989). However, there is no published information available on the efficiency
of urea compared to other N sources for ZT in central Alberta.
Fertilizer N represents a major portion of the crop production cost. Reduced availability
of applied N to plants can negate benefits of energy conservation due to ZT. So, efficient N
utilization under ZT is critical. Placement of N fertilizer in bands below the soil surface can
prevent N loss through ammonia volatilization (Bauwmeester et al., 1985) and improve the
availability of fertilizer N to plants under ZT (Mengel et al., 1982; Touchton and Hargrove, 1982;
Bandel et al., 1984; Reinertsen et al., 1984; Jensen, 1985; Malhi and Nyborg, 1991).
Barley yields in field experiments in central Alberta are generally lower under ZT than CT
when N fertilizer is broadcast on soil surface (Malhi et al., 1988), and band placement of urea
reduced or eliminated yield differences between ZT and CT (Malhi and Nyborg, 1990, 1992).
Since 15N-labelled fertilizer was not used in these experiments, it was not possible to determine
the recovery of applied N by plants or by soil.
The objective of this study was to determine the effect of N source and method of
placement on the recovery of 15N-labelled fertilizers applied to barley in plants and in soil.
Materials and Methods
The study was conducted at Rimbey (north-central Alberta) and Innisfail (central Alberta)
in 1989. At Rimbey, the soil was Gray Luvisol (Boralf) with a pH of 7.0, organic matter 3lg kg -1
and a loam texture. The soil at Innisfail was Black Chernozem (Udic Boroll) with 7.0 pH, 65g
kg-1 organic matter and a loam texture. The mean annual precipitation of the area is about 450
mm. The growing season (May to August) precipitation was 255 mm in 1989 (271 mm for longterm average). The two experiments were established in spring, 1989 within large zero tillage
(ZT) and conventional tillage (CT) treatments which had been for 5 or 6 years before. Each 1989
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treatment was contained in a 45 cm long x 45 cm wide x 18 cm high bottomless steel frame. The
steel frames were set 13 cm deep in the soil. Undei ZT barley {Hordeum vulgare L.) was sown
directly into standing stubble, while the CT plots were tilled once in the fall and twice in the
spring prior to sowing. In all experiments, each treatment was replicated four times in a split-plot
design with tillages in main plots and N treatments in subplots. The atom % 15N abundance of
the labelled fertilizers was 5.4988, 5.3567, 5.3242 and 5.3202%, respectively for urea, ammonium
sulphate (A.S.), ammonium nitrate (A.N.) and potassium nitrate (KNO3).
Experiment 1. Source of N Application. There were two tillage treatments (ZT and CT) and
four sources of N (urea, A.S., A.N. and KNO3). The rate of N was 50 kg N ha-1. The N
fertilizers were broadcast on soil surface for ZT, while in CT plots they were incorporated into the
top 10 cm by hand just prior to sowing of barley (cv. Gait) in May. There were two 22.5 cm
apart rows of barley per frame. The areas outside the frames were also sown to barley using a
drill with 22.5 apart rows.
Experiment 2. Method of N Application and Simulated Rainfall. The treatments were:
surface-broadcast, simulated rainfall, ZT; surface-broadcast, ZT; side band, ZT; deep band, ZT;
broadcast and incorporated, simulated rainfall, CT; broadcast and incorporated, CT; and side
band, CT; and deep band, CT. The N source was urea applied at 50 kg N ha"1. Surfacebroadcast under ZT and incorporation under CT methods of application were same as in
Experiment 1. In the "side banding" method urea was applied about 4 cm beside and 4 cm below
the seedrow, while in the "deep banding" application the N fertilizer was placed about 4 cm
directly below the seedrow. In the "simulated rainfall" (SR) treatments urea was applied two days
before sowing and in other treatments urea was added just prior to sowing. The "SR" treatments
received 10 mm of water sprinkled over the microplots after urea application. The main purpose
of "SR" was to move the N fertilizer below the soil surface to improve its accessibility to plant
roots and prevent any N loss through ammonia volatilization, leaving more N for plant uptake.
There were two rows of barley per frame and were parallel to N fertilizer bands.
In both experiments, barley was harvested by cutting mature plants at the ground level.
The plant samples were subdivided into heads and straw. In each plot, roots were collected by
digging out the 0-15 cm soil and washed to remove adhering soil. The plant and root samples
were dried at 65°C and ground to pass a 1-mm sieve for 15N analysis in total N.
After harvesting, each plot was soil sampled to a depth of 0-15, 15-30, 30-60 and 60-90
cm. For the 0-15 cm depth, whole soil in the frame was removed and a representative sample was
taken after mixing the soil. For the other depths, a coring tube (1.9 or 2.4 cm diam.) was used
and 10 cores per plot were taken. After drying soil at room temperature, the samples were
ground through a 0.5-mm sieve for 15N analysis in total N.
Total N in plant (including roots) and soil samples was measured using semi-micro
kjeldahl method of Bremner (1965). For 15N analysis on these samples, a Micromass 602C
isotope ratio mass spectrometer was used. The data were subjected to analysis of variance.
Results and Discussion
Experiment 1. Source of N Application. The 15N recovery in plants differed with N source at
both sites, but the effect of tillage was significant only at Rimbey site (Tables 1 and 2). The 15N
recovery in soil differed with both tillage and N source at Rimbey, but only with tillage at Innisfail.
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Table 1. Influence of tillage and N source on the recovery of 15N-labelled fertilizers applied to barley at 50 kg N ha-1 at Rimbey

N source

Percent recovery of applied N
Plants
Straw
Heads

ZT*

Urea
A.S.t
A.N.t
KNO,

29.3
34.2
40.2
49.3

CT*

Urea
A.S.
A.N.
KNO3

Mean

Mean

Treatment
Tillage

Roots

Total
plants

Sou

8.5
10.1
12.2
15.9

3.1
3.2
4.3
4.7

40.9
47.5
56.7
69.9

37.8
33.3
35.5
28.2

42.5
42.6
45.5
49.2

11.4
10.8
12.8
13.9

3.9
3.7
4.5
5.0

57.8
57.1
62.8
68.1

37.1
34.7
39.3
34.0

ZT
CT

38.3
45.0

11.7
12.2

3.8
4.2

53.8
61.5

33.7
36.3

Urea
AS.
A.N.
KNO3

35.9
38.4
42.9
49.3

10.0
10.5
12.5
14.9

3.5
3.5
4.4
4.9

49.4
52.3
59.8
69.0

37.5
34.0
37.4
31.1

0.4
0.4
1
5.0
6.3
9.9
2
3.4
0.4
0.4
4.1
3.9
3
4.8
0.6
0.6
5.5
5.8
4
6.4
0.7
0.7
7.7
10.9
*A.S. and A.N. refer to ammonium sulphate and ammonium nitrate, respectively.
*ZT and CT refer to zero tillage and conventional tillage, respectively.
§LSD 1 is for differences between tillage means; LSD 2 is for differences among N source means: LSD 3 is to compare N
sources for the same tillage; and LSD 4 is to compare tillages for the same N source or to compare N sources at different
tillages.
LSD§

Table 2. Influence of tillage and N source on the recovery of 15N-labelled fertilizers applied to barley at 50 kg N ha-1 at
Innisfail

N source

Percent recovery of applied N
Plants
Straw
Heads

Roots

Total
plants

Soil

ZT*

Urea
A.S.t
A.N.t
KNO,

26.3
30.3
38.0
50.6

8.1
9.0
11.3
15.2

2.7
2.8
3.8
4.7

37.1
42.1
53.1
70.5

39.4
36.5
46.6
38.2

CT*

Urea
A.S.
A.N.
KNO3

36.7
37.3
45.9
50.4

9.5
9.9
11.6
13.3

2.9
2.5
3.1
3.6

49.1
49.7
60.6
67.3

54.3
56.7
55.6
39.3

Mean

ZT
CT

36.3
42.6

10.9
11.1

3.5
3.0

50.7
56.7

40.2
51.5

Mean

Urea
A.S.
A.N.
KNO3

31.5
33.8
42.0
50.5

8.8
9.5
11.5
14.3

2.8
2.7
3.5
4.2

43.1
45.9
56.9
68.9

46.9
46.6
51.1
38.8

Treatment
Tillage

0.4
1.4
8.0
1
6.7
7.5
0.4
2.1
1.2
2.9
7.6
2
4.1
2.9
1.7
0.6
10.7
3
4
7.1
1.9
0.6
8.6
11.8
+A.S. and A.N. refer to ammonium sulphate and ammonium nitrate, respectively.
*ZT and CT refer to zero tillage and conventional tillage, respectively.
§LSD 1 is for differences between tillage means; LSD 2 is for differences among N source means; LSD 3 is to compare N
sources for the same tillage; and LSD 4 is to compare tillages for the same N source or to compare N sources at different
tillages.

LSD§

The N recovery in barley plants (heads plus straw plus roots) under ZT was least for urea,
followed by A.S. and A.N. and with the highest for KNO3 at both sites. Even under CT, KNO3
had the greatest plant N recovery and A.N. gave higher N recovery than urea though the
differences between A.N. and urea were smaller than under ZT. With the exception of KNO3,
plant N recovery was lower under ZT than CT, especially for urea. There was generally less soil
N recovery (immobilized N) with KNO3 than the other N sources.
Researchers (Volk, 1959; Ernst and Massey, 1960; Hargrove et al., 1977; Terman, 1979)
have reported that when ammonium-based fertilizers, particularly urea, are left on the soil surface,
substantial N loss can occur by ammonia volatilization. Thus, leaving less N for plant uptake.
The lowest 15N recovery in plants and plants plus soil from surface-applied urea under ZT than
the other N sources in the present study was most likely due to ammonia volatilization. Similarly,
in other research (Volk, 1966; Touchton and Hargrove, 1982; Bandel et al., 1984), urea has been
found less efficient than non-urea fertilizers when not incorporated into the soil.
Nitrate is more mobile in soil than NH4, and so surface-applied nitrate-containing
fertilizers are expected to become more available to roots than ammonium-based fertilizers in the
early growing season. The greater plant 15N recovery from KNO3, or A.N., than urea or A.S. in
the present experiments was also probably because of faster downward movement through soil
profile and subsequently more accessibility of applied N to plant roots.
The efficiency of urea fertilizer can be improved by incorporation into the soil, presumably
because of decreased NH3 volatilization (Meyer et al., 1961; Volk, 1966; Mengel et al., 1982).
Similarly, in the present work incorporation of urea into the soil increased the 15N recovery in
barley plants and reduced differences in N recovery among N sources.
Experiment 2. Method of N Application and Simulated Rainfall. Tillage had a significant
effect on the 15N recovery in plants and in soils at both sites, but the effect of N placement was
significant only for plant N recovery (Tables 3 and 4). The 15N recovery in barley plants with
broadcast application was considerably lower under ZT than CT, but with subsurface banding the
differences in the N recovery between ZT and CT were much smaller. This indicated that surfaceapplied urea N under ZT became less available to plants compared to incorporated urea under
CT, because of its position away from the roots and also possibly due to N loss through ammonia
volatilization. Mclnness et al. (1986) reported that urease activity associated with wheat straw
was 20 times higher than such activity in the underlying surface 10 mm of a Kansas soil. That
suggested that when urea is applied to surface soil under ZT, the high urease levels in the straw
residues could result in large ammonia volatilization loss. This explains why crop yields in the
previous field experiments in central Alberta with commercial urea were lower under ZT than CT
with broadcast application (Malhi et al., 1988; Malhi and Nyborg, 1992).
Banding urea beside and/or below the seedrow in comparison to broadcast application
increased the 15N recovery in plants markedly, particularly under ZT. This indicated substantial N
loss through ammonia volatilization from surface-broadcast application of urea under ZT, and
further suggested that placement of N fertilizer in bands below the soil surface can minimize
ammonia volatilization and improve the availability of fertilizer N to plants (Huber et al., 1982;
Mengel et al., 1982; Touchton and Hargrove, 1982; Bandel et al., 1984; Maddux et al., 1991).
Fenn and Miyamoto (1981) found that placement of urea as deep as 5 cm can eliminate ammonia
volatilization. The greater increase in 15N recovery in barley plants from banding compared to
broadcasting in the present study agree with other findings on CT (Hartman and Nyborg, 1989;
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Table 3. Influence of tillage and N source on the recovery of 15N-labelled urea applied to barley at 50 kg N ha"1 at Rimbey

Method of
placement

Percent recovery of applied N
Plants
Straw
Heads

ZT*

Broadcast (SR)t
Broadcast
Side Band
Deep Band

19.7
15.7
29.3
30.4

CT*

Broadcast (SR)t
Broadcast
Side Band
Deep Band

Mean

Mean

Treatment
Tillage

Roots

Total
plants

Soil

9.3
6.9
12.0
12.5

2.2
2.0
2.7
3.8

31.2
24.6
44.0
46.7

34.0
35.2
34.2
36.8

29.1
30.9
36.9
37.9

9.0
9.7
11.5
12.1

2.1
2.2
2.8
3.8

40.2
42.8
51.2
53.8

44.5
46.4
41.6
39.2

ZT
CT

23.8
33.7

10.2
10.6

2.7
2.7

36.6
47.0

35.1
42.9

Broadcast (SR)
Broadcast
Side Band
Deep Band

24.4
23.3
33.1
34.2

9.2
8.3
11.8
12.3

2.2
2.1
2.8
3.8

35.7
33.7
47.6
50.3

39.3
40.8
37.9
38.0

7.4
3.4
0.5
0.7
1
7.0
3.8
6.4
3.4
2.0
0.5
2
1.4
5.3
0.7
9.0
3
4.8
8.6
0.9
8.5
4
8.0
1.5
^Simulated rainfall (10 mm).
*ZT and CT refer to zero tillage and conventional tillage, respectively.
§LSD 1 is for differencs between tillage means; LSD 2 is for differences among N placement methods; LSD 3 is to compare N
placement methods for the same tillage; and LSD 4 is to compare tillages for the same N placement method or to compare N
placement methods at different tillages.
LSD§

••

Table 4. Influence of tillage and method of placement on the recovery of 15N-labelled urea applied to barley at 50 kg N ha"1 at
Innisfail
Treatment
Method of
placement

Percent recovery of applied N
Plants
Straw
Heads

Roots

Total
plants

Sou

ZT*

Broadcast (SR)t
Broadcast
Side Band
Deep Band

44.1
29.9
44.5
46.5

9.0
7.3
11.9
13.1

3.2
2.7
3.5
4.7

56.3
39.9
59.9
64.3

44.4
34.7
43.0
37.9

CT*

Broadcast (SR)t
Broadcast
Side Band
Deep Band

41.4
44.2
51.6
46.0

10.3
11.0
12.6
13.4

2.6
3.0
2.6
4.2

54.3
58.2
66.8
63.6

48.7
56.3
45.9
40.3

Mean

ZT
CT

41.3
45.8

10.3
11.8

3.5
3.1

55.1
60.7

40.0
47.8

Mean

Broadcast (SR)
Broadcast
Side Band
Deep Band

42.8
37.1
48.1
46.3

9.7
9.2
12.3
13.3

2.9
2.9
3.1
4.5

55.3
49.1
63.4
64.0

46.6
45.5
44.5
39.1

Tillage

3

LSD§

1
0.4
4.6
1.1
4.6
3.3
2
5.0
0.8
0.6
4.8
5.2
0.9
3
7.1
1.1
6.8
7.4
4
7.5
1.4
0.9
7.4
7.1
t Simulated rainfall (10 mm).
*ZT and CT refer to zero tillage and conventional tillage, respectively.
§LSD 1 is for differencs between tillage means; LSD 2 is for differences among N placement methods; LSD 3 is to compare N
placement methods for the same tillage; and LSD 4 is to compare tillages for the same N placement method or to compare N
placement methods at different tillages.

Malhi et al., 1989) and ZT (Malhi and Nyborg, 1991). This also explains why barley yields under
ZT improved when commercial urea was banded at time of sowing in other Alberta experiments
(Malhi and Nyborg, 1990,1992).
The amount of 15N left in soil with broadcast application was greater under CT than ZT.
This is because some N from surface-applied urea under ZT was lost from the soil system by
ammonia volatilization and thus, leaving less N in soil for immobilization. Also, with
incorporation under CT, because of greater interaction of the fertilizer N with soil more N became
accessible to microorganisms and this may have resulted in greater immobilization of applied N
than ZT. Other studies (Carter, 1982; Carter and Rennie, 1984) have also found increased
immobilization of applied N with incorporation treatment.
The amount of immobilized N was less with banding than broadcasting but only under CT.
This was because band placement minimized contact between the labelled urea N and the soil
microorganisms. Also, with banding applied N was closer to plant roots which resulted in more
uptake of fertilizer N and left less N in soil for immobilization by microorganisms. Other
researchers (Monreal, 1981; Tomar and Soper, 1981; Carter and Rennie, 1984; Maddux et al.,
1991) have made similar findings. Under ZT, high potential for N loss through ammonia
volatilization from surface-applied urea and increased uptake of fertilizer N with banding, both
leaving less N for soil microorganisms, were probably responsible for similar amounts of
immobilized N for broadcast and band placements.
Simulated rainfall immediately after broadcast urea application increased the plant N
recovery under ZT, especially at Innisfail (Tables 3 and 4). However, under CT there was no
effect of simulated rainfall on the plant N recovery from urea incorporation. In the present study,
it was not possible to determine the exact cause for N loss in the urea surface-broadcast treatment
under ZT, but the N loss by ammonia volatilization appears most likely. Amount of NH3 lost
from surface-applied urea depends on many factors including the amount and length of time of
rainfall following application (Meyer et al., 1961; Fox ad Hoffman, 1981). Harper et al. (1983)
estimated that 5 mm of rainfall was required to prevent ammonia volatilization from urea applied
to a pasture. If rainfall occurs shortly after N application, dissolution and downward movement
of urea greatly lessens the likelihood of NH3 loss (Bandel et al., 1980). Bauwmeester et al.
(1985) found no ammonia volatilization with 25 mm of rain immediately after urea application,
thus leaving more N in soil for plant uptake. In the present study, the increase in 15N recovery in
plants with simulated rainfall added immediately after surface urea application under ZT was most
likely by reduction of ammonia volatilization.
Conclusions
The recovery of surface-applied N in barley plants under ZT was KNO3 > A.N. > A.S. >
urea. With the exception of KNO3 , plant N recovery was greater under CT than ZT. Banding
urea beside and/or below the seedrow in comparison to broadcast application increased N
recovery in plants markedly, especially under ZT. The differences in N recovery between ZT and
CT were greater for broadcast application than band placement. Simulated rainfall immediately
after urea application under ZT increased the N recovery in plants. Immobilized N in soil tended
to be less with KNO3 than the other N sources. Method of placement had little effect on N
immobilization under ZT, but under CT the amount of immobilized N was less with subsurface
banding than incorporation.
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In summary, urea when surface-broadcast under ZT was much less efficient than the other
N sources, and KNO3 was the most efficient. The efficiency of urea was improved considerably
when it was placed in bands below the soil surface near the seedrow or when simulated rainfall
was added immediately after surface-application of urea.
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Nitrogen Fertilization and Methane Oxidation
in Agricultural Soils
Birgit W. Hiitscb*, Colin P. Webster** & David S. Powlson**. * Institute of
Plant Nutrition, Justus-Liebig-University, Südanlage 6, 35390 Giessen, Germany;
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Abstract. - Methane is an important greenhouse gas, which contributes up to 20% to global
wanning. Aerobic soils can act as a net biological sink for atmospheric CH4 by oxidizing it.
However, there is evidence that the strength of this sink has been lowered in recent decades. This
study investigated the effect of nitrogen fertilization on CH4 uptake by soil. We used intact soil
cores (depth: 0-12 cm) collected from: - an arable field growing continuous wheat, - permanent
grassland, and - two sites left uncultivated for more than 110 years. Cores were incubated in sealed
jars at 25°C for either 212 or 48 hours with an initial CH4 concentration of 10 /xl I"1. Autoclaved
soil cores from the arable site showed no decrease of CH4, indicating that the process was entirely
mediated by microbial activity. The long-term application of mineral nitrogen fertilizer (initially as
(NH 4 ) 2 S0 4 , then as NH4N03) caused significant reduction in the soil's ability to oxidize CH4.
Indeed, the greater the N input, the lower the rate of CH4 oxidation. No significant short-term
effect of inorganic N application was detected. A long-term farmyard manure treatment, receiving
nearly 240 kg N ha"1 yr 1 , showed almost the same ability to oxidize CH4 as an unfertilized plot. On
the grassland site the long-term addition of ammonium at rates of 96 or 144 kg N ha"1 yr 1
completely inhibited CH4 uptake, even if the acidification caused by (NH4)2S04 addition was
neutralized by liming. However, nitrate application (96 kg N ha"1 yr 1 ) resulted in the same, high
CH4 uptake rates as zero N at the same pH. Methane oxidation after withholding NH 4 +
fertilization for 3 years was unchanged (i.e. zero) while that after withholding NO3" fertilization
was significantly lower. These results clearly show that the form and amount of nitrogen
fertilization have important influences on the CH4-oxidizing ability of a soil. An area adjacent to the
arable site, which has been uncultivated and unfertilized for 110 years, oxidized CH4 at 8 times the
rate of the farmyard manure treated arable plot. The results are discussed in relation to the
interaction between ammonium and methane-oxidizers and also in relation to the activity of the
microbial biomass in general.
INTRODUCTION
Methane, like CO2, is a radiatively active trace gas, and it also plays a major role in many chemical
reactions in the atmosphere. Both gases have directly affect global warming by absorption of
infrared radiation. The atmospheric concentration of CH4, currently at 1.65 fi\ l"1, is 200 times
lower than that of C0 2 , however, its radiative absorption potential is approximately 32 times
greater. In addition, methane can cause tropospheric production of ozone, another greenhouse gas,
which is also detrimental to all living organisms in other respects. Thus, according to Bouwman
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(1990) the contribution of carbon dioxide and methane to global wanning are 50% and 19%,
respectively.
Currently the atmospheric CH4 concentration is increasing by about 1% per year (Blake and
Rowland, 1988). This increase has been in progess since the middle of last century, when the
atmospheric CH4 concentration was only 0.7 n\ l"1. Obviously there must be an imbalance between
CH4 production and consumption. Sources of the increasing CH4 concentrations include the
expansion of paddy rice production, of ruminant husbandry and of biomass burning. This trend is
driven by population growth, particularly in the developing world, and greater demand for meat and
diary products in the industrial nations. However, the increase in the total CH4 emission accounts
only partly for the increase in atmospheric concentration; methane sinks must have decreased at the
same time.
The major sink for atmospheric CH4 is the oxidation by hydroxyl-radicals, which are
produced photochemically and which are responsible for about 85% of the total CH4 destruction.
Nearly all oxidation reactions in the troposphere are introduced by the reaction with the OH-radical.
The contamination of the atmosphere, e.g. with carbon monoxide (CO), leads to a consumption of
OH-radicals and therefore indirectly to a reduction in the photochemical oxidation of CH4. Another
sink of atmospheric methane is the microbial oxidation in aerobic terrestrial environments, which
can contribute up to 15% to the total methane destruction (Born et al, 1990). Methane is used
either for growth of the microbial biomass or to gain energy by direct oxidation of CH4 to C0 2 .
This process is nevertheless beneficial as the produced C0 2 is less effective as a greenhouse gas
compared with CH4. The factors controlling this microbial CH4 oxidation process are not well
understood.
In laboratory measurements and field studies it has been demonstrated that changes in land
use, especially cultivation of formerly undisturbed soils (Keller et al, 1990; Mosier et al, 1991;
Nesbit and Breitenbeck, 1992; Ojima et al, 1993), and nitrogen fertilization (Steudler et al, 1989;
Keller et al, 1990; Mosier et al, 1991, 1993; Nesbit and Breitenbeck, 1992; Adamsen and King,
1993; Hansen et al, 1993) lower the soil's sink strength for atmospheric methane. Steudler et al.
(1989) measured CH4 fluxes on forest soils of the temperate region, and found that the CH4 uptake
rates were decreased significantly (up to 33%) by elevated nitrogen additions. Mosier et al. (1991)
detected a decrease in CH4 uptake rate after applications of nitrogen fertilizer to a pasture,
however, N fertilizer application to a regularly-fertilized wheat field had no effect on CH4 uptake.
In these investigations only short-term effects were measured and the consequences of long-term
nitrogen applications are unknown..
This conference paper reports results on the effect of long-term nitrogen application on CH4
oxidation in agricultural ecosystems. We present results of laboratory measurements carried out
with undisturbed soil cores taken from the top layer (0-12 cm). Methane uptake rates were
determined from an arable soil growing continuous winter wheat (Broadbalk Wheat Experiment), a
permanent grassland soil (Park Grass Experiment), and soils taken out of agricultural production
about 110 years ago and allowed to revert to woodland or extensively grazed grassland (Wilderness
areas). On the arable site the effect of short- and long-term inorganic N fertilizer addition and of
long-term farmyard manure (FYM) application was investigated. On the grassland site the CH4
uptake was measured following long-term NO3" or NH 4 + application. In addition, the effect of land
use change, i.e. comparison between the arable site and adjacent wooded and grazed ecosystems,
was investigated.
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MATERIALS AND METHODS
Soils were collectedfromseveral sites within the farm of Rothamsted Experimental Station, UK. All soils were silt to
silty clay loams with a clay content between 21 and 28% in the topsoil (0-23 cm).
The Broadbalk Wheat Experiment was started in 1843 and has been fully described by Dyke et al. (1982).
The plots used for these CH4 oxidation measurements received 0, 48, 96, 144, 192, 240, 288 kg N ha"1 year"' as a
single dressing of NH4NO3 in April or 35 t ha"1 farmyard manure (FYM), applied before ploughing each year. The
NO. N48. N96. N144 and FYM treatments have been given the same annual fertilizer application since 1852; the
N192 treatment was begun in 1968 and N240 and N288 in 1985. In all cases section 1 (continuous wheat) was used.
These different fertilizer applications caused variation between plots in pH. total N and organic carbon. The pH
ranged between 7.0 and 8.0, the total N concentration in the mineral N-treated plots was about 0.12% compared with
0.28% in the FYM-treated plot, and the organic carbon concentrations were 1.1% and 2.8%, respectively.
The Park Grass Experiment was started in 1856 on a site which had been pasture for at least a century.
Fertilization plots were established in 1856 or 1858 (Plot 14), from which the following were used for our
investigations:
- Plot 7 (NO), i.e. no added inorganic N,
- Plot 9/1 (was 96 kg N ha"1 as NH4+ until 1989, no inorganci N since),
- Plot 9/2 (now 96 kg N ha' 1 as NH4+),
- Plot 11/1 (now 144 kg N ha"1 as NH4+),
- Plot 14/1 (was 96 kg N ha"1 as NO3" until 1989, no inorganic N since),
- Plot 14/2 (now 96 kg N ha"1 as N03").
Nitrogen was applied as (Nfy^SCfy or NaNOj every year in spring. In addition, a liming scheme was superimposed
on the fertilization plots (4 different liming treatments, subplots A, B, C, D). Since 1990 nitrogen fertilizer and lime
have been withheld from half of all the subplots of plots 9 and 14, now referred to as plots 9/1 and 14/1, respectively.
The Wilderness areas were established in 1882, when about 0.2 ha of Broadbalk Field, which had been
unmanured for many years, was left unharvested and the land not cultivated. One-half of the area has remained
untouched and is now a mixed woodland (Broadbalk Wilderness wooded, BWw). On the other half bushes have been
hoed out annually to allow the open-ground vegetation to develop. In 1957 one-half of this grubbed section was
fenced off and since 1960 it has been grazed by sheep during the summer (Broadbalk Wilderness grazed, BWg).
Measurements of methane uptake were made on undisturbed soil cores, which were collected in plastic tubes
(6.4 cm id., 12 cm deep). On Broadbalk Field cores were collected on 6 April 1992, on 4 September 1992 and on 1
April 1993; on Park Grass and Wilderness areas soil sampling was carried out on 29 March 1993 and 1 April 1993,
respectively. The core collection in spring took place before mineral N fertilizer was applied. At the same time,
additional soil was collected to a depth of 12 cm around each core, bulked for each plot and used to measure water
content, inorganic N and pH.
Incubation experiments to measure methane uptake were performed at 25°C in sealed 1 litre jars with lids
fitted with two septa which allowed the head space to be sampled with a syringe. To exclude the influence of plant
growth, any green material was cut at the soil surface and removed. All cores were conditioned at room temperature
(22-25°C) for 42-43 h to allow microbial activity to adapt. Thereafter the soil cores were transferred to the jars,
sealed and CH4 added to increase the head space concentration by 8 jd l"1 (final concentration: 10 /d l"1). Head
space samples (800 /d) were collected and analyzed after 0, 3, 6, 24 and 48 h (for the Broadbalk Field plots also after
72, 120, 168 and 212 h). At the end of each experiment CO2 concentration was also measured.
In experiments where inorganic N was applied to the soil cores, it was dissolved in 2 ml of solution and
injected into the soil with a syringe. It was added either as (NH4)2S04 or as KNO3, equivalent to the amount which
is added annually to the field plots (between 48 and 288 kg N ha' 1 yr"1). For these experiments the CH4 uptake

ability of the unamended soil cores was measured first and. after the 212 h experiment, the jars were changed and the
inorganic N applied to the same set of cores.
Soil samples from the NO, N144 and FYM treatments, with or without autoclaving, were used to confirm
that CH4 disappearance was biologically mediated.
Head space concentrations of CH4 and CO2 were determined by gas chromatography (CH4: FID, Porapak Q
column, N2 as carrier gas; CO2: TCD, Porapak Q column. He as carrier gas).
Analysis on bulk samples gave conditions at the start of incubation and analysis of individual cores those at
the end. 50 g of fresh soil ( £ 5 mm) were extracted by shaking with 200 ml 2 M KCl for 1 h and the NO3" and
NH4+ concentrations in the filtered extractants were measured with an ALPKEM rapid flow analyzer. Soil moisture
content was measured gravimetrically by drying at 105°C. The pH was determined in air-dried samples in a soil :
water ratio of 1 : 2.5 with a glass combination electrode.
The decrease in the CH4 concentration in the head space followed first-order-kinetics. After logtransformation (In y = a + bt) the individual slopes for each treatment (b-values) were tested for significant
differences with the "Analysis of parallelism" (Ross, 1984). The Least Sigmficant Difference for 5, 1, and 0.1% was
calculated and the slopes compared. These b-values are negative for CH4 uptake and positive for CH4 production.
More information about the methods used can be obtained from Hülsch et at. (1993).
RESULTS
Broadbalk Wheat Experiment. Autoclaving the soil cores suppressed all oxidation of CH 4 ,
proving that the process was entirely mediated by microbial activity. With non-autoclaved soil CH4
concentration decreased (Fig. 1); it was much greater in the NO and FYM treatments compared
with the N144 treatment. The curves showed typical first-order-kinetics and fitted an exponential
function (y = a e bt ). A log-transformation (In y = a + bt) resulted in straight lines, from which slopes
(b-values) can be interpreted as methane oxidation rates. The rate for the N144 treatment was
significantly lower (0.1% level) than the rates for NO and FYM, but the difference between NO and
FYM was not significant (Table 1).
The CH 4 consumption rates for the whole range of N treatments were measured from cores
collected before fertilizer application, when the soil mineral nitrogen concentration was less than 5
kg N ha"1 to 12 cm depth (Table 2). The N0-treatment showed a significantly ( 5 % level) higher
consumption rate than all the plots receiving mineral N (Fig. 2a). The FYM treatment had an
intermediate value. Addition of ammonium fertilizer to the same soil cores in amounts equivalent to
that annually added in the field, resulted in only a small, insignificant decrease in the CH 4
consumption. The NO and FYM treatments were amended with 2 ml of water only; this had no
effect on CH 4 oxidation rate (data not shown). Results from a repeat set of cores from the same
sampling date and incubation without fertilizer application, again showed the highest CH4 uptake
rate in the NO treatment, and rates declined progressively for increases in N applications to N144
(Fig. 2b). The FYM treatment had a value between NO and N48. A nitrate application (as with
ammonium) resulted in only small, insignificant changes in the methane uptake rate. These
experiments clearly show that long-term application of nitrogen fertilizer significantly affects CH 4
uptake. However, in the short term its effects are small.
In another experiment the effect of N H 4 + and NO3", applied at rates of 144 kg N ha"1, on
the CHLj-consuming ability of the FYM treatment was tested. In contrast to the small changes on
mineral N plots, the nitrate-addition to the FYM treatment gave a much higher CH 4 oxidation rate
compared with the ammonium-treated cores (-23 8*** vs. -13 2 jd CH 4 H h"1 xlOOO).
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Park Grass Experiment. In the plots 9/2 and 11/1, which have received NH 4 + fertilizer at rates of
96 and 144 kg N ha"1 yr"1 for over 130 years, no CH4 uptake was measured, indeed the b-values
were mainly positive indicating a small net methane production (Table 3). Withholding NH 4 +
application for 3 years did not result in a revival of the methane-oxidizing ability (Plot 9/1).
Methane consumption following application of N0 3 " at a rate of 96 kg N ha"1 yr 1 was similar to
unfertilized.plots with the same pH. The plots 14/1 D (N96 as N03") and 7 B (NO) are directly
comparable (pH 5.6, Table 4), and indeed they both have the same ability to oxidize methane (see
b-values Table 3). If nitrate fertilizer was applied continuously (Plot 14/2), methane was consumed
significantly faster than where N03- application was stopped 3 years ago (Table 3).
These results clearly show the opposing effects of NH 4 + and N0 3 " fertilizer on the CH4consuming ability of the treated soils. One can argue that nitrate application in general has not
acidified the soil and therefore the range of pH values is relative small (pH 5.6 - 6.4) compared with
the ammonium-treated plots (pH 3.6 - 6 2). However, there are plots with the same pH which differ
considerably in their CH4 uptake (Fig. 3).
Wilderness Areas. B-values of CH4 oxidation from the Wilderness areas are shown in Table 5
together with those of the Broadbalk Field plots (sampling date: 01/04/93), which were similarly
calculated over a 0-48 h time interval. The methane uptake rate for Broadbalk Wilderness wooded
(BWw) was more than 8 times greater than the highest rate of the arable plots (FYM) and still
approximately 5 times greater than that measured for the grazed area (BWg). Therefore not only is
the cultivation effect important (BWw vs. FYM), but also the land use of the uncultivated soil
(wooded vs. grazed) The fact that sheep apply nitrogen as urea to the grazed part may be the
major reason for the difference between wooded and grazed Wilderness.
DISCUSSION
The Broadbalk Wheat Experiment and the Park Grass Experiment at Rothamsted aiv ideal sites to
investigate the long-term effect of nitrogen fertilization on the oxidation of atmospheric methane.
At the arable site constant annual application of inorganic N, since 1968 exclusively added as
NH1NO3, at rates up to 144 kg N ha"1 and of farmyard manure has been maintained for 140 years.
On the permanent grassland fertilization plots, receiving either NH 4 + or NO3", were established in
1856/58. These experiments were started, as high input farming systems developed and the results
we obtained in this study show the consequences of this development.
Broadbalk Wheat Experiment:
Mosier et al. (1991) observed that the application of inorganic N to a wheat field, which had been
fertilized regularly, did not affect CH4 uptake. They concluded that N-turnover, rather than the
actual mineral N concentration of soil, influenced CH4 uptake. Our results support this suggestion.
Fresh application of mineral N to a soil which had received mineral N for many years did not alter
the methane-consuming ability; i.e. no short-term effect of mineral N application could be observed
(Fig. 2 a, b). By contrast, a large long-term effect of the different fertilizer treatments was
determined. This was especially true for the oldest treatments (NO, N48, N96, N144), which were
established 140 years ago (Fig 2 b). However, the FYM treatment is an exception to this. It
receives approximately 240 kg N ha"1 yr 1 as organic manure, its N-turnover is 2-3 times greater
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than in any other treatment, yet it has a methane-oxidizing ability similar to that of the NO plot (Fig.
1)
There is uncertainty regarding the relative importance of methanotrophs and ammoniaoxidizers for the oxidation of CH4 in soil. The key enzymes of these bacteria are similar (methane
monooxygenase and ammonia monooxygenase) and both are able to oxidize either CH4 or NH3
(O'Neill and Wilkinson, 1977; Hyman and Wood, 1983; Jones and Morita, 1983; Bedard and
Knowles, 1989). A possible explanation of our results is that the continued application of inorganic
N fertilizer increases the numbers of ammonia-oxidizers at the expense of methane-oxidizers. This
is possible if they occupy a similar niche in soil, and if the total size of the two populations is limited
by the availability of suitable sites. According to Bedard and Knowles (1989) both micro-organisms
tend to favour the same habitats in soil, namely aerobic-anaerobic interfaces. If this explanation is
correct a similar change in the balance between ammonia-oxidizers and methane-oxidizers would be
expected in the FYM-treated soil, yet CH4 oxidation rate in FYM-treated soil was not decreased
compared with the unfertilized treatment. The total microbial biomass was more than twice that in
the unfertilized soil (Jenkinson and Powlson, 1976). Therefore, even if the proportion of methane
oxidizers in the biomass of the FYM treatment is lowered, their absolute numbers may be greater
than in the unfertilized treatment.
Park Grass Experiment:
The most surprising result of our study on Park Grass was that, independent of pH, long-term
application of NH 4 + decreased the CH4 uptake to zero. In this case the above explanation, that
nitrifiers developed at the expense of methane-oxidizers, does not fit, as nitrification could not be
observed in most of the NH4+-amended plots (Table 4). Where it was observed (liming treatment
A) only a small amount of nitrate was produced and therefore at least some bacteria capable of
oxidizing methane will have survived. Changes in the kinetics of methane-oxidizing bacteria are a
possible explanation for our observations. According to King (1992) threshold values, i.e. that level
below which no uptake occurs, are critical determinants of methane consumption Soils generally
have sub atmospheric thresholds (atmospheric = 1.7 ^1 CH4 l"1), however, Yavitt et al. (1990) have
also observed threshold values of about 10 /x.11-1 for a forest soil that apparently did not consume
methane at ambient concentrations. The long-term addition of NH 4 + could have changed the
threshold values to levels above 10 fi\ CH4 l"1, the concentration used in our incubation
experiments. Once the capacity to oxidize CH4 is lost, exposure to elevated concentrations can reestablish activity as could be demonstrated by Nesbit and Breitenbeck (1992). These authors could
induce CH4 uptake by exposure of soils to high concentrations of CH4 (more than 1000 /*11_1) for
several days. Nevertheless, this procedure has no practical significance because soils under
atmospheric CH4 concentrations would not be able to recover. If the hypothesis that continuous
NH 4 + application has elevated the threshold values for CH4-oxidizers is true, then it is not
surprising that withholding NH 4 + for 3 years did not affect CH4 uptake (Table 3, Plot 9/1).
Long-term NO3" application on Park Grass resulted in remarkably high CH4 uptake rates in
all subplots (Table 3). In fact, this treatment seems to stimulate the CH4-oxidizing ability as
continued NO3* application gave significant higher CH4 uptake rates (with one exception) than soil
where application was stopped 3 years ago. Reports in the literature about the effect of nitrate on
CH4 oxidation are inconsistent. In studies of Megraw and Knowles (1987), soil slurries of a
cultivated humisol consumed more methane in the presence of NIL,"1" compared with NO3". In a
temperate forest soil, Adamsen and King (1993) found that both NaN0 3 and NaCl had similar
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weak inhibitory effects. The authors attributed this result to the release of NH 4 + from clay particles
by Na+ ion exchange and not through direct inhibition by NO3" ions. In laboratory incubations with
sieved soil Nesbit and Breitenbeck (1992) observed that additions of 7 /xmol NO3" g"1 did not
inhibit but stimulated CH4 consumption, whereas with applications of 35 ^mol N0 3 " g _l the CH4
uptake was restricted. The authors demonstrated that the negative effect of the high NO3"
concentration could be attributed to the effects of inorganic salts on osmotic potential.
Nowadays the agricultural practice to apply a mixture of NO3' and NH 4 + salts is widespread. It is
worthwhile speculating how this combination-fertilizer might affect CH4 uptake in comparison to
just NO3" or NH 4 + application. The N144 plot of the Broadbalk Wheat Experiment, for instance,
received nitrogen as NH4+ for 115 years and since 1968, NH4NC>3 has been applied exclusively.
Assuming that long-term application of NH 4 + had the same effect as was observed on Park Grass,
then the CH4-oxidizing ability of the N144 plot on Broadbalk must have been zero in 1968. The
following NH 4 N0 3 applications for 25 years resulted in at least a small recovery of the CH4oxidizers (Table 1, and Hütsch et al. 1993), which could only be caused by the NO3" component
Presumably, it is possible to restore CH4-oxidizing ability of a soil partially by changing to the use
of NO3" fertilizer. This interesting hypothesis requires further testing.
CONCLUSIONS
This study demonstrated that continuous nitrogen application on an arable soil and a grassland site
had a distinct effect on CH4 uptake. The fertilization effects have to be considered separately,
depending on whether nitrogen was applied in inorganic or organic forms and whether ammonium
or nitrate was used as mineral N source. Because of the importance of N fertilizer in world-wide
agricultural production it is essential that its effect is examined in a wide range of soil types,
climates and agricultural systems to see whether these results are reproduced elsewhere. This
knowledge and the determination of other factors with an impact on CH4 uptake are important for
effective counteractions so that human contribution to atmospheric methane fluxes can be reduced
to levels that do not affect the global atmosphere or climate.
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Fig. 1. CH4 oxidation in the NO, N144 and FYM treatment (n = 4) of the Broadbalk Wheat Experiment . sampling
date: 4 September 1992; + auto = autoclaved, - auto = non-autoclaved.

Table 1. Methane decrease rates (b-values, pi CH4 l"1 V\ xlOOO), mineral nitrogen concentration, pH and moisture
content at start and end of incubation in the autoclaving experiment on Broadbalk (n = 4; sampling date: 4
September 1992).
start

end of incubation
non-autoclaved

autoclaved
N treatment

No

N,„
—

b values (x 1000)

N„

N,„

FYM

No

N144

FYM

-0.2

-0.2

0.0

-13.2

-4.3'"

-15.6

FYM

NO r N [kg ha 1 ]

4.9

4.9

7.2

3.2

4.3

9.3

9.7

9.2

11.8

NH4-N [kg ha 1 ]

1.6

0.8

1.5

14.1

16.8

49.4

0.7

0.7

1.3

pH (in H 2 0)

7.7

7.1

7.4

8.0

7.2

7.5

8.0

7.2

7.7

% H 2 0 (by weight)

ND

ND

ND

16.1

17.4

17.4

15.7

17.1

17.6
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Fig. 2. Methane decrease rates (b-values, /d CH 4 l"1 h" 1 , xlOOO) for the different N treatments on Broadbalk (n = 4,
sampling date: 6 April 1992); (a) before and after NH 4 + application, (b) before and after NO3" application,
no N applied to NO and FYM; 1852, 1968 and 1985 indicate dates when treatments began, LSD = least
significant difference.
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Table 2. Mineral nitrogen concentration, pH and moisture content in the different N treatments of the NH4
experiment and the NO3 experiment on Broadballc (sampling date: 6 April 1992); no N applied to NO and
FYM.
r

•

—start of incubation

end of incubation

end of Incubation

(adjacent samples)

(after NH, treatment)

(after WO, treatment)

Treat ixenfs

NO,-N

NH.-N

pH

NO,-N

NH,-N

pH

HH.-N

(kg ha"'!

(in H,0>

[kg ha ']

(kg ha 'J

(in H,0)

H,0
(% w/w)

NO,-H

Ikg ha »J

[kg ha 'J

[kg ha-'l

P"
(in H,0>

H.O

j

(t w/w> 1

N 0

2.3

0.2

7.9

10.1

0.8

7.7

15.3

12.7

0. 9

7.7

15.5

N 48

3 .4

0.3

7.B

70.6

2. 0

7,3

15.9

80.4

0.8

7.4

17.5

|

N 96

3 .4

0. 3

7. 7

97.3

22.2

7.0

15.6

137.8

0.9

7.1

16 .8

1

46.1

i.7

N 144

3.2

0 4

7.6

141 .8

N 192

32

0.6

a .0

225.1

N 240

I.I

0. 5

7.6

167.4

N 288

3-2

0. 2

8 .0

267.S

3 . 3

0. 4

8.0

19.6

I

j

17.3

224.8

1.1

7.0

16.4

7.5

16.6

264 .2

1.2

7.6

16. 2

I

182.2

6.7

16.0

338.7

0.9

7.0

16.1

1

53.5

7.3

16.3

392.6

0.8

7.4

17.0

|

0.6

7.7

16.7

22.1

OS

7.7

16.3

4. 1

Table 3 Methane decrease rates (b-values, /d CH4 l"1 h"1, xlOOO) for different plots on Park Grass (n =4). sampling
date: 29 March 1993, time: 0-48 h.

liming treatment
Plot

7

LSD

A

B

C

D

-66.9

-34.6

1.7

1.5

9/1

-0.8

2.6

3.0

2.8

9/2

0.3

-0.8

1.3

0.6

11/1

2.6

1.5

2.6

1.4

14/1

-57.2

-55.1

-41.6

-29.8

14/2

-70.1

-53.3

-70.8

-58.1

(5%) = 9 . 2

(1%) = 1 2 . 2

734

(0.1%) =

15.8

Table 4. Soil characteristics (pH, mineral nitrogen, moisture content) and CO2 concentrations for plots and subplots
(liming treatments A, B, C, D) of the Park Grass Experiment (sampling date: 29 March 1993).

start of incubation

end of incubation, after t=48 h

(adjacent saiples)

(individual soil cores, n=4)

Treatments

pH

10,-1

pH

HH4-H
1

HH4-N

HO3-H
1

H20

co2

(* w/w)

(Vol %)

(in B20)

I»q fcf !

[•9 kg" ]

(in HjO)

A

6.3

3.7

5.6

6.3

14.2

6.8

29.0

B

5.7

1.8

4.9

5.6

13.2

9.3

25.5

10.9

C

5.0

0.2

4.8

5.1

0.0

27.5

24.3

14.2

D

4.8

0.1

3.7

4.8

0.0

34.0

22.9

12.5
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Fig. 3. Methane uptake in plots with (a) pH 6.2 and (b) pH 5.6 on Park Grass Experiment (n = 4), vertical lines :
standard deviations, sampling date: 29 March 1993.
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Table 5. Methane decrease rates (b-values. pi CH 4 I"1 h" 1 , xlOOO) for NO. N144. FYM Broadbalk Field plots (n = 4)
and for Wilderness areas (BWw and BWg; n = 8), sampling date: 1 April 1993. time: 0-48 h.

treatment
NO

N144

-4.0

-0.9

BWw

BWg

-80.3

-17.3

LSD
FYM

5%

1%

0.1%

-9.7

1.8

2.5

3.7

5.2

7.1

9.6
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