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Biological Control of Root Pathogens
R. G. Linderman. USDA-Agricultural Research Service, Horticultural Crops
Research Laboratory, Corvallis, OR 97330, USA.
Soilborne root diseases frequently limit the growth and survival of
cultivated plants.
The first level of defense against such
diseases has been the application of chemical pesticides marketed
for root disease control. Use of chemical pesticides is not always
economically feasible, however.
Furthermore, the number and
availability of such chemicals has dwindled in recent years because
of human health risk and the high cost or registration and reregistration. This has forced the search for viable alternatives,
including improved cultural practices and biological controls. A
few biocontrol agents are available to growers, but for the most
part, the technology for their development and application is in
its infancy.
There is need to develop improved strategies for
finding and characterizing effective biocontrol agents for
application at the farm level and/or for exploiting the biological
control potential of resident antagonists in the soil.
Biological Control of Plant Pathogens. The two main principles of
plant disease management are (a) to reduce the amount and efficacy
of the initial inoculum of the pathogen, and (b) to reduce the rate
of disease development.
All the techniques, practices, and
stategies to control soilborne disease are used to implement one or
both of these principles.
Opportunities to apply different
management practices to reduce soilborne diseases of crops vary,
depending on the crop and how it is grown. The combination of
management opportunities available to farmers growing field crops
can be very different from those growing crops in containers or in
nurseries under more controlled conditions.
Furthermore,
opportunities for annual field crops are different from those for
perennial crops, whether woody or herbaceous, and whether grown for
a few or many years.
Biological control of plant pathogens that cause root diseases
is the use of one or more biological processes to lower inoculum
density of the pathogen or reduce it's disease-producing activities
(1). Biological control of root diseases is usually the result of
the activities of bacteria, actinomycetes, or fungi living and
functioning on or near roots in the rhizosphere soil.
These
microorganisms may be resident in the soil or medium before
planting, or may be introduced at or after planting.
They may
inhibit root pathogens by antibiosis (production of antibiotic
chemicals), by parasitism (direct attack and killing of pathogen
hyphae or spores), or by competing with the pathogen for space or
nutrients, sometimes by producing chemicals such as siderophores
which bind nutrients (such as iron) needed by the pathogen for its
disease-causing activities.
Microorganisms that suppress fungal root pathogens occur
everywhere in soil and organic materials, but their numbers may be
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insufficient to completely suppress pathogens at the time and place
where initial infections occur.
The strategy of biocontrol
research is to find effective antagonists and apply them in high
numbers at the potential infection site before pathogen ingress.
Some soils or growth media are naturally high in numbers of
antagonists that can suppress diseases; others may have few or none
and need to be amended with selected microbes.
A more direct
approach, however, is to inoculate the plant propagules before or
as they are planted, i.e. inoculate seed, seedling transplants,
rooted or unrooted cuttings, bulbs, etc.
If the introduced
microorganisms can establish themselves on the plant surfaces, they
will be in place to block the pathogen and prevent infection.
Finding Candidate Antagonists. Antagonistic bacteria and fungi are
present everywhere. The key is to develop strategies for finding
and characterizing these organisms using principles that are
fundamentally logical and that are supported from some successful
examples of biocontrol (12). Bacteria, actinomycetes, and fungi can
be isolated from soils or potting media components (peats,
composts, etc.) by dilution-plating soil extracts and overspraying
the plates with spores of test pathogens. Bacterial colonies that
show a zone of inhibition of the pathogen can then be isolated and
further tested on several media, at different temperatures, and
against several other pathogens. Bacteria that show promise need
to be studied further to characterize their mode of activity and
their efficacy in greenhouse and field tests, applied singly or in
combinations with other bacteria or with mycorrhizal fungi. Our
studies indicate that the number and inhibitory capacity of
antagonists increases in rhizosphere soil (compared to nonrhizosphere soil), especially in the presence of mycorrhizae
(Linderman and Marlow, unpublished results; 15, 19).
Once
candidate microbes are identified in these laboratory culture
tests, they must be further evaluated and characterized for their
ability to suppress the actual disease on plant tissue.
Characterizing Candidate Antagonists. Many bacteria have more than
one mechanism for inhibiting fungal pathogens. Sometimes the same
bacterium
can
produce
specific
antibiotics,
Fe-chelating
siderophores, and volatile inhibitors, one or all of which can
contribute to root pathogen suppression.
Most researchers use
seedling assays to test candidate antagonists. We have conducted
assays against the black root rot pathogen, Thielaviopsis
basicola;
the widespread root pathogen, Phytophthora
cinnamomi;
and the
frequently encountered Pythium damping-off or root rot pathogen.
A relatively low proportion of candidate antagonists identified
from in vitro
tests show activity in preventing seedling disease,
and the degree of protection varies from high to low. We seek to
improve the strategies for identifying effective antagonists by (a)
simulating the conditions under which the biological agent must
function in the commercial production system, and (b) introducing
the agent to the root system prior to the time when the plant would
actually be exposed to the pathogen. For most root rot diseases,
the pathogen is present in the soil or planting medium and is not
present on the seed or other plant propagule. On the other hand,
some plant propagules may be contaminated or already infected by
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root or bulb pathogens at the time of planting (9) . With the
Cylindrocladium disease of azaleas and miniroses, cuttings may be
contaminated with spores of the pathogen and need to be treated
with chemicals or biological agents at or before the time of
sticking in propagation beds (8) . In either case, introduction and
establishment of the microbial antagonist on the plant propagule
seems to be the most logical time of application. The organism
must maintain itself in sufficient numbers on the plant at the
infection site to produce metabolites that inhibit development of
the pathogen.
Antagonism by a bacterial biocontrol agent may be critically
affected by temperature, moisture, and substrate availability. The
latter may be limited, depending on the propagule of the plant
being inoculated, and thus the microbe would need nutritional
amendment in the inoculum.
Many rhizobacteria
produce volatile
inhibitors, given
appropriate substrate, and have identified the volatile as ammonia
gas (NH3) (13) as have others (7, 17).
In our tests, these
bacteria have been highly effective in inhibiting many root
pathogens that are highly sensitive to NH3, especially
Phytophthora
and Pythium
(both vegetative growth and zoospore production).
Other antagonistic rhizobacteria are not strong producers of
volatile inhibitors, but produce other non-volatile substances that
greatly inhibit many pathogens in laboratory tests. If inoculated
onto the roots of seedling transplants before exposure to the
pathogen, some are highly effective in preventing root disease.
For example, our tests have shown that some antagonists can protect
petunia roots from infection by the black root rot pathogen, T.
basicola,
if applied before exposure to the pathogen (14).
Similarly, inoculation of snapdragon transplants prior to exposure
to the root pathogen, P. cinnamomi, identified some very effective
antagonists although most candidate bacteria that were antagonistic
in vitro
were ineffective in plant tests.
Plant Growth Enhancement and Biocontrol in the Mycorrhizosphere.
The most well known phenomenon of growth enhancement by inoculated
microbes is that of mycorrhizae, the nearly universal symbiotic
relationship that occurs between plant roots and soil-inhabiting
fungi.
The fact that these fungi may have low or ineffective
populations in degraded agricultural soils, or are missing from
soilless potting media, and the now well-known growth response of
plants inoculated with them (2, 16), especially when the plants are
under some kind of environmental stress, suggests the need to
inoculate them into the crop production system. The most common
type of mycorrhizae in agricultural crop plants are the VA
mycorrhizae, while some major tree species form ectomycorrhizae.
The VA mycorrhizae are formed by fungi that colonize the root
cortex and establish a direct contact between the host plant cell
cytoplasmic membrane and the fungal cell wall.
At this site,
carbon nutrients produced by the plant in photosynthesis, and
mineral nutrients absorbed from the soil by the fungal symbiont,
are exchanged.
Plants with mycorrhizae have greatly altered
physiology, in large part due to the increased mineral nutrient
uptake, especially of elements like P, Cu, and Zn that are less
available to the plant because of their reduced mobility in soil.
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Since this symbiosis results in reduced nutrient stress, and also
can reduce other environmental stresses such as soil drought, they
can benefit plant growth. Their early establishment in the growth
process of plants is important (3).
Since mycorrhizal fungi are major components of the
rhizosphere in soil, it is logical that they may affect the
incidence and severity of root diseases (Duchesne in 16; Linderman
in 16) . Their effect on root diseases could be by (a) enhanced
nutrition, (b) competition for host photosynthate and infection
sites, (c) morphological changes in roots and root tissues, (d)
changes in chemical constituents of plant tissues, (e) reduction of
abiotic stresses, (f) physical barrier protection by the
ectomycorrhizal fungal mantle, and (g) microbial changes in the
populations of microbial antagonists in the rhizosphere.
We have emphasized the latter mechanism because it appears
logical that mycorrhizae and their rhizobacterial associates
function in tandem in natural ecosystems (Linderman, 1988).
We
have demonstrated that the level of bacterial antagonism to root
pathogens increases more in the presence of mycorrhizae than in
their absence (Linderman and Marlow, unpublished results).
Formation of mycorrhizae appears to increase the kinds of bacterial
antagonists and their capacity to inhibit pathogens compared to
non-mycorhizal plants.
It is our goal to identify compatible
combinations of mycorrhizae and antagonistic rhizobacteria to
inoculate plants in the early phase of propagation (10).
In addition to the growth effects from inoculation with
mycorrhizal fungi, we have observed plant growth enhancement
resulting from inoculation with antagonistic bacteria in the
absence of known pathogens (14), a phenomenon also reported by
other researchers (4, 5, 6 ) . In these studies, we have inoculated
plants, usually seedlings, with a suspension of cells of
antagonistic bacteria.
In some cases, we have incubated the
bacteria on the plant roots for some time before challenging the
plants with the root pathogen. In other cases, we inoculate plants
with bacteria alone to compare growth with that on plants also
challenged with the pathogen. In either case, several weeks after
inoculating with the bacteria, we observed improved growth compared
to the non-inoculated controls. There seems no doubt that these
bacteria grow on the roots of the test plants, and produce some
metabolite therein that stimulates growth beyond that of noninoculated control plants. There is often considerable variation
in the degree of response by replicate plants given the same
treatment, and also some apparent specificity between bacteria and
plant species. Undoubtedly, the growth conditions also influence
the magnitude of response (18). While the mechanism for plant
growth enhancement remains controversial, it is reasonable to
expect that inoculation with such bacteria could have benefits
beyond the biological control of root pathogens.
Several mechanisms for plant growth enhancement by bacterial
antagonists have been proposed in the literature: (a) suppression
of deleterious microbes that produce toxins that limit plant growth
- their suppression by the inoculated antagonist allows plants to
grow more to their genetic potential; (b) production by the
antagonist of growth regulating (phytohormonal) substances that
directly stimulate plant growth; (c) increased availability of
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nutrients that may be limiting plant growth; and (d) induced
changes in the microbial composition of the rhizosphere that favor
growth-stimulating microbes.
Conclusions. It is clear that mycorrhizal fungi and antagonistic
rhizobacteria can be found and introduced into the crop plant
propagation system, placing inoculum directly on the plant
propagule, on the roots of transplants, or in the immediate
vicinity of emerging roots. These microbes can grow and maintain
themselves in a symbiotic state or on the plant surface where they
function to reduce plant response to various physiological stresses
as well as block ingress by pathogens. The antagonistic bacteria
can do this by several means such as the production of volatile and
non-volatile inhibitors that prevent the pathogen from developing.
By unknown mechanisms, they also can enhance plant growth, even in
the absence of known pathogens. If we are to manage root diseases
by introducing these rhizosphere microorganisms, early inoculation
of the growth medium or plant propagules (seeds, roots of seedling
transplants, rooted or unrooted cuttings, bulbs or corms) appears
to be essential.
Perhaps inoculation with combinations of
bacteria, or combinations of bacteria with mycorrhizal fungi, will
come closest to simulating natural conditions where environmental
stress is minimized and diseases are eliminated biologically.
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Sustainability and Rhizo-Organisms in an Agrosystem
G. J. Bethlenfalvay. Horticultural Crops Research Laboratory, US Department
of Agriculture, Agricultural Research Service, Corvallis, OR 97330, USA.
Introduction. Vesicular-arbuscular mycorrhizal (VAM) fungi affect the development of their host
plant and host soil (1). They function as agents of nutrient exchange between plant and soil
(agrosystem). Because of their close association with roots and soil microbiota, their own
development is affected by the dynamic processes of the rhizosphere (3). They promote or inhibit
the growth of microbial populations, and these in turn, may have positive or negative effects on
the fungi. Beneficial interactions between these rhizo-organisms may be registered above-ground
as plant growth promotion and antagonistic ones as growth retardation (2). The nature of
imbalances between below-ground populations that result from soil disturbance are rarely known,
but they may be responsible for effects observed by farmers and scientists in terms of plant
production and erosion. The present data report how interactions between a VAM fungus, and two
soil bacteria affected plant growth and soil aggregation.
Materials and Methods. Pea {Pisum sativum L.) plants were grown in an initially sterilized clayloam soil in greenhouse pot cultures. The plants were inoculated singly or in combinations with
a VAM fungus, Glomus mosseae, and an agrosystem-affecting rhizobacterium (ASAR), Bacillus
spp., or were not inoculated (+VAM, -VAM; +Bac, -Bac). Half of the plants were nodulated by
the N2-fixing bacterium Rhizobium, the others received N in their nutrient solution as 4 mM
Ca(N03)2. The plants were arranged in a completely random maimer in a 2x2x2 factorial design.
They were replicated five times and grown for 8 weeks. The development of water-stable soil
aggregates (WSA) was determined by washing dry-sieved soil (>1 mm, <2 mm) in water. The
change in the aggregation status of the soil during the experiment (%») was calculated from the
percentage of WSA in the soil prior to, and after the experiment. Root colonization was determined
by the grid-line intersect method, after clearing in 5% KOH and staining with trypan blue.
Results and Discussion.
Plant effects. Nitrogen input, either symbiotically or by N fertilization, had a distinct effect on
plant biomass (Table 1). hi the N-fertilized +VAM plants, there were significant (P < 0.05)
differences in both +Bac and -Bac plants, and plant biomass was reduced by 50% in +Bac vs. -Bac
plants. In the nodulated plants, however, there were no significant (P > 0.05) biomass differences
between any of the treatments. This same pattern prevailed for the root/shoot ratios: In N-fertilized
plants +Bac root/shoot ratios were significantly greater than in the -Bac plants, while in the
symbiotic plants there was no difference. Seed/plants ratios also showed a small, but significant
increase in the +Bac plants (not shown).
Generally, nodulation evened out differences in plant responses associated with the VAM
fungus or the rhizobacterium in the N-fertilized plants. Mycorrhizal root colonization was
significantly lower in the nodulated than in the N-fertilized plants and was lower also in the +Bac
plants under both N regimes. Nodulation did not differ significantly in +VAM or -VAM plants,
but it was significantly (P < 0.01) lower in the +Bac plants. These observations indicate
antagonism between the ASAR and the other two rhizoorganisms.
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Soil effects. Soil structure responded positively to both VAM and ASAR treatments in both
nodulated and N-fertilized plants (Table 1). The soils of -VAM plants disaggregated in the course
of the experiment, while in those of the +VAM plants, new WSA formed. Disaggregation was
alleviated and aggregation was enhanced in the soils of +Bac vs. -Bac plants. However, in the soils
of the nodulated plants disaggregation was more severe and aggregation less pronounced than in
the soils of the N-fertilized plants. The negative effects of N nutrition through N2-fixation on WSA
was associated with the lower pH of these soils: nodulated legumes are known to acidify their
soils, while the use of nitrate fertilizer tends to elevate the pH. Higher soil pH was also associated
with the +VAM plants, and was reflected in the higher percentage of WSA of the +VAM soils.
Table 1. Plain and soil responses to N nutrition and rhizo-organisms in a pot-culture agrosystem
Parameters

Plant

Rhizob'ium

Biomass (g)

Root/Shoot

Soil

PH

%» Aggreg.

ASAR

-VAM

+Bac

3.5

-Bac

+VAM

Nitrate
-VAM

+VAM

3.5

2.9

3.6

3.4

3.5

3.1

5.2

+Bac

0.14

0.17

0.22

0.23

-Bac

0.14

0.18

0.19

0.15

+Bac

6.7

7.2

7.4

7.5

-Bac

6.7

7.2

7.5

7.6

+Bac

-20

14

-18

33

-Bac

-33

2

-26

28

The findings indicate complex interactions between the three rhizo-organisms utilized in this
experiment. The rhizobacterium, Bacillus, improved root growth and seed production, but
antagonized both the VAM fungus and nodulation. A decrease in VAM colonization in the
presence of the Bacillus was associated with a large decline in plant biomass. However, this
decline occurred only in the nitrate-fertilized soil, and not in the soil of nodulated plants.
Rhizobium, and plant responses associated with nodulation, apparently counteracted Bacillus
effects on host plant and fungal endophyte. Thus, this rhizobacterium both promoted and
inhibited the plant, or had no effect, depending on the circumstances. Together with the VAM
fungus, however, it promoted soil aggregation in all treatment combinations. 1 dubbed it
"agrosystem-affecting" to denote its diverse effects on plant and soil. Elucidation of interactive
rhizo-organism effects promise to be important in the management of sustainable agrosystems.
Literature Cited.
1. Bethlenfalvay, G.J. and R.G. Linderman. 1992. Mycorrhizae in Sustainable Agriculture.
Amer. Soc. Agron. Special Publication 54. Madison, Wisconsin, USA.
2. Burr, T.J. and A. Caesar. 1984. Beneficial plant bacteria. CRC Crit. Rev. Plant Sci. 2:1-20.
3. Wright S.F. and P.D. Millner. 1993. Dynamic processes of vesicular-arbuscular mycorrhizae:
a mycorrhizosystem within the agroecosystem. In Soil Biology: Effects on Soil Quality. J.L.
Hatfield and B.A. Stewart (eds). Lewis Publishers, Boca Raton, Florida, USA.
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Mycorrhizae and Soil Conservation
J. Tisdall. Institute of Sustainable Irrigated Agriculture, Department of
Agriculture, Tatura, 3616, Australia.
Introduction. Soil conservation in agriculture aims a) to provide optimum levels of water,
oxygen, temperature, nutrients and soft soil for the growth of roots, and b) to minimise soil
erosion. Mycorrhizae, the symbioses between fungi and roots, contribute greatly to soil
conservation as they hold macroaggregates of soil (> 250 um diameter) intact when wetted, and
decomposed fragments of hyphae and roots probably become the organic core in stable
microaggregates 20 to 250 um diameter1,2. Fungal polysaccharides can also increase the tensile
strength of clay and the amount of water that it retains3'4. This review discusses the mechanisms
of stabilisation by mycorrhizae, and management of these common symbioses for structural
stability in the field.
Stabilisation of macroaggregates. Vesicular arbuscular mycorrhizal (VAM) fungi,
ectomycorrhizal fungi and several species of saprophytic fungi probably formed and stabilised
macroaggregates, and fungal polysaccharides probably stabilised existing macroaggregates in
several soils1,5,6. Electron micrographs show that roots and fungal hyphae form an extensive
network in soil and are covered with extracellular polysaccharides to which aligned clay
particles are firmly held1. The clay particles are probably held to the fungal polysaccharide by
polyvalent cation bridges. It is difficult to separate the effect of physical compaction > and
reorientation of clay particles by hyphae and roots from that of cementation by extracellular
polysaccharides. Thomas et al.7 suggested that VAM hyphae stabilised aggregates indirectly by
increasing the growth of roots, whereas path analysis showed that VAM hyphae had a greater
effect than roots did on the stability of several soils8. On the other hand, VAM hyphae alone
directly affected aggregation of a silty clay loam by at least the same extent as roots did6.
Miller and Jastrow' suggested that VAM fungi contributed to the formation and stabilisation of
macroaggregates by a) entangling primary particles within a hyphal network, b) bringing
inorganic and organic materials together to form microaggregates, and c) enmeshing
microaggregates into stable macroaggregates. This hypothesis is supported by data which show
that fungal hyphae bound particles < 2 um, 2-10 um, 10-20 um and 20-50 um diameter into
water-stable aggregates > 50 um10.
Management of mycorrhizae. When sown to pasture, old arable soils differ in the rate at
which stable macroaggregates form, possibly depending on the presence of stable
microaggregates, and the rate at which the network of fungal hyphae and roots develop in the
field1". Plant species, such as ryegrass, with large systems of fibrous roots and VAM hyphae,
and which secrete large amounts of polysaccharide and dry the soil are effective stabilisers1,12.
It is yet to be shown whether drying of the soil around fungal hyphae and roots increases
points of contact between clay and polysaccharides and/or denatures the polysaccharides so that
they are chemically protected from decomposition12. Research is also needed to determine the
best management and combination of mycorrhizal fungi (especially indigenous species) and
plant species that stabilise macroaggregates most effectively. The following may affect
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stabilisation of aggregates by their effects on mycorrhizal fungi1: a) tillage, long fallow,
biocides and compacted and waterlogged soil can each significantly decrease the growth of
hyphae and mycorrhizal infection of plants, b) other organisms, root exudates, clay content, soil
pH and the phosphorus content of the plant can each affect the growth of hyphae in soil, c)
species of non-mycorrhizal plants, or those not dependent on mycorrhizae, included in the crop
rotation may reduce the growth of hyphae with subsequent crops, d) shaded, diseased, grazed or
cut shoots may restrict the production of extracellular polysaccharides, e) relative abundance of
different fungal species may differ in their growth through soil and production of extracellular
polysaccharide.
Conclusions
Mycorrhizae are important in the production and maintenance of the optimum soil structure for
plant growth and in the control of erosion. Much is known about the role of mycorrhizae on the
uptake of nutrients by plants. However, much research is needed on the mechanisms of
stabilisation, and on the management of these common symbioses for soil conservation.
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Abstract. Azospirillum brasilense was studied for its root colonization of 64 plant species, inter-root
motility in wheat and soybean, survival in 18 soil types from two countries and survival in the
rhizosphere. A. brasilense was capable of colonizing all tested plant species. The root-to-root motility
was monitored in agar, sand and light-textured soil. The study used a motile wild-type (mot+) strain
and a motility deficient strain (mot) which was derived from the same wild type strain. The
colonization level of inoculated roots was similar for both strains. Mot+ cells moved from inoculated
roots (in agar, sand or light-textured soil) to non-inoculated roots where they formed a band-type
colonization composed of bacterial aggregates, regardless of the plant species. The mot" strain did not
move towards non-inoculated roots of either plant species and usually stayed at the inoculation site
and root tips. The primary factor governing motility of mot* cells was the effect of attractants and
repellents. In the rhizosphere, A. brasilense populations maintained a high level for prolonged
periods. Survival in soil varied. In Israeli soils, its population declined rapidly within a month. In
Mexican soils, its population maintained a level equal to the original inoculation level or only slightly
decreased. Soil factors affecting survival were the amounts of calcium, nitrogen and sand.
We propose that: (i) A. brasilense is not a plant-specific bacteria, (ii) bacterial motility within the
plant root system and between neighboring plants is a prerequisite in the root-bacteria recognition
mechanism. It is an active process and a consequence of a non-specific bacterial chemotaxis,
influenced by the balance between attractants and possible repellents extruded by the root, but not
directly dependent on nutrient deficiency, and (iii) survival in the soil in the absence of plants is
influenced by the amounts of calcium, nitrogen and sand in the soil.
Introduction. The beneficial rhizosphere bacterium Azospirillum has the potential to increase plant
growth and productivity (18,29). When Azospirillum colonizes roots, the bacteria can be found
anywhere in the root system of several plant species (24), but have an unexplained preference for the
root-tip, the elongation zone and the root-hair zone (19,27,37). In the field, cells originating from soil
surface inoculation using various types of inoculants can be found embedding the entire root system
and at least as deep as 50 cm. Furthermore, in plantless soil, Azospirillum can migrate horizontally as
far as 30 cm from the original inoculation site towards growing plants (13,21). Thus, self-motility is
an important asset for this bacteria.
Azospirillum cells are chemotactic, both towards various chemoattractants in vitro (32,42,48) and
possibly during their travel through the soil towards plants (7,14). They are aerotactic (3) and
redox-tactic (30) as well. In soil, bacterial motility mainly depends on the presence of plants (13).

13

Root tips are an efficient vector for passive vertical transfer of A. brasilense as deep as 29 cm from
the inoculation site (17). However, dispersion and colonization of Azospirilliini, from the inoculated
seed to the entire root system of the plant and to adjacent plants, has yet to be explained. In plantless
soil, the bacteria are rapidly and strongly absorbed into the clay and organic fraction of the soil, and
its motility is extremely restricted, even in water saturated soil (15,16). After a few weeks, the
bacterial population diminished in some types of soils (21,45).
Claims of Azospirilliini specificity for certain cereal species are documented (for review see 18).
Recent evidence however, showed otherwise; Azospirilliini can colonize several plant species of
different botanical families (9,18,20,24). The full host range of Azospirilliini has not yet been defined.
The aims of this study were: (i) to elucidate the plant host-range of A. brasilense, (ii) to explore the
major mechanism(s) involved in the colonization of the entire root system from seed inoculation, and
how roots of adjacent, non-inoculated plants are colonized, (iii) to assess the survival of the bacteria
in the plant's rhizosphere and in soil, and (iv) to determine soil factors which may affect soil survival
of the bacteria.
Materials and methods.
Organisms and growth conditions The following bacterial strains were used in this study; (i) in
motility studies, Azospirilliini brasilense Cd (ATCC 29710, highly motile strain, mot") and a
non-motile spontaneous mutant (mot) derived from the Tn5 mutant of strain Cd. Compared to its
parental strain, the strain 29710-10b is apparently defective only in N2-fixation and aggregating
abilities, other characteristics were identical to the parental strains (Cd) as described in detail
elsewhere (22,25). The identical antigenic characteristics of mot' allowed us to use antibodies raised
against strain Cd (mot*) (unpublished data) for ELISA determination (described later). The mot'
mutant was isolated by: (a) evaluating its inability to swarm on solid medium surface (31), and (b)
light microscopic preparations of bacteria from the logarithmic phase of growth, or obtained from
very young colonies (<24 h) The chosen mutant was completely non-motile during several hours as
analyzed by an image analysis system, (ii) in root colonization screening and in survival studies in
soils, in addition to strain Cd we used also A. brasilense Sp-245 (2).
Wheat plants {'friticiim aestivnni) cv. Tikal (winter wheat) and soybean plants (Glycine max) cv. Pella
were used as test species in motility studies Seeds were surface-disinfected with 1% NaOCl for 5
min, then thoroughly washed with sterile de-ionized water. Seeds were imbibed for 5 h in sterile tap
water prior to transfer to the agar-glass growth chambers (15 X 20 cm; containing two plants each,
one in each compartment), as described elsewhere in detail (17). Alternate layers (approx 0.5 cm) of
semi-solid 0.1% agar and the original soft agar (0.5%) were used. The construction of the chamber
was done on ice to permit quick solidification of the soft agar layer on the top of the semi-solid layer,
thereby avoiding mixing between the layers. Our chamber was modified from the plan of the original
growth chamber by: (i) replacement of the central solid partition with a partition made of fine metal
net which allowed the bacteria to move freely within the two compartments of the growth chamber,
but prevented the roots from meeting, and (ii) glass ventilation tubes to increase oxygen diffusion in
the chamber and prevent aerotaxis of A. brasilense.
Bacterial strains were grown in nutrient broth (Difco) prepared for plant inoculation at a
concentration of 106 cfu/ml as previously described (6,12) and inoculated onto seeds as described
elsewhere (17). In some soil and rhizosphere survival studies, a higher level of bacteria 1.77xl07 and
1 44x10s cfu/g soil has also been used.
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The inoculated seeds were placed in the chamber 1-2 days before the non-inoculated ones. In most
experiments, longer incubation of inoculated seedlings creates longer roots compared to
non-inoculated seedlings. It is also known that the root tip and adjacent short root-hair region, the
preferred colonization sites of'Azospirilhim, grow faster than the bacteria can move in semi-solid agar
and sand (38). By staggering plantation, we improved the odds of the bacteria completing the
migration from inoculated roots to non-inoculated roots. The entire experiment lasted, at most, 5
days, or until the roots reached the bottom of the growth chamber. Older plants produced a mass of
secondary roots which complicated the analysis. The planted growth chambers were moved to an
environmentally controlled, larger growth chamber for the duration of the experiment. Similar
experiments using quartz sand or light-textured soil were carried out in similar, but larger, growth
chambers (20 X 30 cm) made of plexiglass.
Root colonization studies were done in plants growing in 500 ml black plastic pots containing a "soil
mixture" of peat: vermiculite: sand (1:1:1, v/v). Crop plant seeds were disinfected as described above
before inoculation, but weed seeds or reproductive organs were inoculated without disinfection
because of a lack of data on these propagules' response to the disinfectant. The plants were grown for
30-45 days after inoculation. Then, root population was measured as described later.
Survival of bacteria in sterilized soils was done in a controlled growth chamber at 30°C in Parafilm
sealed 250 ml plastic pots. The number of surviving bacteria was determined periodically for 14 days
by the plate count method on OAB N-free medium (11).
Sand and soil. In motility studies, pure quartz sand was used as growth medium. To increase the low
waterfield-capacityof the sand (<2% v/v), very fine vermiculite was incorporated into the sand which
increased the water field-capacity of the newly-formed mixture to 40%. The sand was sterilized in an
oven at 180°C for 10 h prior to the experiments.
In colonization studies we used light-textured, sandy-loam soil sterilized by tyndelization with a water
field-capacity of 8.6% (v/v), organic matter content of 1.3% and clay content of 4.3%,.
In studies on survival in the soil, we used the following soils: from Israel: Terra Rossa soils
(Rhodoxeralfs); Mediterranean brown forest soils (Haploxerolls); Rendzina soils of mountains
(Rendolls); Brown basaltic soils (Xerorthents); Brown-red sandy soils (Haploxeralfs); Brown alluvial
soils - vertisols (Chromoxererts); Alluvial soils (Xerofluvents); Brown steppe soils (Calcixerolls);
Rendzina soils of valleys (Calciorthids); Hammada soils of mountains (Gypsiorthids); Brown desert
skeletal soils (Torriorthents); Loess raw soils (Camborthids); and Loessial sandy soils
(Torripsamments) (41). From Baja California, Mexico: El Carrizal soils and Los Planes soils and from
Mainland Mexico: Soil from Cordoba in the state of Veracruz and two soils, Montecillo and
Tequesquinahuac from the state of Mexico.
Detection and quantification of bacteria on roots. In motility studies, major bacterial colonization
sites on the root surface were visibly detected (drawn and photographed) by the Teterazolium
chloride (TTC)-reducing method of Patriquin and Döbereiner (39) as modified by Bashan and
Levanony (17). Light microscopic observations of pink zones showed massive aggregate colonization
whereas non-pink zones showed nearly no aggregates but only single cells in the root vicinity (data
not shown, also in 17). Bacteria were identified and counted by the indirect-ELISA method (36) or
combined with the Limited Enrichment Method (23) when the number of bacteria was smaller than
104 cfu/rnl (the lower limit of our ELISA method). The latter method was amended as follows: after
marking the pink band sites on transparent tracing paper, the roots were segmentally cut inside the
growth chamber using a home-made apparatus made of flame-sterilized 20 stainless-steel razors
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spaced 10 mm apart on a plastic holder. Then, each root segment was picked up with flame-sterilized
tweezers and transferred onto 1 ml OAB medium (11) in tissue culture plates. The rest of the
limited-enrichment method was unchanged.
Data for bacterial counts were collected from: (i) the last root segment containing the root tip and the
elongation zone [as described by Levanony and Bashan, (35)], (ii) the root segment at a distance of
5-6 cm from the root tip, (iii) the segment adjacent to the seed, (iv) the total of migrating bacteria in
the non-inoculated roots, and (v) the total number of bacteria in inoculated root. The total number of
bacteria per root was given in cases where the entire root was visibly covered with bacteria (a pink
root).
The bacteria present in "artificial root" preparations made of sodium alginate beads (described later)
were counted by dissolving the beads in 0.2 M potassium phosphate buffer (5), and were counted by
conventional plate count method on OAB N-free medium (11). Strict aseptic conditions were used in
this study, although it is virtually impossible to obtain sterile assemblies, even with disinfected seeds.
Nevertheless, the level of bacterial contamination was very low as verified by routine total bacterial
counts of slightly sonicated roots (25 W, 3 min) on nutrient agar plates. Fungal contamination was
absent when evaluated on potato-dextrose agar plates and by stereoscopic microscopy of every
colony that developed on the nutrient agar plates.
In colonization studies of weeds and crop plants, bacteria were count as follows: The entire plant was
removed from the pot and all loose "soil mixture" particles were shaken out. The roots were slightly
rinsed in sterile de-ionized water, and the bacteria were counted either by indirect-ELISA or by the
Limited Enrichment Method as described earlier. In soil survival studies, bacteria were counted by
conventional plate count method on Nutrient Agar.
Chemoattractants and repellents. We used the chemoattractants glycine (10 mM), aspartic acid (10
mM), sodium malate (100 mM), sodium succinate (100 mM) (42,49), and the repellents
p-nitrophenylglycerol (0.006%) or NaEDTA (0.17%)(31), all of analytical grades. These chemicals
were embedded in alginate beads or applied directly to the roots as described later.
Alginate bead chains as "artificial root" (AR). Chemicals were entrapped in solid, sterile, 3-4 mm
diameter alginate beads, produced as described earlier (5). Using a hypodermic needle, the beads were
aseptically and carefully threaded on a very fine nylon thread in strings of up to 15 cm long. These
strings of beads, or "artificial roots" (AR) simulated non-inoculated roots (beads with
chemoattractants or repellents) and were embedded in the same agar compartments as plants.
Chemotaxis of A. brasilense towards sodium alginate was tested by the classic capillary test for
bacteria in general (1) and the open channel chemotaxis system developed for Azospirillum (3). It was
found that alginate is not a chemoattractant for A. brasilense.
Survival rate calculations related to soil parameters. This was calculated as follows: surviving
cells in each soil were counted periodically at 7 day intervals, for up to 35-45 days as described
above. This data was analyzed using Linear Regression Analysis (LRA) vs. time. This analysis
produced a linear survival rate formula (y=ax+b) for each soil. Since the bacteria died with time in
most soils, the linear regression coefficients (a's) had minus values. These linear regression
coefficients, from all soils, were analyzed again by LRA vs. a single soil parameter each time (such as
nitrogen, pH etc.) which was measured separately in all soils.
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Experimental design and statistical analysis. All experiments were carried out in triplicate (one
growth chamber or a pot as a replicate), and each was repeated 2-3 times. Significance is given by
Standard Error (SE) of each column. Bacterial counts were taken from the average of root sections
from 3 different seedlings. The wheat root system of seedlings consisted of 3 main roots, the soybean
root system of young seedlings consisted of a single root. Linear correlations were tested for
significance at 5% confidence.
Results
A. brasilense strains Cd and Sp-245: root colonization of weeds and crop plants from the same
botanical families. Root colonization by two strains of A. brasilense (Cd and Sp-245) in seedlings
of 64 plant species belonging to 19 different botanical families revealed that the bacteria is capable of
colonizing all plant species in significant numbers (Table 1). Different levels of colonization were
detected between the families, being highest in Malvaceae, Fabaceae and Solanaceae and lowest in
Brassicaceae and Apiaceae. However, both strains were capable of colonizing weeds and crop plants
belonging to the same botanical family at similar extent. In general, strain Sp-245 was a slightly better
colonizer than strain Cd (Table 1).
Movement of A. brasilense mot+ and A. brasilense mot from inoculated roots to non-inoculated
roots of the same plant species and between different species. In agar trays, A. brasilense mot'
migrated from inoculated roots to the non-inoculated roots of the adjacent plant, irrespective of the
plant species. Colonization of the non-inoculated roots was band-like; i.e., most bacteria were
concentrated in defined zones while few were detected in the rest of the root (Fig 1 A,C) Roots tips
and seed-sites were always colonized by A brasilense mot' (Fig 1 A,C).
A different pattern was detected in the A. brasilense mot mutant. Bacteria did not movs from the
inoculated roots to the non-inoculated roots, regardless the species of the donor (inoculated) plant
(Fig 1 E, G). The pattern of colonization in the seed-inoculated wheat roots was also different, as
bacteria were concentrated either near the inoculated seed or in the root tip (Fig 1 E-H). In both plant
species, the total level of colonization in the originally inoculated roots by the mot' and the mot
strains was high and similar (Fig 1 B,D, F,H).
In sand and light-textured soil, A. brasilense mot* moved between the roots of the same species or
different species, similar to its pattern in agar. No movement of A. brasilense mot" from inoculated to
non-inoculated roots was detected. In many cases, the inoculated bacteria remained at the seed
inoculation site and did not migrate with the root tips. The bacterial population levels of roots in sand
or soil were similar to those in agar (data not shown).
Movement of A. brasilense mot+ and A. brasilense mot from inoculated roots towards
chemoattractants and repellents. When "artificial root" (AR) containing the chemoattractant
glycine replaced non-inoculated root and the other compartment had inoculated soybean roots, A.
brasilense mot+ cells migrated towards the AR. The same was true when AR containing malate was
placed with inoculated wheat roots (data not shown). When the A. brasilense mot was used, no
migration towards these attractants was observed in soybean or the malate-wheat combinations (data
not shown).
When the attractants (glycine, malate, aspartic acid and succinic acid) were placed on restricted zones
of the "Artificial root" (arrows in Fig 2 A-D), A. brasilense mot* migrated from the inoculated roots
almost to the attractant sites. Similar results were obtained in the combinations glycine-soybean
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Table 1. Root colonization of weeds and crop plants from the same botanical families by A.
brasilcnse strains Cd and Sp-245.
Weed/crop plant

Botanical family

cfu/g (d.wt) roots
Cd.

Sp-245

Annuals (winter weeds)
3.2+0.7xl03
5.1±0.8xl03
2.4+0.5xl03
4.7+0.9x10'

4.6+0.4xl03
7.2+0.6xl03
3.3±0.7xl03
6.6±0.4xl03

Notobasis syriaca (L.) cass.
Scolymus maailatus L.
Chrisanlhemum segetiim L.
Chrisanthemum coronarium L.1
Authemis pseiidoctiila Boiss. Asteraceae
Authemis melanolepis Boiss.
Ormenis mixta (L.) DC.
Cichorium pumiliim Jacq.
Carthamus tenuis (Boiss.)Bornm.
Senecio vulgaris L.
Senecio vernalis L.

4.9±0.7xl0"
3.8±0.1xl04
7.2+0.6xl04
9.1+0.6xl04
2.9+0.5xl04
6.3±0.8xl04
5.5+O.lxlO4
3.8+0.3xl04
7.8+1.2x10"
2.4+0.5x10"
2.8+0.7x10"

5.1+0.3x10"
4.7+0.8x10"
1.4+0.4xl05
1.1+O.lxlO5
3.2+0.7x10"
6.7+0.5x10"
8.2+0.6x10"
5.6+0.5x10"
2.2+0.8xl05
2.6+0.7x10"
3.1+0.7x10"

Ammi visnaga (L.)Lam.
Daucus aureus Desf.
Ridolphia segetiim (L.)Moris

6.9+0.7xl03
4.1+0.4x10"
5.7+0.9x10"

1.2+0.3x10"
6.7+1.4x10"
8.8+1.6x10"

Isatis aleppica scop.
Sinapsis arvensis L.
Erucaria myagroides (L.)Hal
Brassica nigra (L.) Koch.

Brassicaceae

Apiaceae

Stel/aria media (L.)Vill.
Si/ene gallica L.

Caryophyllaceae

7.5+1.3x10"
4.8±0.6xl0"

9.6+1.7x10"
7.7+0.6x10"

Beta Vulgaris L.

Chenopodiaceae

2.1+0.5xl05

2.4±0.7xlOs

Lavatera trimestris L.
Malva nicaeensis All.

Malvaceae

4.2+0.8x106
5.5±1.3xl06

5.1±0.4xl06
5.8+0.3xl06

llrtica wens L.
Urtica pilulifera L

Urticaceae

2.8±0.7xl0"
5.8+1.2x10"

3.5+0.6x10"
7.5±1.4xl0"
7.5+1.2x10"
7.3+1.4xl05
4.7+0.6xl05
9 1+0.7x10'

Phalaris paradoxa L.
Phalaris brachystachys
Avena sterilis L.

Poaceae

6.2±0.7xl05
4.9±0.5xl05
3.8+0.9xl05

Ranunculus arvensis L.

Ranunculaceae

6.3+1.4xl03

IS

(Continue Table 1.)
Weed/crop plant

Botanical family

cfu/g (d.wt) roots
Cd.

Lupinus hirsutus L.
Medicago ciliaris (L.)Krock.
Vicia \>ulgare L.
Papaver rhoeas L.

Sp-245

Fabaceae

4.4±0.4xl0 7
2.1±0.7xl0 7
8.9+0.8xl0 6

4.8±0.6xl0 7
2.8+0.8xl0 7
1.8+0.5x10'

Papaveraceae

4.8+0.6x10"

6.1+0.5x10"

Perennials (winter weeds)
Gladiolus segetum Gawl.
Iridaceae
Cynara syriaca Boiss.
Compositae
Geranium tuberosum!..
Geraniaceae
Polygonum equisetiforme S.et.S. Polygonaceae

6.8+0.7x10"
4.8+1.2x10"
3.6+0.6xl0 4
4.3+0.6xl0 4

8.6±0.7xl0 4
5.2±0.2xl0 4
6.8+0.8xl0 4
7.7+0.5xl0 4

Annuals (summer weeds)

Solanaceae

2.8+0.6xl0 6
3 4+0.2xl0 6

4.7+0.5xl0 6
5.3+0.7xl0 6

Setaria verticil lata (L.)B.P.

Poaceae

4.8+0.4xl0 5

6.2+0.7xl0 5

Amarauthus retroflexus L.
Amarauthus graecizans L.

Amaranthaceae

6.7+0.8xl0 5
5.1+0.6xl0 5

6.9±0.6xl0 5
6.3+1.lxlO 5

7+0.2xl0 4

5.7+0.7x10"

Solatium villosum (L.)Lam.
Datura stramonium L.

Chenopodium
opulifolium Schrad.

Chenopodiaceae

Perennial (summer weeds)
5.3+0.4xl0 5

Cynodon dectylon (L.)Pers.
Poaceae

6.3+0.8xl0 5

Convulvulaceae

5.5+0.6x10"

Ecbalium elaterium (L.)Rich. Cucurbitaceae

6.8+1.2x10"

Prosopisforcata

3.2+0.5xl0 6

Sorghum halepense (L.)Pers.
Commlvulus arvensis L.

Eig

Fabaceae
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5.9±0.8xl0 5
7.1+1.2xl0 5
6.9+1.3x10"
9.7+1.4x10"
5.9+1.lxlO 6

(Continue Table 1.)
Weed/crop plant

Botanical family

cfu/g (d.wt) roots
Cd.

Sp-245

Crop plants

Poaceae

6.9+0.8xl0 4
4.2+0.5xl0 5
3.7+0.3xl0 5
5.6+0.5x10'
2.1+0.5xl0 7

3.2+0.6xl0 5
6.7+1.2xl0 5
4.6+0.6xl0 5
8.8±0.6xl0 5
2.8+0.2xl0 7

Solanaceae

3.6±0.6xl0 6
2.7±0.2xl0 6
3.4+l.lxlO 6

4.6+0.5xl0 6
3.1+0.8xl0 6
5.1+0.6xl0 6

Cucumber
Melon
Water melon

Cucurbitaceae

5.2+0.4xl0 4
3.4±0.5xl0 4
68+0.6xl0 3

5.6+0.7xl0 4
4.2+0.9xl0 4
9.8+06xl0 3

Canola

Brassicaceae

7.6+0.4x103

1.1+0.2x10"

Cotton

Malvaceae

5.6+0.7xl0 6

7.3+1.3x10*

carrot

Apiaceae

8.8+0.7x10'

1.8+0.4x104

6.5+1.2xl0 4

7.2±0.6xl0 4

4.2±0.2xl0 7

5.3+0.6x10'

Wheat
Barley
Oat
Sorghum
Corn
Tomato
pepper
Eggplant

Sugar beet
Soybean

Chenopodiaceae
Fabaceae

Plant's nomenclature according to Cohen (26) and Zohary (50).

(Fig 2 A), malate-soybean (Fig 2 B), malate-wheat (Fig 2 D), or when combinations of three
attractants (aspartate, succinate and malate) were used in the AR placed with inoculated soybean root
(Fig 2 C).
When "artificial roots" loaded with the repellents p-nitrophenylglycerol or NaEDTA were placed in
the oposite compartment of inoculated soybean roots, A. brasilense mot' did not migrate towards the
AR. Non-inoculated soybean roots, when loaded with the same repellents, also repelled A. brasilense
mof along the root, except at the root tip zone (data not shown).
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Fig 1. Movement of A. brasilense mot+ and mot" from inoculated roots to non-inoculated
roots of different plant species in soft agar. A. brasilense mot+ (A-D); A. brasilense
mot" (E-H).
A and E - Movement from inoculated wheat roots to non-inoculated soybean roots.
C and G - Movement from inoculated soybean roots to non-inoculated wheat roots.
B, D, F and H - Number of bacteria on different zones of the root. Bars represent
SE, and 0 mm represent seed site in the growth chamber. In Figs F and H, the 3
empty columns on the left, represent absence of bacteria from the respective root
parts of inoculated roots. (Modified data after Appl. Environ. Microbiol.).
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Table 2. Survival (14 days after inoculation) of A. brasilense strains Cd and Sp-245 in the soil
and rhizosphere of wheat (Mex.) and tomato (Isr. and BCS) plants in 18 types of soils from
diverse origins.

Soil name
and origin

Inoculation level
cfu/ml
Rhizosphere

Terra Rossa (Isr.)
Mediterranean brown
forest (Isr.)
Rendzina soils
of mountains (Isr.)
Brown basaltic (Isr.)
Brown-red sandy (Isr.)
Brown alluvial
soils-vertisols (Isr.)
Alluvial (Isr.)
Brown steppe (Isr.)
Rendzina soils
of valleys (Isr.)
Hammada soils
of mountains (Isr.)
Brown desert
skeletal (Isr.)
Loess raw (Isr.)
Loessial sandy (Isr.)
Veracruz (Mex.)
Montecillo (Mex.)
Tequesquinahuac (Mex.)
Los Planes (BCS)
El Carrizal (BCS)
1

Survival
(cfu/g)
Soil

lxlO 6

lxlO 6

4.2xl0 4

1.44x10s

1.77xl07

1.77xl07

Abbreviations: Isr.= Israel; Mex.= mainland Mexico; BCS
Means (n=3).

Rhizosphere

Soil

4.2xl0 7

3.4xl0 5

6.4xl0 7

3.3xl0 4

2.1xl0 7
84x10"
6.4x10"

5.3xl0 4
22x1040

7.8x10"
4.2xl0 7
2.1x10"

5.3x10-'
2.3x10'
66xl0:

5.7xl0 7

4.4xl0 4

4.4x10"

0

3 8x10"
6.6xl0 7
1.2xl07
5.7x10"
59xl07
2.9xl0 7
1.7xl07
1.3xl07

4
4.6xl0 2
4.5xl0 3
6.5xl0 7
1.9xl09
2.1x10 s
1.1x10"
1.2x10"

Baja California Sur, Mexico.

Survival of A. brasilense in the rhizosphere and in soils from diverse origins. Survival of A.
brasilense strains Cd and Sp-245 in 18 different types of soils and in the rhizosphere of plants
growing in these soils was evaluated. Thirteen soils originated from Israel, 3 from mainland Mexico
and 2 from the peninsula of Baja California in Mexico. In general, A. brasilense survived well in the
rhizosphere of wheat and tomato plants regardless of soil type. However, in plantless soils, its
survivability varied, numbers sharply declined in Israeli soils, slightly decreased in Baja California soils
and were stable or even increased in mainland Mexico soils (Table 2).
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Physical and chemical factors affecting survival of A. brasilense in soil. Ten physical and
chemical soil parameters (nitrogen, CaC03, organic matter, clay, silt, fine sand, rough sand, field
capacity, pH and salinity) were analyzed by Linear Regression Analysis vs. the rate of Azospirillum
mortality (with time) in 13 Israeli soils. Linear correlations were found between mortality and the
content of CaC03, nitrogen and rough-sand. The higher these parameters were presented in a given
soil, the higher the mortality rate was of the bacteria. A typical analysis is presented in Fig. 3, showing
a significant linear correlation between the amount of CaC03 and mortality of A. brasilense Cd.
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Fig. 3. Linear regression analysis between the survival rate of A. brasilense Cd and the amount of
CaCOj present in 13 soil types from Israel. The regression coefficient was significant at P<0.05.
Discussion. Root colonization by Plant Growth-Promoting Rhizobacteria (PGPR) is an essential
requisite when enhancing plant growth is the objective. Most bacteria need to be in the plant vicinity
in sufficient numbers to affect the plant life cycle (18). Survival in soil in the absence of host plants is
also of crucial importance for the inoculation industry. On one hand, inoculated bacteria which can
survive indefinitely in the soil in sufficient numbers after the growing season and still be able to
colonize the next crop, provide little incentive for further development. Long-term survival would
also cause concerns about environmental manipulation, especially in genetically-engineered
microorganisms. On the other hand, a broad spectrum of host range is an obvious advantage for any
given beneficial bacteria, eliminating the need for developing many specific crop-bacteria
combinations and avoiding confusion by growers, especially in less developed countries. Azospirillum,
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a known PGPR, has some of these traits. Apparently its host range is wide and its survival in soil is
limited in some soils (18,45). The bacteria can increase the yield of many crop plants, not by the
suppression of any plant pathogens, but by directly affecting plant growth through a
yet-to-be-revealed mechanism(s) (18).
This study provides further evidence about the broad host range and the non-specific nature of
Azospirillum. Under controlled conditions, the bacteria colonized the root systems of 64 plant species
belonging to 19 different botanical families. It had no preference to crop plants or weeds, nor to
annuals or perennials. This list strengthened previous studies showing Azospirillum'^ ability to
colonize different plant species worldwide either wild or crop plants (18,40). It seems that
Azospirillum is an optimal root colonizer. This fact, as satisfactory as it might be for the inoculation
industry, should raise some points of caution. In an inoculated field, the local weeds which are always
present, might be enhanced too. Furthermore, most studies on the host-range of Azospirillum were
conducted under a limited scale (greenhouse, ascetic conditions and/or controlled conditions etc.).
Therefore, before drawing definite conclusions, all these findings should be verified under field
conditions as well.
For practical reasons, Azospirillum cells are usually incorporated into inoculant carriers composed of
peat, vermiculite (29,46) or synthetic materials such as alginate (5). These inoculants are later mixed
with the seeds before sowing in the field, or applied to the soil during seedling emergence (21). This
common inoculation technology is usually carried out by standard agro-mechanical sowing devices
which are inaccurate from a microbial standpoint, i.e., unable to ensure that the bacteria will
encounter the emerging root. Thus, bacterial movement from the inoculation site to the root site is
essential if root colonization is to occur. This distance can range from a few microns to several
centimeters, and bacterial movement must occur in an environment of fierce competition with other
soil microfauna which are also seeking nutrients and root colonization sites on the growing seedlings
(4).
Azospirillum and pseudomonad biocontrol agents have been known to colonize the entire root system
of plants (20,24,33). This bacterial dispersion has been partially attributed to passive transport by the
root tips (17,33). However, in contrast to some pseudomonades, Azospirillum does not disperse by
percolating water but rather, it adsorbs into the soil particles (14,15). Nevertheless, passive dispersion
by water, especially in semi-arid conditions which lack sufficient water, [where Azospirillum showed
its best performance (43)] can not explain the fact that the entire root system is colonized by
Azospirillum. Therefore, it is reasonable to assume that another efficient bacterial dispersion
mechanism exists. One aim of this study was to reveal the major component of this mechanism since
dispersal has been identified as a crucial parameter in the deliberate inoculation of
genetically-engineered beneficial bacteria (8,47).
This study revealed that A. brasilense motility in the rhizosphere is essential to colonization of the
root system. Although the non-motile mutant cells proliferated similar to the wild type, they failed to
colonize neighboring roots, even though water percolation for passive transportation was always
available. Our results with A. brasilense give further support to studies which show that non-motile
mutants of beneficial pseudomonades were impaired in their ability to move towards seeds (44) or
colonize roots (28) when compared to their wild type parent strains
Although Azospirillum has previously shown chemotaxis towards specific compounds (34,42,49), it
was not the case in this study. The bacteria were attracted to non-specific chemoattractants commonly
found in root exudates and to which many rhizobacteria might migrate. Therefore, it can be suggested
that a non-specific chemotaxis to root exudates may be a preliminary mechanism, operating over
relatively long distances and before other components of the plant-bacteria recognition system
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(adhesive materials, lectins etc.) take over. At these distances, the plant root-bacteria recognition
mechanism is ineffective, as shown in this study by bacteria that migrated from roots to "artificial
roots"
We also suggest that this dispersion mechanism increases the survival of Azospirillum. Azospirillum is
in many cases, totally dependent on the presence of roots to survive because it survives poorly in
some soils (15,45) The death of the host plant will not diminish the bacterial population from the field
since the bacteria is capable of migrating to the neighboring plants, whether it is the same species, a
different species, or even to weeds. This non-specific chemotactic trait of Azospirillum is apparently
stronger than any bacterial attraction to nutrients. Otherwise, it can not be explained why the bacteria
migrate from roots containing exudates to other roots which provide similar materials.
Bacterial movement from inoculated roots which were still extruding nutrients to non inoculated
roots, can be explained in at least two ways: (i) The bacterial population on the roots consumed more
nutrients than the roots could supply at a given moment. This created a temporary, nutrient-deficient
micro-environment which may have stimulated migration towards alternative nutrient sources, (ii).
Azospirillum formed mainly aggregate types of colonization, which restricted cell movement due to
the production of extensive fibrillar materials (10,20,37). These aggregates provide an ecological
advantage over any single bacterial cell in the competition for nutrients in the rhizosphere. Therefore,
in order to survive, single cells need to locate sites which lack aggregate colonization, so they migrate
to non-inoculated roots and colonize them, producing the new aggregates that were detected in this
study Therefore, moving to an uncolonized root may be a way that single bacteria can effectively
compete with bacterial aggregates for nutrients
Survival of Azospirillum in soil is inconclusive. On one hand, the bacteria survived poorly in some
Israeli soils (15,21) and excellently in Brazilian soils (2) One may assume that some of the chemical
or physical characteristics of the soil may influence survival. The screening of 18 soil types from Israel
and Mexico revealed that soil parameters are important to survival. The main limiting factor found
was the amount of calcium in the soil, secondary factors were nitrogen and sand content. These
circumstantial findings naturally require additional experimental verification.
Conclusions: we propose that (i) A. brasilense is not a plant- specific bacteria, (ii) bacterial motility
within the plant root system and between neighboring plants is a prerequisite in the root bacteria
recognition mechanism It is an active process and a consequence of a non-specific bacterial
chemotaxis, influenced by the balance between attractants and possible repellents extruded by the
root, but not directly dependent on nutrient deficiency, and (iii) survival in the soil in the absence of
plants may be influenced by the amount of calcium, nitrogen and sand in the soil.
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Root Pathogens in the Agroecosystems of Mexico
R. Garcia-Espinosa. Colegio de Postgraduados, Centro de Fitopatologia,
Chapingo, México, 56230.
Abstract
Root diseases in Mexican agroecosystems, when they are not
lethal to the crop, tend to be ignored or confused with other kinds
of edaphic problems. However, they are ubiquitous and highly
destructive, especially in tropical and temperate regions. In this
paper, reference is made to some of the most important problems of
this type being faced in the country and the disease suppressive
nature of the soil of some traditional farming systems. In
addition, some examples are mentioned of successful strategies
developed for the proper management of some root disease problems
under an ecological and holistic approach.
The Importance of Root Diseases in Mexican Agroecosystems.
Root diseases have a long history of tragedies in Mexican
agroecosystems. For example, Panama disease of banana, practically
wiped out the Mexican banana industry, during the forties,
destroying the so called "Tabasco Green Gold" (7). In order to
reconstruct the banana industry, global changes had to be made:
First, the change on varieties, from the Gross Michael to the
Cavendish group and associated with the new varieties, new crop
husbandry had to be adopted, since these new varieties required
higher crop density, and the fruit required more delicate handling
for harvesting and transportation. It was until the seventies that
the industry recovered, but never to the level it used to before
Panama disease.
Avocado root rot, locally known as "tristeza" (sadness), is
another example of wide devastation. This disease, of world wide
importance and distribution, caused by Phytophthora
cinnamomi, (32)
practically wiped out avocado crop from wide areas of Mexico, in
the States of Queretaro, Puebla and Veracruz.
Black pepper is a crop for which there are excellent
conditions in the tropical regions of Mexico. Because of
competitive advantages, its production could be very profitable.
Hundreds of acres have been planted during the last two decades;
however, Mexico still imports nearly a million US Dollars a year.
The reason is a lethal root disease caused by species of

Phytophthora

{P. palmivora

or P.

capsici).

There are two examples of root diseases of recent introduction
to Mexico: white rot of onion and pineapple mealy-bug wilt. Both
seem to have appeared in the late seventies.

M)

Back in 1952, the absence of pineapple mealy-bug wilt was
reported (18) and Mexico was considered as a fortunate country,
especially suited for the cultivation of this crop because of the
absence of such a devastating disease. In 1968, the disease was
still absent in the area of Lorna Bonita in the State of Oaxaca (8) .
In 1979, it was observed in Mexico by the first time in areas
recently opened to the crop in the region of Huimanguillo, in the
State of Tabasco. Most plantations showed around 35 % of incidence.
The propagating material was brought from the area of Loma Bonita,
in state of Oaxaca. The inspection of Loma Bonita area showed up to
100 % of incidence by 1980 (10), and ever since, the control of
this disease by itself, takes up to 60 % of the cultivation costs
of the pineapple crop. Mealy-bug wilt is a virus disease
transmitted by mealy-bug insects. This insect is taken care off and
moved from plant to plant by several species of ants. This disease
problem is included since the vector lives underground and also
because the disease was for a long time confused with root rot
caused by a fungus species of the genus
Pythium.
White rot of onion, caused by Sclerotium
cepivorum,
a fungus,
has dramatically affected the production of garlic and onion in the
Bajio region, in the state of Guanajuato, although it has recently
been reported from seven other producing states in Mexico (31).
In the Bajio, one of the most prosperous and modern
agricultural areas in the country, is frequently found causing up
to 100% of losses. It frequently happens that wealthy farmers
rather abandon the infested land and open new areas to the crop
since no proper management strategies seem to have been locally
proven.
The quick decline in productivity, characteristic of the
agroecosystems that are established in substitution of the natural
ecosystem in tropical regions is another bitter example of root
diseases, always present in these sadly forgotten regions of the
world. It was suggested (30) that the need for abandoning the land
in the slash and burn agriculture, might be due partly to the
incidence and damage of soil borne diseases, especially those
caused by one of the so called "minor pathogens" like species of
the fungus Pythium. Further studies have shown how damaging this
minor pathogens can be under tropical conditions (6).
Pathogenicity tests with selected isolates of this fungus,
carried out using natural (not sterilized) soils in the state of
Tabasco, caused up to 69 % of pre- or postemergence damping-off
(6), whereas, using sterilized soil, they caused up to 100 % of
this disease (15).
This kind of minor pathogens have been considered as the
limiting factors for wheat production in large areas of the USA
(3). They certainly are primary factors in the quick decline of
productivity in tropical agroecosystems. It seems that the
population of these pathogens builds up after every crop cycle up
to the point where land has to be abandoned. For economical and
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ecological reasons it is impossible to use soil fumigants.
To achieve successful management strategies of the edaphic
pathosystem (systems of parasites residing in the soil) is one of
the most stimulating goals in soil microbiology, tropical plant
pathology and agroecology. Later on in this paper, reference is
made to crop rotation systems observed and developed in the state
of Tabasco, for the management of this diseases.
The importance of root diseases under tropical conditions,
cannot be overemphasized in a country where more than 40 % of its
land is tropical. Whereas in the humid tropics, aquatic fungi like
the species of Pythium and Pythium
like, are some of the worst
root damaging cause, in dry tropics, pathogens favored by alternate
wet and drought like Macrophomina
phaseolina
are becoming
increasingly damaging in crops like sesame, soybean, peanuts and
others.
Special attention deserve the soil nematode problems under
tropical conditions. Rapid population build up have been observed
in cases like Meloidogyne
spp. Once the original vegetation has
been removed and cropping mixtures including squash and beans are
established, the increasing abundance of root galling becomes
rather obvious, particularly in cucurbitaceous plants (9).
Disease Suppressive Soils in Indigenous Mexican Agroecosystems.
Indigenous Mexican agroecosystems have been the subject of
critical scientific research, especially of those scientists
interested in the development of sustainable agroecosystems. Much
attention has been focused on the ancient Maya raised field systems
in tropical lowlands in Southern Mexico (27) and in the Chinampa
system in the valley of Mexico (1, 2 ) . In addition to this well
known agroecosystems in Mexico there exists several other different
time honored traditional agriculture farming methods, which balance
productivity by using practices designed to sustain long-term crop
production, rather than maximizing it on a short term basis (12).
In addition to the rather obvious effect of sustained agricultural
yield, some of these systems seem to suppress the development of
root diseases (11).
The suppressive nature of soils to Pythium
diseases was
critically evaluated for two of these agroecosystems: the
"Chinampa" and the "Popal". The first one is still practiced in the
Valley of Mexico, and the latter in the tropical lowlands in
Tabasco State. Both systems are described in detail somewhere else
(19, 20). A similar effect of soil suppressiveness has also been
detected for plant parasitic nematodes in the Chinampa soils (33).
Root rot of maize and the incidence of Pythium
spp. was
compared for Popal system vs. a modern agricultural system in
Tabasco. The incidence of this fungus was always higher in the
roots of maize cultivated under modern technology (Fig.1), (6).
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Assessment of damping-off with the natural inoculum of
Chinampa and Popal soils, compared to the corresponding soils from

% INCIDENCE

ROOT SAMPLING DATES

Pythium IN TABASCO

Pythium IN POPAL

Figure 1. Higher incidence of Pythium
spp. from maize root samples
at four sampling dates in two different agroecosystems: Popal and
commercial (Tabasco).
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Figure 2. Incidence of damping-off of cucumber in soils from
Chapingo, Chinampa, comercial Tabasco, and Popal, infested with P.

aphanidermatum

oospores.
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modern systems (Chapingo and Tabasco, respectively), using radish
seedlings at 20° C and cucumber at 30°C, indicated lower disease
incidence in soils from the traditional agroecosystems of Chinampa
and Popal (Fig. 2 ) .
To asses the biological activity as the conditional factor for
the suppressiveness, artificial inoculation to either sterilized
(using Gamma radiation) and non sterilized soil batches of the four
systems with two hundred oospores of P. aphanidermatum,
and using
cucumber as an indicator, showed that in all soils, the disease
incidence was greatly increased by the sterilization (Fig. 3 ) . In
fact, with the addition of two hundred oospores/ml to the
sterilized soils 100% of the cucumber seedlings were killed in the
Chapingo, Tabasco and Popal soils. But, in the Chinampa soil did
about 20% of the plants escape infection. The biological activity
of the soil measured by a dehydrogenase essay method showed that
the biological activity was from two to three times greater in the
traditionally cultivated soils, that in those under modern
agricultural management (20).
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Figure 3. Lost of soil suppressiveness to P. aphanidermatum
as a
result
of
sterilization
of
the
soils
from
traditional
agroecosystems (Chinampa=CHS, Popal=POP), compared to modern maize
productive systems (Chapingo=CHA and Tabasco=TAB).
The biological activity was also determined by estimating the
germination of oospores of P. aphanidermatum
when the soils were
amended with several levels of the aminoacid asparagine (Fig. 4 ) .
Significant suppression of germination was evident in both the
Chinanmpa and the Popal soils, compared to the Tabasco and Chapingo
soils when the same amount of exogenous nutrient was supplied to
each soil.
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Apparently, in the Chinampa and Popal agroecosystems a dynamic
biological equilibrium exists in which intense management,
especially the addition of copious quantities of organic matter,
maintains levels of organic nutrients and calcium, potassium and
other mineral nutrients. These stimulate the biological activity in
the soil. The elevated biological activity especially of known
antagonists, can suppress P. aphanidermatum
activities, as well as
other Pythium spp., and perhaps some other soil born plant
pathogens.
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Figure 4. Higher percent germination of P. aphanidermatum
oospres
in the non suppressive soils (Chapingo=CHA and Tabasco=TAB), as
compared to the germination in soils from the traditional
agroecosystems of Chinampa (CHS) and Popal (POP), when amended with
a exogenous source of the aminoacid asparagine.
Successful Management Strategies for the Edaphic Pathosystem in
Mexico
Maize-tropical legumes rotation in the humid tropical regions.
Reduced impact of the edaphic pathosystem was observed, back
in 1975, in small maize plots in the so called "Chontalpa" region
in Tabasco State, through out the use of crop rotation with the
vigorously growing tropical legume Stizolobium
deeringianum.
In
fact, in areas where quick decline had occurred, a single rotation
to the legume helped to recovere the productivity, and the crop
looked as though the original vegetation had just been slashed and
burned. Preliminary research indicated that the recovery could be
partly due to the reduced damage of pathogens like Pythium spp. and
some species of nematodes (21).
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In 1980, this rotation system was reported from the region of
Tamulté de las Sabanas, near Villahermosa, the capital of Tabasco
State, covering nearly one thousand hectares. In 1986, such system
covered nearly five thousand hectares. Recently, similar systems
are known to have developed in some other parts of the humid
tropics (11).
A good agricultural system does not seem to require a lot of
extension efforts. The official mean maize production for the state
of Tabasco is 1.2 Tons/ha. It has been experimentally proven, that
the maize production under this rotation system, can be as high as
5 Tons/Ha. A survey conducted among farmers in the area of Tamulté
de las Sabanas, showed that this system had not been carried out
for more than 14 years (24). Based in that survey, the crop
sequence that includes S. deeringianum,
maize and squash, was
established as depicted in figure 5.
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MARCH

NOVEMBER

APRIL

OCTOBER
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SEPTEMBER
AUGUST

JULY

Figure 5. Cyclical crop sequence practiced by farmers in the region
of Tamulté de las Sabanas, Tabasco. Stizolobium
deeringianum
is
established at the beggining of the rainy season and it is cut down
with machete
by the end of November. Then, the soil is quickly
planted with the mixcroping of maize and squash.
Small corn plots were established to compare the inoculum
potential of the edaphic pathosystem in soils with and without
rotation. It was observed that the edaphic pathosystem was
drastically reduced in soils with nine years of rotation. In soil
with no rotation, the incidence of pre- or postemergence
damping-off was up to 84 %, whereas in soil with 9 years of
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rotation was only of 14 %. Using a root disease severity index of
0 to 4, the higher index was observed for the non rotation. The
root volume was higher for the maize plants in the rotation (Fig.
6).
Parallel microbiological soil studies carried out in the same
area (13), showed a nitrogen and organic matter increase in the
plots with rotation to S. deeringianum.
Evaluating only the aerial
parts of the plant, the Nitrogen/ha gain was of 150 kg., and the
dry organic matter was of 5.6 Tons/ha. One of the features
resulting from the rotation, which largely could contribute to the
better health of the crop is the improved soil structure, resulting
from the increased amount of organic matter (14).
Other vigorously growing tropical legumes were experimentally
tested to compare them against S. deeringianum.
The first crop
cycle had the following treatments: maize without fertilizer, maize
with fertilizer, S. deeringianum,
Canavalia
enciformis,
Pueraria
phaseoloides,
and Cajanus cajan.
In the second crop cycle, every
plot, with four replicates, was planted to maize, and only the
plots that received fertilizers during the first crop were
fertilized again. One of the striking results, besides from the
higher yields and reduced root damage in the plots rotated to these
legumes, was the change in disease spatial distribution assessed
through the Morisita index of pre- and postemergegence damping-off.
In plots of maize after maize, it was a contagious pattern, whereas
after S. deeringianum,
and P. phaseoloides,
it was a random
distribution. Such an effect, under agricultural conditions in the
tropical areas could only be expected as a result of soil
fumigation with highly toxic materials like methyl bromide.

9 YEARS ROTATION 14 YEARS ROTATION
• 1 ROOT VOLUME IN ML

NO ROTATION

-+- SEVERITY INDEX

Figure 6. Higher root volume and reduced disease severity index in
the root systems of maize plants gtowing after 9 and 14 years of
a rotation system using Stizolobium
deeringianum
(24).
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The average incidence of pre- and postemergence damping-off
was 56 % for the non rotated corn plots, whereas for those plots
rotated to S. deeringianum
and P. phaseoloides
was 25 and 22 %
respectively. The average fresh weight of roots of ten plants per
plot,
53 days after sowing the corn, was 21, 18, and 16 g. for
P. phaseoloides,
C. enciformis
and S. deeringianum
rotations,
respectively, whereas for the non rotated plots, 9 and 5 g. for the
fertilized and non fertilized, respectively (16).
A root damage index from 0 to 4 was used to compare the maize
plants with and without rotation. Without rotation, the average was
2.7, and 2.5 for non fertilized and fertilized maize, respectively;
whereas for
C. enciformis,
S. deeringianum
and P.
phaseoloides
was of 1.12, 1.10, and 0.92 respectively (24).
The reduced damping-off and root damage as well as the higher
root weight of the maize plants after the rotation, reflected in
higher yields, of estimated 4.6, 4.4, and 3.5 Tons/ha. for the
rotations with P. phaseoloides,
C. enciformis
and S.
deeringianum,
respectively. While for the non rotated maize treatments 3.5 and
1.6 for the fertilized and non fertilized, respectively (15).
The rotation system described above and this pioneer research
work have lead to a strong movement towards more sound agricultural
practices in the tropical areas of southern Mexico and Central
America in what is now known as the "green manure revolution".
Nevertheless, a system very similar to this one existed in the
Southern States of the USA towards the end of the XIX century
covering an area of about 1.5 million Has. (11). This system was
abandoned halfway this century for unknown reasons. Therefore, the
soil productivity in those areas, was maintained through the use of
high external energy input systems. However, under the conditions
of the Mexican tropical areas, with its chronic economic
deficiency, only a system like this can provide a little more than
survival possibilities.
Integrated management of avocado root rot in Atlixco, Puebla.
Mexico is the largest avocado producer of the world, with over
31 thousand ha devoted to its cultivation. It has been considered
as one of the possible centers of origin and domestication of this
crop; in fact, the world famous "Fuerte" variety was obtained from
the Atlixco region, in the State of Puebla, in 1911 (25).
Avocado root rot caused by the fungus Phytophthora
cinnamomi
is world wide the most important and destructive parasite of this
crop. Normally, everywhere else in the world, this is a violent and
lethal disease, characterized by a general wilt. In Atlixco,
however, the root system of avocado trees might be infected, yet it
can take quite some time before the trees die or are removed from
the grove.
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In a county, near Atlixco, called Tochimilco, huge and very
old avocado trees can still be found, and some are said to be over
five hundred years old. Although analyses to their root systems
showed the presence of P. cinnamomi,
the trees are healthy looking
and highly productive. The fact that this huge trees are part of a
mix cropping system, along with tree legumes, other fruit trees and
ornamental plants, and the presence in the system of a natural
organic mulch of some 20 - 25 cm deep, encouraged a team of
scientist from the Colegio de Postgraduados in Mexico, to develop
a strategy to reduce the impact of this root disease in affected
avocado groves in Atlixco. Such strategy integrates: large amounts
of organic amendments (to simulate the mulch), other cultural
practices like pruning and individual watering system, and the use
of a specific fungicide for the control of this pathogen. The
general objective was to favor the recovery of the edaphic
pathosystems balance, making conditions more suitable for root
growth and making the soil suppressive to the pathogen.
In a commercial avocado grove, in Atlixco, all trees were
pruned to a height of 1.5 m. An irrigation system was established
to allow for individual watering, and the following treatments were
established: Cow manure (fresh 365 Kg/tree),(E); Alfalfa hay (25
Kg/tree), (A); Methalaxyl (2.5 gr a.i./tree), (M); and the
combinations of them (EA),(EM),(AM),(EAM). Two controls were
established: with all the changes to the avocado grove, but no
treatments (TMC), and with no changes at all (TMT) (17).
Each treatment was applied to seven trees (replicates), under
a completely randomized experimental design. The experiment was
established in 1982. The cow manure was applied once a year,
alfalfa hay every 6 months, and the fungicide every 4 months.
The incidence of root disease was evaluated by digging out
root samples every three months, and plating out root pieces in a
specific culture medium for the isolation of Phytophthora
(4).
Several other parameters were simultaneously evaluated using the
same root samples, like incidence of other Pythiaceous fungi,
bacteria, fungi, and actinomycetes populations in the rhizosphere;
fresh and dry weight of root samples, to estimate the root vigor of
the trees. Also, vigor parameters of the trees, like healthy
appearance using an arbitrary scale, the number, size and yield of
fruits (22) as well as edaphic parameters to follow the nutrients
balance (5).
Impressive recovery of diseased trees was obtained with some
of the experimental treatments, especially those using cow manure
(25). The fungicide controlled the disease incidence but only
during the first year of the experiment, because over the years
the incidence of the pathogen increased steadily. On the other
hand, the treatments including cow manure had the lower percent of
incidence of the pathogen, the higher root weight and the higher
yields (Figs. 7,8,9).
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Figure 7. Incidence of Phytophthora
cinnamomi in roots of avocado
trees
under
experimental
treatments
testing
cow
manure
incorporation (E), alfalfa hay (A), the fungicide Metalaxyl (M) or
the combinations. Two controls were established: with all the
changes to the avocado grove, but no treatments (TMC), and with no
changes at all (TMT).
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Figure 8. Root weight of avocado trees under experimental
treatments using cow manure (E), alfalfa hay (A), the fungicide
Metalaxyl (M) or their combinations. Two controls were established:
with (TMI) or without changes in cropping practices (TMT).
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The extraordinary recovery of diseased trees has been kept for
over five years after the experiment started. Cow manure seems to
induce soil suppressiveness to the pathogen which is apparently
conditioned by increased numbers of antagonistic bacteria,
actinomycetes and fungi.
The generated technology for the proper management of this
avocado root disease is now being adopted by local farmers. The
problem now is marketing. This research was carried out by five
professors, around ten research assistants and seventeen students,
and because of its spectacular results, was awarded the National
Food Price in Mexico in 1989.
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Figure 9. Fruit production of avocado trees under experimental
treatments using cow manure (E), alfalfa hay (A), the fungicide
Metalaxyl (M) or their combinations. Two controls were established:
with (TMI) or without changes in cropping practices (TT).
Management Strategies for the white rot of onion.
The incorporation of cruciferous residues (Cabbage,
Brassica
olerasea
L. Capitata Group and Broccoli B. olerasea
L. Italica
Group), at 5% W/V to soil infested with Sclerotium
cepivorum
(4
sclerotia/g of soil) resulted in a significant reduction of dead
plants as compared to the control under greenhouse (28) and field
conditions (26). Under field conditions, the best results in
reducing the disease incidence were obtained with the rotation and
incorporation of cruciferous plant residues plus solarazation
(transparent plastic mulch) (26), solarazation plus the addition of
cow manure (23), and the solarazation by itself (28, 29).
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Role of the biota in sustainable agriculture:
Introduction
L. Brussaard. Wageningen Agricultural University, Bornsesteeg 69 6708
PD, Wageningen, The Netherlands.

As adequately described by Beare in his abstract for the symposium, the development of
sustainable agricultural practices depends largely on promoting the long-term fertility and
productivity of soils at economically viable levels by: lowering fertilizer inputs in exchange
for a higher dependence on biologically acquired and recycled nutrients; reducing pesticide
uses while relying more on crop rotations and biocontrol agents; decreasing the frequency
and intensity of soil tillage; and increasing the return of crop residues and animal wastes.
Important objetives of these approaches are to match the supply of soil nutrients with the
demands of the crops (synchronization and synlocation) and to develop soil physical
properties that optimize air and water transport at levels that minimize the losses of
nutrients by leaching and gas transpor. This requires a basic understanding of the interplay
between the plant, soil structure/texture and soil organisms/soil organic matter. The first
6 presentations focus on such basic studies, some reflecting the almost dialectic nature of
roots and soil organic matter as sinks and sources of carbon and nutrients, others reflecting
the effects of structure-following and structure-forming soil organisms on biochemical and
biophysical processes. The last 2 presentations take a more holistic approach in tying basic
knowledge together at the (agro)ecosystem level with a view on developing biological
management practices that optimize soil properties for sustained agricultural use.
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Interrelationships Between Soil Structure, Soil Organisms and
Plants in Sustainable Agriculture
L. Brussaard. Agricultural University, Dept. of Plant Ecology and Soil
Bornsesteeg 69, 6708 PD Wageningen, The Netherlands.

Biology,

Introduction. Sustainable agricultural systems rely heavily on the natural capacity of the soil
to generate and maintain a 'favourable' soil structure and to supply the plant with nutrients
in sufficient quantities. In these processes the soil biota, i.e. roots and soil organisms, play
an important part. Biologically-mediated soil structure and soil physical properties, and the
dynamics of carbon and nutrients, in particular nitrogen, were the focus of the Dutch
Programme on Soil Ecology of Arable Farming Systems. In this programme soil ecosystem
functioning in "integrated" (INT) and "conventional" (CONV) arable agriculture was
compared, as practised in one of the polders of The Netherlands on a silt loam soil. This
paper deals with some results from this programme, followed by practical and research
implications.
Materials and methods. A four year rotation of winter wheat, sugar beet, potatoes and
spring barley was practised. INT differed from CONV in the drastic reduction of pesticides
and fertilization. Whereas only inorganic fertilizers and crop residues were used in CONV,
manures were applied in INT in addition. The soil of INT was less intensely tilled than that
of CONV. Details on crop management and general results are mentioned in Lebbink et al.
(in press) and Van Faassen and Lebbink (in press).
Results and discussion
Soil macroporosity and the proportion of pores influenced by the soil biota (figure 1) were
found to be higher in INT than CONV, while the soil in CONV was more susceptible to
compaction. Root-soil contact in the topsoil was higher and root production lower in CONV
than INT as a result of higher bulk density in CONV and lower nutrient availability in INT,
respectively. In CONV the water stability of soil macro-aggregates diminished over time,
whereas aggregate stability remained high in INT as a result of earthworm activity. The
water content of the soil at all water potentials was higher in INT than in CONV, but the
hydraulic conductivities were similar. The results were used to model the number of
workable days in the field, the risk of anaerobiosis and the expected yields of potato. The
calculated differences between INT and CONV were small, as were the observed differences
in anaerobiosis and potato yields. This is probably due to the fact that the study period has
been too short for the differences in soil structure to be expressed in clear differences in soil
physical processes. Comparison with other management practices on the same soil and farm
suggests that prolonged integrated management has potential in terms of more favourable soil
structure, better workability of the field and acceptable crop yields. In order to shed more
light on the management options of integrated farming systems there is a
need to quantitatively integrate soil biological and soil physical knowledge in descriptions of
the functioning of the soil-crop ecosystem.
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Figure 1. Total porosity (figures), macroporosity (bars) and macroporosity of pores
connected to the surface as shown by methylene-blue staining (second bars at each depth) in
INT and CONV in 1990. CONVB = conventional farming system since 1985 on low-organic
matter soil; INTA= integrated farming system since 1985 on high-organic matter soil. After:
Boersma and Kooistra (in press).
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Roots as sinks and sources of carbon and nutrients
in agricultural systems
Meine van Noordwijk. International Centre for Research in AgroForestry (ICRAF)
S.E. Asia, P.O.Box 161, Bogor 16001, Indonesia.
Introduction. The need for maximizing resource use efficiency and minimizing environmental
pollution has given a new drive for root ecological research. Roots are the main sinks for nutrients
during the life of the crop, but may also play a role in immobilizing nutrients during the initial
stages of their decomposition; subsequently they will form a source of nutrients. The efficiency of
roots as sinks for nutrients, both during and after their life, partly determines the conflict between
environmental and production aims of agriculture. A wide array of mathematical models integrates
the soil chemical, soil physical and plant physiological processes involved. The models can be used
for extrapolating to other soil and climate (rainfall) conditions. Major uncertainties remain in the
biological interactions in the rhizosphere.
Roots are a poorly quantified source of carbon to the soil ecosystem and widely different
estimates are available in the literature, at least partly due to uncertainties and biases caused by the
methods used.
Models and methods for roots as nutrient sinks. The efficiency of a root system in taking up
nutrients (or water) from a layer of soil depends on the root length density, root radius, soil water
content and effective diffusion coefficient for the nutrient (or water). De Willigen and Van
Noordwijk (1) derived equations which can be used to predict this efficiency, under simplifying
model assumptions. Some of the simplifying assumptions, esp. on the effects of root distribution
pattern and root radius, can now be relaxed. With the 'root position effectivity ratio' Rper the uptake
efficiency for any actually observed root distribution pattern can be related to that for a theoretical,
regular pattern (3). The effects of heterogeneity in root radius can best be handled by summing
roots on the basis of the square root of their radius. This procedure also allows an integrated
treatment of roots and mycorrhizal hyphae, if the radius and length of the latter is known. The
dynamics of root growth and decay can be analyzed from sequential analysis of images taken in
minirhizotrons; this method avoids the large sampling errors and bias of sequential coring
techniques (2). Combining these elements, we can derive an 'effective root length density L„* as
a function of time and depth from:
T

](Giit~Diit)dt
LrV(i,D

= Ltv(i,TTe{)

Rper(i,T)

ƒ

(Gut-Ditt)dt

where:
L^'O.T) = effective root length density (cm cm3) in layer i at time T.
Lre(i,Tref) = measured root length density in layer i at time of sampling Tref
RpeXi.T) = root position effectivity ratio (procedure defined in 4),
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G = observed root growth along minirhizotrons as a function of time in zone i,
D = observed root decay along minirhizotrons as a function of time in zone i,
Rm = root radius used for model calculations
R, = root radius for diameter class j and observed root length density L„(j)
Methods for roots as source of carbon. Roots are a source of three forms of carbon: C0 2 from
root respiration, soluble C compounds released into the rhizosphere (mostly during the life of the
root) and structural root tissues. The latter can be estimated from root dynamics data obtained with
minirhizotrons, as in equation (1).
For woody plants the amount of carbon in semi-permanent structural roots can be
considerable. A new method to quantify this amount on the basis of fractal branching models is
ready.for (and currently used in) field tests.
Results and discussion. For winter wheat and sugar beet grown in 'conventional' and 'integrated'
arable cropping systems in the Netherlands, logistic curve fits to functions G and D where given
by Van Noordwijk et al. (5). For sugar beet and winter wheat average values of Rper obtained for
the plough layer are 0.18 and 0.15, respectively. On the basis of such data we can estimate how
much mineral nitrogen will be left in the soil if supply is just enough to meet demands of crop
growth and what level of P availability is needed. In the absence of spatial variability,
environmental standards for N and P leaching can be met at near-maximum production levels.
The difference in total production of structural root material between winter wheat and sugar
beet in the above-mentioned experiment was much smaller than one would expect from single point
sampling, due to the higher turnover and smaller standing stock of sugar beet roots.
The role of roots as sinks of nutrients differs between monocultures and mixed cropping
systems: competition for nutrients between roots of different components of (semi-)natural or
agroforestry systems leads to the need for more extensive root systems. Complementarity of root
distribution with depth probably is a major guideline for predicting component interactions.
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Fungal and Bacterial Pathways of Organic Matter
Decomposition and Nutrient Mineralization in Arable Soils
Michael H. Beare. New Zealand Institute for Crop & Food Research,
Bag 4704, Christchurch, New Zealand.

Private

Introduction. The development of sustainable agricultural practices depends largely
on promoting the long-term fertility and productivity of soils at economically viable
levels. Efforts to achieve these goals have focused on: 1) lowering fertilizer inputs in
exchange for a higher dependence on biologically fixed and recycled nutrients, 2)
reducing pesticide uses while relying more on crop rotations and biocontrol agents,
3) decreasing the frequency and intensity of tillage, and 4) increasing the return of
crop residues and animal wastes. The principal objectives of these approaches are to
match the supply of soil nutrients with the fertility demands of the crops, to maintain
acceptable pest tolerance levels and to develop soil physical properties that optimize
oxygen supply and water infiltration at levels that minimize the losses of nutrients by
leaching and gaseous export. Determining the suitability of these "sustainable"
practices to a broad range of crops, soil types and climatic regimes requires an
understanding of their effects on the physical, chemical and biological properties of
soils. The importance of soil biota as causal mechanisms for sustaining the fertility
and productivity of soils has been the focus of several major programs on the ecology
of arable farming systems. These include, but are not restricted to: 1) the long-term
Conventional (CT) and No-tillage (NT) trials (Horseshoe Bend site) of the Georgia
Agroecosysterns Project, USA, 2) the conventional and integrated farming trials
(Lovinkhoeve site) of the Dutch Programme on the Ecology of Arable Farming
Systems, 3) the barley, grass ley and lucerne ley trials (Kjettslinge site) of the Swedish
project on the Ecology of Arable Lands, 4) the long-term stubble mulch and no-tillage
trials (Akron site) at the Central Great Plains Research Station, USA, and 3) the
cultivated barley trials (Ellerslie and Breton sites) of the University of Alberta,
Canada. Within these programs, much attention has been directed at understanding
the contributions of fungal and bacterial based food webs to the accumulation and
loss of soil organic matter (SOM) and nutrient cycling. The importance of these two
primary pathways is based on the thesis that: 1) bacteria have lower C assimilation
efficiencies and faster turnover rates than fungi, factors that are likely to increase
rates of nutrient mineralization and organic matter decomposition in bacterially
dominated soils, and that 2) the mycelial growth form is more conservative of
energy and nutrients, enhancing organic matter storage and nutrient retention in
fungal dominated soils. In many of the aforementioned studies, differences in the
structure and function of soil food webs were proposed to explain their differences in
organic matter dynamics and nutrient cycling. Data on the abundance and biomass of
microflora and fauna have been used to estimate the flows of C and N through the
soil food webs. These have been discussed in several previous reports. This paper
elaborates on those reports, adding new information and giving special attention to
the importance of fungal and bacterial pathways in regulating residue decomposition,
nutrient mineralization and the storage of SOM.
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Residue Decomposition and Nutrient Mineralization. The importance of resource
quality (e.g. nutrient content, C:N and Lignin:N ratio) to determining rates of residue
decay and nutrient release is well known. Where resource quality is constant, the
structure and function of residue-associated food webs are primary responsible for
regulating these processes. The positioning of plant residues within the soil profile
depends largely on the allocation of C to roots and shoots and the method of seed
bed preparation used (e.g. mouldboard plowing, chisel plowing, no-tillage). As such,
placement determines the microclimatic conditions of residues and their proximity to
exogenous nutrients, factors that influence the structure and function of the detrital
food webs. The importance of placement and the resulting food webs to determining
rates of residue decomposition and nutrient release are illustrated by recent studies of
the CT and NT trials at the Horseshoe Bend (HSB) site. Consistent with there higher
decay rates, incorporated residues of CT soils support a much higher biomass of
microflora and fauna than the surface residues of NT. Measurements of substrateinduced respiration indicate that fungal contributions to glucose mineralization on
NT surface residues are much greater than that of bacteria, while their contributions
are more nearly equal on CT buried residues. Furthermore, experimental
manipulations of fungi and bacteria in the field show that saprophytic fungi play a
greater role than bacteria in regulating the decomposition of surface applied residues
(NT). Also, populations of fungivorous fauna (esp. Oribatid mites and Collembola)
are tightly coupled to the growth and activity of mycelial fungi on NT surface
residues. As such, the combined effects of fungal translocation and assimilation and
fungivore grazing appear to the most important factors regulating the amount and
timing of N releases from these residues. Although bacteria are also important in
regulating the decay of surface applied residues, though not to the same extent as
fungi, their contribution to buried residue decay is somewhat greater than fungi.
Organic Matter Storage and Nutrient Conservation. Fungal and bacterial food webs
also indirectly influence the storage and release of nutrients through their effects on
soil physical properties and the protection of organic matter. For example, fungal
based food webs often support large populations of microarthropods (esp. mites and
Collembola) and earthworms. With proper conditioning, their faecal pellets and casts
form stable aggregates that contain excretory byproducts as well as fragmented plant
and microbial debris. Mycelial fungi also contribute to the formation and stabilization
of soil aggregates through the deposition of extracellular polysaccharides and hyphal
entanglement. Where aggregates are not frequently disrupted by tillage or slaking,
they may protect significant quantities of organic matter from microbial attack. For
example, recent studies at the HSB site indicate that macroaggregate-protected pools
of SOM account for 18 and 19% of the potentially mineralizable C and N,
respectively, in NT soils but only 10 and 5% of the potentially mineralizable C and N
under CT practices. Furthermore, experimental manipulations of fungi in the field
have shown that fungal based food webs contribute significantly to the aggregation
of NT soils but have no measurable effects in CT soils where hyphal densities and
the concentrations microbial carbohydrates are much lower. The universality or
uniqueness of these findings to other soils and cropping systems will be discussed.

52

Mycorrhizal Interactions With Plants and Soil Organisms in
Sustainable Agroecosystems
R. Ferrera-Cerrato, and J. Pérez-Moreno. Section of Soil Microbiology,
Edaphology Center, Colegio de Postgraduados, Montecillo 56230, Mex., Mexico.
INTRODUCTION
The mycorrhiza is a symbiotic association between some fungi and the roots of most
plants. Its physiological and ecological importance in natural ecosystems and its
beneficial effects on cultivated plants have been widely documented. Among mycorrhizae,
vesicular-arbuscular mycorrhiza (VAM) fungus are the most widely distributed and
colonize most species of agricultural crops. At the present time, it has been proved that
conventional agriculture produces ecological disturbance and insustainability resulting in
a reduction in soil fertility and increasing damage by pathogens to cultivated plants. At
the same time it has been observed that some traditional agricultural systems have
higher sustainability and produce less ecological damage. These systems have been
called low external input agricultural (LEIA) systems. Some of them, were developed in
Mexico in prehispanic times and have maintained high efficiency and productivity. The
objective of the present contribution is to discuss the importance of the VAM fungi and
their interactions with plant management and other organisms in traditional
agroecosystems.
RESULTS AND DISCUSSION
Cultural practices frequently used in LEIA agroecosystems affect strongly rhizosphere
organisms including endomycorrhizal fungi. In this way, no- or reduced tillage (Mulligan
ef a/., 1985) and crop rotation (Baltruschat and Dehne, 1989) have been shown to favor
the development of mycorrhizal fungi. Some organisms, such as earthworms, frequently
ingest VAM fungi and expel their spores. Therefore, practices such as no-tillage, which
increase the presence of these animals affect also positively the dispersal of mycorrhizal
propagules. Another cultural practice frequently used in LEIA agroecosystems is
intercropping, involving usually legumes. VAM fungi enhance the uptake of phosphorus
and other nutrients which also enhance biological nitrogen fixation. So, synergistic effects
between these phenomena in legumes, have been shown. Also, it has been reported that
VAM spores play an important role in introducing N2-fixing bacteria, such as Acetobacter,
into roots and shoots of cultivated plants. Studies developed in Mexico, in tepetates
("hardened soil layers") reclamation have shown that in polycultures, the addition of
manure increases VAM colonization. In addition, a two-way transfer of nutrients, such as
N and P, in mixed legume-cereal systems has been documented. On the other side, field
trials have shown that the expected increase in yield due to large-scale fertilizer
applications did not occur, while mycorrhizal infection decreased markedly.
In Mexico, some studies about VAM fungi have been carried out in LEIA agroecosystems
(Gonzalez-Chavez, ef a/., 1990; Vera-Castello and Ferrera-Cerrato, 1990). It appears that
VAM fungi play an important role in some of them e.g. in the humid tropics in a traditional
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agroecosystem where Stizolobium (legume), maize and pumpkin are intercropped and
rotated without fertilizers or pesticides and in the absence of tillage. Under this
management yields up to 4 ton/ha are obtained. By contrast maize monoculture in the
same region produces only 0.5-1.2 ton/ha. There is a high and very similar VAM
colonization (55 to 80%) in both culture systems. However different VAM fungal species
have been reported for each system. This is important since differences between VAM
fungal species in altering host plant growth are well-documented. The large number of
parasite-infested and dead spores found reflects the intense symbiotic dynamics
associated with the soil organisms in this agroecosystem. It has been reported that a
wide variety of organisms, including nematodes and fungi, ingest, inhabit, or associate
with hyphae or spores of VAM fungi. In this agroecosystem, multiple cropping presents
higher N2-fixing activity. Taking into account the relation between VAM fungi and this
phenomenom, it is easy to understand the potential role of VAM on nitrogen nutrition in
this agroecosystem. On the other hand, it is known that VAM fungi have their most
significant effect on improving plant growth when little phosphate is present in the soil.
The P concentration in the solution of tropical soils is very low. As a consequence, the
soil around the growing root is rapidly depleted of phosphate ions. Due to the extremely
slow diffusion rate of P, this zone cannot be adequately replenished with it. Then, the
VAM mycelium external to the root, which grows far beyond this zone and increases the
soil volume exploited for P uptake, contributes in an important way to phosphorus
nutrition of cultivated plants in this agroecosystem. By contrast, in other sustainable
agroecosystems, as chinampas and popal, mycorrhizal incidence appears to be low. In
chinampas this may be due to the rapid nutrient recycling through the addition and
cycling of great amounts of green manure and soil from the bodies of water. VAM fungal
development decreases with this kind of management. In addition, the cultivation of nonmycorrhizal plants, such as chenopodiaceae could affect mycorrhizal colonization
because it has been shown that the roots of some of these species contain chemical
factors inhibitory to mycorrhizal fungi. Low mycorrhizal colonization (up to 2%) is also
common at least in the stage of wild vegetation (mainly Thalia geniculata L.) and in the
first maize stages in the popal agroecosystem. This is also a production system of
flooded areas, where N2-fixing bacteria from the genera of Azospirillum, Derxia,
Azotobacter and Beijerinckia are very common. In the latter system and in chinampas,
the presence of endorizospheric fungi different from VAM is very frequent. These
organisms may be playing an important role in the biological control and in the growth
of the cultivated plants.
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Role of earthworms in low input agricultural systems
S. Hauser', B. Vanlauwe2, and D.O. Asawalam2 'International Institute of
Tropical Agriculture (IITA), Humid Forest Station, BP 2008 Messa, Yaoundé,
Cameroon. 2IITA, PMB 5320, Ibadan, Nigeria.
Introduction: Earthworm activity contributes to rehabilitation, maintenance, or improvement of
soil physical and chemical properties. The impact of earthworms depends on the amount of casts
deposited on the soil surface and their chemical and physical properties. Investigations reported
here were carried out to determine the total amounts of casts, soil organic matter (SOM) and
nutrients deposited at the soil surface in traditional versus improved low input cropping systems.
Materials and Methods: Investigations were carried out at the IITA mainstation, Ibadan,
southwestern Nigeria, between 1990 and 1993. Earthworm casts were collected twice a week
throughout the casting season in trials of different length of cropping. Cropping systems were:
traditional bush regrowth (BRG), alley cropping at 4 m interrow distance using Leucaena
leucocephala (L-AC), Senna siamea (S-AC) and Dactyladenia barteri (D-AC) as hedgerow trees,
and live mulch system using Pueraria phaseoloides (PLM). BRG, L-AC and PLM were
investigated at two cropping intensities: permanent cropping (100%) and one cropping in a four
year cycle (25%). Plots were either planted to maize/cassava intercrop or sequentially planted to
maize in the first and cowpea in the second season. Undisturbed forest served as a control.
Results and Discussion: Casting lasts for about 215 days from April to October. Start of casting
depends on regular rains. The dominating species is Hyperiodrilus africanus. Casting rates are
highest at the start of the season. Highest casting activity was recorded under permanently cropped
PLM followed by permanently cropped L-AC and forest (Tab. 1). All respective systems cropped
once in four years had lower casting activity. The latter was probably due to burning of biomass
before cropping, thereby removing protective mulch, a practice not used in the permanently
cropped treatments. Exposure of the soil surface to direct sun light and changes in temperature
and moisture regime might have caused this reduced casting activity. Casting activity decreased
with length of cropping.
In alley cropping using L-AC and S-AC a significant gradient in casting activity occured along the
transect from the hedgerow to the middle of the alley. This gradient was higher in L-AC and
increased with increasing length of cropping. Relative casting activity in the middle of Leucaena
alleys was reduced by 12.3%, 54.8%, 79.5% and 86.3% in the first, fourth, sixth and seventh year
of cropping, respectively as compared to casting under the hedgerow. Steepest gradients occurred
close to the hedgerow being up to -4 Mg/ha/cm. Hedgerow species producing more recalcitrant
mulches such like Dactyladenia barteri did not induce a gradient. Permanent shading appears to
be more important than large amounts of readily decomposing biomass.
Org. C concentration in casts ranged from 4.08 to 5.04% in cropping systems. Casts from the
forest contained 5.88% C. The respective top soil (0-15 cm) had 1.56 to 2.02% C, the forest soil
3.27%. Org. C in top soil was significantly correlated with Org. C content in casts (R2 = 0.84).
The amount of Org. C, total N and cations returned to the soil surface in casts is higher in
improved cropping systems than in traditional systems. Casts contain up to 11.6 and 10.9%
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of the soil Org. C and total N of the 0-15 cm top soil, respectively. In systems including a
'conservation crop', producing additional biomass, this proportion was higher than in BRG.
However, this high proportions were not caused by increasing accumulation of Org. C and total
N in casts but by decreasing amounts in the soil. Earthworms have the capability to maintain their
contribution to soil organic matter and nutrient turnover in improved systems, even when soil
properties start deterioratin g. Under less favourable conditions such as in permanently cropped
BRG a 20% reduction in soil organic matter and total N led to a decrease of casting by 50%.
Total amount of L. leucocephala primings applied and crop residues retained can be as high as 12
Mg/ha/year, equivalent to 4.8 Mg/ha C, considering 40% C in biomass. P. phaseoloides produces
up to 9.0 Mg/ha above ground dry matter, equivalent to 3.6 Mg/ha C. Thus earthworms are
potentially capable to transform a large portion of the annual biomass production into soil organic
matter. Recovery of 'SN applied as L. leucocephala and D. barter! leaves, in casts was 22.5 and
9.2%, respectively at 31 days after application. Such high recoveries within a short time show that
earthworms may prevent a large proportion of biomass N from being mineralized in the soil and
become available to the crop. The latter might have some negative consequences for crop
production, especially of maize, since N mineralization rates in casts have been shown to be lower
than N mineralization rates of soil. In view of long term sustainability this process might be
beneficial through reduced nitrogen leaching losses and provide a stable but slow release source
of N.
Table 1. Annual amount of casts, Org. C, total N and exchangeable Ca and Mg deposited at the
soil surface and proportion of soil Org. C and total soil N contained in casts.
Years of
cropping

Cropping
system/
intensity

Casts
Mg/ha

Ori;. C
kg/ha

Total N
kg/ha

Exch.
Ca
kg/ha

Exch
My
kg/ha

% soil
C in
cast*

% soil
N in
casts*

4
4
4
1
1
1
6
6
6
7
7
7

BRG 100%
PLM 100%
L-AC I005Ï
BRG 25 %
PLM 25c/c
LAC 25%
BRG 100%
L-AC 100%
DAC 100%
BRG 100%
L-AC 100%
S-AC 100%
Forest 0%

35.2
77.6
66.1
27.4
43.5
53.5
21.8
35.3
36.4
16.6
25.5
31.4
55.7

1518
3725
3202
1420
2014
2527
625
1743
1555
411
1160
1371
3600

114
287
230
89
153
200
48
138
89
28
89
96
269

101
235
177
67
178
167
32
78
90
22
56
65
189

15
33
28
14
33
93
2
2
3
2
7
6
31

2.2
11.6
11.1
4.0
2.0
9.1
3.4
7.1
7.3
2.9
5.1
5.7
7.2

5.8
10.9
9.1
2.9
6.2
8.6
3.1
6.3
4.4
1.8
3.8
4.6
2.7

*Related to 0-15 cm topsoil at 1.5 Mg*m" bulk density

Further investigation of the quantitative relationship between biomass production, soil organic
matter and nutrient content of the soil and bio-physical conditions affecting earthworm activity is
required to utilize earthworm activity for sustained crop production.
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Interactions between Soil Biota, Soil Organic Matter and
Soil Structure
J. Hassink*', C. Chenub, J. W. Dalenberg', J. Bloem" and L. A.
Bouwman*.a DLO-Research Institute for Agrobiology and Soil Fertility (ABDLO), P.O. Box 30003, 9750 RA Haren, The Netherlands, b Station de
Science du Sol, INRA, 78026 Versailles, France.
Introduction. Tisdall and Oades (1982) presented a soil structure model describing the
association of organic matter with free primary particles (i.e. sand, silt and clay),
microaggregates and macroaggregates. Organic matter may be physically protected in
soil due to the adsorption on or coating by clays (1), or by the location in small pores
(inside or between aggregates; 2). Soil structure may also control the biomass and activity
of soil organisms. The grazing of the fauna on microbes may keep the microbes in a
more active state. The grazing pressure has been found to be regulated by the pore size
distribution in soils: microbes are protected in pores not accessible to the microfauna (3).
Most studies have focused on only one of the structural aspects affecting the
decomposition rate of soil organic matter and the activity of soil biota. The aim of the
present paper is to study and integrate the different concepts of physical protection for
soils of different textures.
Materials and Methods. Soils were studied with respect to their pore size distribution,
contents of primary particles and aggregate classes, biomass of microbes and
microfauna, size fractions of organic matter and C mineralization. Information on the exact
location of pores, organics and microbes was obtained using Scanning Electron
Microscopy (SEM). The fate of fresh substrate was studied by applying labelled organics
to sieved soil and individual macroaggregates.
Results and Discussion. The total pore space ranged from 42 to 62% and was lower
in the sandy soils than in loams and clays. The pores with diameters between 0.2 and
1.2 urn were more abundant in the loams and clays, whereas the pores with diameters
between 30 and 90 urn were more abundant in the sandy soils. A good correlation was
found between the bacterial biomass and the soil volume made up by pores with
diameters between 0.2 and 1.2 urn. The biomass of nematodes was correlated with pores
with diameters between 30 and 90 urn. This indicates that the grazing pressure on the
bacteria was controlled by the pore size distribution.
In the loam and clay soil macroaggregates (> 250 urn) and primary particles < 20
|im were dominant, whereas in the sandy soil microaggregates (50-250 (im) were most
abundant. In the sandy soil C and N contents of the aggregates were correlated with their
clay and silt contents; microaggregates of 20-50 u.m were enriched with C and N, the
larger aggregates contained less C and N. The C and N content were highest in the clay
and silt fraction (< 20 urn). In agreement with organic C and N, the clay and silt fraction
was also enriched with microbial C and N in the sandy soil (Table 1). SEM observations
showed that clay particles were present as individual particles. In the loam and clay the
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C and N contents of aggregates and primary particles did not correlate with their clay and
silt content. The clay and silt fraction was not enriched with organic and microbial C and
N (Table 1). SEM observations showed that clay particles were packed together in finetextured soils. So less C and N could be adsorped per unit of weight than in the sandy
soil. In spite of the enrichment of the clay and silt fraction in coarse-textured soils, the
percentages of organic and microbial C and N present in this fraction were lower in
coarse-textured soils than in fine-textured soils.
Fine-textured soils had a greater capacity to preserve microbial biomass than
coarse-textured soils. The activity of the microbial population bound to clay and silt
particles was less than the remainder of the population. As a result, the overall activity
of microbes in fine-textured soils was lower than in coarse-textured soils.
The decomposition rate of applied glucose and ryegrass was the same in a sandy
soil, a loam and a clay. The activity of the microbes feeding on fresh residues was also
the same for the three soils. Glucose that penetrated inside a dense macroaggregate of
a clay soil (with pores < 10 urn and low numbers of nematodes) decomposed at the same
rate as glucose present on the surface of this aggregate or in aggregates of a sandy soil
(pores 1-250 urn and high numbers of nematodes).
We may conclude that in sandy soils microbes and organics are only physically
protected by their adsorption to clay and silt particles, whereas in fine-textured soils also
other protection mechanisms (e.g. location in small pores) exist. The activity of the
"native" microbes decreases with the clay content of soils. The activity of microbes
feeding on fresh substrates is not affected by soil structure. Apparently fresh substrates
and microbes feeding on it are not protected yet.
Table 1. Organic and microbial C and N contents (g kg'1) of the total soil and the fraction
< 20 u.m of a sandy soil, a loam and a clay.
Organic Matter
Total soil
C
N
Sand
Loam
Clay

43.8
53.7
30.2

1.1
5.5
3.2

Microbial Biomass

Fract. < 20 nm
C
N

Total soil
C
N

Fract. < 20 \tm
N
C

170.6
70.5
30.9

0.30
0.59
0.37

0.52
0.54
0.22

14.1
7.0
2.8

0.03
0.09
0.10

0.17
0.10
0.05
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Modeling Biotic and Soil Organic Matter Dynamics in
Shifting Cultivation Systems
P.L. Woomer. Tropical Soil Biology and Fertility Programme, UNESCOROSTA, PO Box 30592, Nairobi, Kenya.
Introduction. Our failed and incomplete attempts to convert humid tropical rainforests into wellmanaged and productive agroecosystems have resulted in land degradation, loss of biodiversity
and increased concentrations of atmospheric C0 2 . One difficulty in our better understanding and
preventing the processes which lead to environmental degradation is the time frames involved.
A degraded, abandoned landscape may have resulted from several clearing/cropping/fallow
intervals of shortening duration. Another complication is the variety of land use options (e.g.
pastures, tree plantations, field cropping) and cultivated crops, often mixed annual cropping with
scattered perennials established over time. The CENTURY Model (1,2) is a plant/soil computer
model that is able to simulate several different land uses (forest, grazed grasslands,
cropping/fallow) and allows for a wide range of management options (e.g. fertilisation, organic
inputs, forest clearing, grazing intensity). The Tropical Soil Biology and Fertility Programme
is currently exploring the suitability of the CENTURY Model as a tool in developing improved
management strategies that allow for greater productive longevity of cleared tropical forests. The
availability of a validated land use model able to simulate crop production and soil dynamics over
a time frame beyond that of most field experimentation will assist in the development of
sustainable soil management technologies for use by farmers.
Materials and Methods. The CENTURY Model was initialised based on data from
Yurimaguas, Peru. Two approaches to simulating plant and vegetation dynamics were taken.
In the first approach, CENTURY was run as a forest system, with user provided biomass and
nutrient removal and return designed to simulate felling and burning processes and then a
simulated rice cropping system imposed. This is later referred to as a "complete system
approach". In the second approach, the model was initialised as a cropping system based on soils
data obtained from the forest system and the ash measurements included as fertiliser additions.
This is later referred to as a "cropping phase approach". Biomass pools and fluxes of the original
Amazonian Rainforest and different land use systems derived from that forest were provided by
C.A. Palm and other researchers with the N.C.S.U. TropSoils Project. The model output
includes total system C, forest biomass, rice yield and different soil organic C pools.
Results and Discussion. Simulations using the "complete system approach" met with limited
success, in part because the site data collected, forest vegetation biomass and ash C and nutrient
contents are insufficient information to fulfil the user options necessary to effectively initialise
the transition between forest and rice cultivation. The user options are as follows. First the user
is asked to input the proportion of original forest system live and dead components removed, then
the effect of that removal on live root mortality and finally how much of the original forest
system components that were removed (felled) are returned to the system (following burning).
These values had to be inferred from forest biomass and ash measurements. The CENTURY
Model was, however, able to simulate long-term forest dynamics that represent soil C and
nutrient accumulation during forest regrowth. The use of this forest sub-routine of CENTURY
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that may assist in our future understanding of
fallow dynamics. The CENTURY Model
simulated changes in forest biomass, soil, rice
and total system C pools in a shifting
cultivation system based on data from
Yurimaguas are presented in Figure 1.
The second approach, that of treating ash as a
fertiliser input applied to the soil which
resulted from burning the forest system was
more accurate.
In this case, readily
Time (years)
measurable field attributes can be input directly
as nutrient additions in the model's Figure 1. A 50-year simulation of carbon
initialisation. The observed vs simulated rice pool dynamics of a shifting cultivation system
grain yields using the "cropping phase based on data from Yurimaguas, Peru.
approach" for the initial crop and subsequent
observed
crops with and without the application of tree
prunings as green manure (GM, Inga edulis at
I :••••-- 1 simulated
6.6 T/ha dw, 3.18% N, 16% lignin) are
presented in Figure 2.
The CENTURY
simulation over-predicted rice yields in all
cases although strong trends are evident. The
inaccuracy of the second season, -GM rice
yield simulation may be based on limiting
factors (nutrient base availability, toxic cations)
that are not included within model routines.
Rice
after clearing

Rice
Rics + GM
second season

These preliminary attempts to simulate the
complex biomass and soil organic matter Figure 2. Observed and simulated rice grain
dynamics using the CENTURY Model have yields at Yurimaguas using the CENTURY
yielded mixed results. The vegetation sub- Model.
routines (forest and crop) and the ability to
move freely between these sub-routines over extended periods of time offer promise to effectively
simulate present shifting cultivation practices and to assist our understandings of how to better
bring these lands into permanent, productive agriculture. The difficulty of initialising C and
nutrient dynamics based on easily collected field data, for example the standing ash following
burning, as well as the non-inclusion of plant stress factors common in highly weathered tropical
soils within existent CENTURY Model routines may also limit the usefulness of the approaches
presented in this paper.
Literature Cited.
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Future Prospects for Biological Management of Soil
Fertility as a Component of Sustainable Agriculture
M . J . Swift. Tropical Soil Biology and Fertility Programme,
UNESCO ROSTA, Nairobi, Kenya.

P.O.Box

30592,

Biological management of soil fertility is an increasingly important component of the
research agenda in tropical countries and, more latterly, in the temperate zones. In the
latter case this interest has arisen in a changing economic reality resulting in discussion
with industrially subsidised agriculture, together with increasing concerns about the
environmental impact of intensive management practices. In the tropics, biological
management is a necessity in widespread circumstances of a low industrial base, lack of
inputs and highly fragile soils. The current, all-embracing, paradigm of sustainable
agriculture emphasise the need for resource conservation and environmental protection
as a concomitant of levels of productivity sufficient to satisfy human needs.
This paper will review the necessary components of a research agenda for biological
management of soil fertility and consider the prospects for a significant impact within the
next decade.
Soil organisms play five important roles in ecosystem function: symbionts such as rhizobia
and mycorrhiza increase the efficiency of nutrient acquisition by plants; a wide range of
fungi, bacteria and animals participate in processes of decomposition, mineralisation and
nutrient immobilisation and thence influence the efficiency of nutrient cycles; microorganisms also mediate both the synthesis and decomposition of soil organic matter
(SOM); the burrowing and particle transport activities of soil fauna, and the soil particle
aggregation by fungi and bacteria all influence soil structure and soil water regimes;
finally there is a wide range of soil borne pests and disease organisms.
Traditionally there has been a strong separation between population-based and processbased approaches to the study of soil biology. In the last one or two decades process
studies have been predominant on the basis of their supposed greater predictive value
with respect to soil fertility. This approach was given a great stimulus by the development
of methods for measuring the microbial biomass. By this means the often bewildering
diversity of soil organisms can be reduced to a single entity which is both a driver of
processes and a pool of nutrients, which can be represented in simulation models.
More recently however this black box approach has been re-evaluated amid an upsurge
of renewed interest in the relationships between biodiversity and ecosystem function. The
major challenge for the future remains the fusing of population and process - and at the
scale at which agricultural management takes piace, in that of the ecosystem.
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D. Coleman, University of Georgia USA, and I. Barois, Institute de Ecologia
Mexico, Convenors.
Topic: Soil Function changes resulting from faunal alterations
Foreword
by
D. Coleman
Our symposium develops several themes which follow from the plenary synthesis
paper of Lavelle entitled: "Soil fauna and soil processes: adaptive strategies that
determine ecosystem function. Soil fauna in the last few years have changed from being
more a curiosity and even an annoyance, to a new status: being considered as integral
components of terrestrial ecosystems. Papers in this symposium demonstrate that for
both human-managed ecosystems, such as row-crop agriculture and tea plantations, and
less-intensively managed ecosystems, such as forest, the fauna are primary players in
organic matter dynamics and nutrient export. Fauna are also important in overall
immobilization and mineralization phenomena of primary nutrients such as nitrogen and
phosphorus. In addition, their impacts on organic matter distribution and transformation
are absolutely crucial in most ecosystems, irrespective of human inputs.
Our symposium participants consider a very wide range of taxa: virtually all
mesofauna including Enchytraeids, as well as large arthropods, including ants and
termites, Coleoptera, and also earthworms. Not only are the fauna being studied
experimentally for what they do in theory and practice, they are also being introduced
into field plots, with their impacts followed under long-term experimental plans, some
of which extend into decades. This is a welcome trend, and one of which the
appropriate funding agencies should be fully aware. Our studies require very
sophisticated electronic and image manipulation and analysis, and help point the way
to newer, well-replicated and non-destructive approaches ( e.g., minirhizotrons) to soil
ecological studies.
The major "take home" message is that Soil Biology and Ecology has the most
to contribute when it is considered in an overall physical and chemical framework. We
can now assert, with considerable confidence, that Soil Science, practiced holistically,
has "come of age" in the international arena, in the 1990's. We encourage the
audience and participants to take part in the Round Table discussion which is planned
at the end of this session, to contribute comments and suggestions about the most
intriguing new lines of investigation to pursue further.
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Macrofaunal status and restoration strategy in degraded soil under
intensive tea cultivation in India.

B.K. Senapati1, P.K. Panigrahi1 and P. Lavelle2. 1- Ecology Section, School of Life
Sciences, Sambalpur University, Jyoti Vihar - 768 019, Orissa, India. 2- Laboratoire
d 'Ecologie des Sols Tropicaux, Centre ORSTOM de BONDY, 72 Rue d 'A ULNA Y 9414
BONDY Cedex, France.
Abstract. Present report forms part of a comprehensive work on the restoration of degraded soil
under intensive tea plantation in India with funding support from EEC and Parry Agro Industries
Ltd. Physico-Chemical and biological analysis have been made on the basis of TSBF principles and
methods to assess degree of degradation in soil fertility status. Macrofaunal components have been
analysed to find out relative dominance of group which can indicate the extent of damage. Total
macrofauna accounted to about 98 and 21 g live wt in one square meter area of forest soil and tea
garden soil, respectively. High production of tea is linked with less oxidizable organic matter in soil
(r = -0.98, P< 0.001), indicating high mineralisation. Restoration strategy has been attempted on
the basis of high quality organic matter input for natural revival of soil physico-chemical and
biological status. Vermiculture of endogeic worm has also been attempted in large scale for field
application alongwith high and low quality organic inputs. The experiments are in progress in large
plots located on-farm.
Introduction. Soil is the sink for the byproducts of nature and human action and also the source of
physico-chemical and biological requirements for soil fertility and plan production. Soil biota is the
"set point" in the terrestrial environment to- wards biological, chemical and physical interactions
occurring within them (5). Degradation of soil under several intensive agricultural systems is due to
xenobiotic substances which bring imbalance in the biotic diversity resulting in preventing the
activities of some organisms and stimulating some other. With reference to soil conservation of
general global problem, biological diversity must be treated with caution with particular reference to
the heterogeneity of soils and their role in ecosystem functioning relating to time and space.
Depending on the case, the diversity can correspond to several levels levels of coenotic complexity.
Economically tea is a cash crop and ecologically tea is one of the ancient agroforestry maintained for
more than 100 years in India, mostly grown in south and north east part. All India production level
was about 1000 kg/ha during 1950-51, 1500 kg/ha during 1979-90 and is almost stabilized at 1750
kg/ha since 1985. The dramatic yield increase from 1950 to 1985 may be linked to 6 to 9 times
increase in commercial energy input in the form of agro-chemicals, fossils fuels etc.. Stabilization
may be linked to conventional agricultural method where soil quality has deteriorated as a result of
management procedure. Erosion due to soil exposure, decrease of soil organic matter content due to
over mineralisation in conditions of high soil temperature, application of high amount of fertilizers,
soil exposure, decrease of soil organic matter content due to over mineralisation in conditions of high
soil temperature, aplplication of high amount of fertilizers, pesticides might have resulted in
elimination of beneficial soil organisms. In humid tropics, fertility status of the soil largely
maintained by biological regulations (11). The object of the present work was: (i) to assess the
macrofaunal status and (i) to take initial steps for restoration of the degraded soil under tea.
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Study Site. The experiments were conducted in three groups of Parry Agro-Industries Ltd., formely
C.W.S. (I) Ltd., in Tamilnadu. They are Iyerpadi and Sheikalmudi group at Annamalai and Caroline
group at Tamilnadu. Average yield of made tea was about 2500, 3000 and 3500 kg/ha/yr in IPD,
SKM and CLN group, respectively during 1990-1991 period. For each group, two reprsentative fields
have been considered in comparison to an adjacent reserve forest. Iyerpadi (IPD) group concerns to
tea gardens (IPD, TG F. No. : 8 and PRL TG F. No. : 7A) and IPD reserve forest (IPD RF) and
Sheikalmudi (SKM) group relates to tea gardens (SKM TG F. No. : 18 and LSM TG F. No. : 9A)
and Murugalli reserve forest (MGL RF). Experiment in Caroline group (CLN) was made in two tea
gardens (CLN TG F. No. : 15 and ATK TG F. No. :10A) and Nilambur reserve forest (NLR RF).
Management practices, climatic conditions being similar, most likely probability is that is difference
in soil quality.
Methodology. Sampling have been made during June-91, October 91, April 92 and October-92
different study to compare macrofaunal activities. Detail samples in 10 replicates have been made
from a soil block of 25 cm x 25 cm x 30 cm size. Physicochemical and biological assessment has
been made as per TSBF (Tropical Soil Biology and Fertility) program of UNESCO (1). Input of
organic matter on tea soil and green leaf production has been tried in one of the high yielding tea field
(Caroline estate, Field No. 15). The experiments was conducted in four blocks each one ha area.
Block A with zero dose inorganic fertilizer and zero dose organic manure, block B with 100% (full
dose) inorganic fertilizer and zero dose organic manure, block C with zero inorganic fertilizer and
100% organic manure and block D with 50% inorganic fertilizer and 50% organic manure. Inorganic
fertilizer and organic manure treatment is as per certified dose of UPASI (The United Planters
Association of South India). Organic manure is a commercial product named as HUMIGOLD
prepared out of city organic wastes. NPK equivalent was considered to determine the dose for organic
manure with that of the inorganic manure with that of the inorganic fertilizer. The present report
concerns information for 8 months data. Results of some preliminary culture experiments have also
been reported
Results.
(A) Physico-Chemical Status, Table-1 shows the physico-chemical characteristics of soil in tea
gardens of Tamil Nadu (India) in comparison to adjacent forest during October 1991. The long term
exploitation of soils has resulted in a decrease of some of basic parameters of soil such as water
holding capacity (WHC), cation exchange capacity (CEC), pH and organic matter as compared to
adjacent forests. Table - 1 indicate physico-chemical characteristics of soil in tea garden of Parry
Agro Industries Ltd., Tamilnadu in comparison to forests. Range of WHC (%) in tea was 47.8 to
68.2 where as it was 53.6 to 74.7 in adjacent forest soil. Value of CEC (m eq. %) in tea ranged from
3.1 to 8.4 where as it was 3.6 to 8.9 in adjacent forest soil. Range of pH in tea soil was from 4.1
to 4.9 whereas it was 4.5 to 6.6 in forest soil. The organic matter (g%) content in tea soil ranged
from 1.4 to 7.0 whereas in forest soil it was from 1.0 to 5.9. Except Parlai (PRL), organic matter
content remained below 3 g% at 0-10 cm soil under tea whereas in adjacent primary forest it was
from 4 to 6 g% indicating its depletion. Among the tea gardens organic matter showed a significant
negative correlation with tea production (r = -0.978, P < 0.001) indicating possibility of soil
management with organic matter and organisms responsible for its incorporation into soil. Available
phosphorous (ppm) and potassium (ppm) was much higher in tea soil than adjacent forests because
of application. Available calcium (ppm) values range from 563.3 to 940.8 in tea soil from 495.0 to
1380.3 in forest soil, respectively.
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FIGURE 1 :

INVERTEBRATE COMMUNITIES IN FOREST (PRIMARY
AND SECONDARY) AND HIGH-INPUT AGRO- ECOSYSTEM
(TEA PLANTATION: TRAMPLED AND NON-TRAMPLED AREA)
IN SOUTH INDIA.
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TABLE 11 PHYSICOCHEMICAL CHARACTERISTICS OF SOIL IN PRIMARY FORESTAND HIGH
INPUT AGROECOSYSTEM (TEA ESTATES OF C.W.S (I) IN SOUTH INDIA DURING OCTOBER 1991

PARAMETER
(Depth
in cm.)

IPD
FOREST

(21-30,1

NLR
FOREST

NGL
FOREST

Water H o l d i n g C a p a c i t y
(D-10.)

SECONDARY
FOREST

PRIMARY FOREST

HIGH INPUT AGRO-ECOSYSTEM (TEA)
IPD
F.# 8

63.541

57.000

74 70B

53.066

(±0.000.)

(±10.713,)

("±1.761)

54 750

53.666

70.263

56.275
(Ï1.1B9J

Electrical

(0-10J

SKM
M 18

LSM
F . t 9(A

CLN
F . t 15

ATK
F . t 10(A)

66.041
(±8 634,)

47 333
(±2.020,1

4B 166
(±4 B04.)

66 B75
(±4 B04J

6B 20B
(±0 314,1

50 541
(±1 2B2.)

48 666
(±2.254,)

47 B33
(±5.299,1

66.383
("±3 176J

67 0B3
(±6 352.)

0 095
(±0 001,1

0 056
(±0 005,1

0 095
(±0 00B,l

0 136
(±0 080.1

0 090
(±0000,1

(WHC %)

(±4.45,1

(±3.642.)

PRL
• 7(

F.

(±0.26B.I

Conductivity

(EC)

("±10.511,)
(m mho/cm)

0096

0 130

0 100

0.120

(±0024.)

C±0 034,1

(±0.017,1

(±0.073.)

0.053

00B3

0.073

0093

0 113

0.070

0 100

0 133

0 103

(±0 007.)

(±0 0 1 1 )

(±0.011.)

(±0.036.)

(±0.001,1

(±0D1D,1

(±0D3D,I

(±0 049.)

(±0.032,1

(D-10,)

4525
(±0 050.)

6.641
(±0 150,1

5.183
(±0.123.)

4.425
(±0.175.)

4 416
(±0.052,1

4.917
(±0 222,1

4 65B
(±0 667,1

4 30B
(±0 226,1

4 591
(±0 7B1,)

("21-30 J

4.541
(±0 052,)

4 45B
(±0 101.1

5241

4.2B3
(±0.052,)

4 441

4 266

4 141

4 15

4 20B

(±0.224.)

(±0 1B0,)

(±0.152,)

(±0 162,)

(±0.132)

(±0 166.1

7 321
(±0.932.)

6 530
(±1 542,)

4 996
(±2 099,)

5 13
(±0 073.)

8 350
(±3 338.)

(21-30,1

S o i l pH

Cation exchange Capacity
(Ö-10J

(21-30,)

7.1B1
(±1 108.)

( m . e q . %)

5660
(±0 036 J

(21-30 J

5543
(±0.656.1

3990

35BB

7235

3.B71

6.19

3 633

3 135

4 021

4 573

("±0 478,1

f±0 197.)

(±2 586,1

("±0 233 J

(±0B26J

(±0 344,1

(±0.012,)

(±0 33BJ

(±0 233,1

O x i d i s a b l e Organic Matter
(t>-10j

8.866
(±3576.1

( g %)

5B55
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C.W.S(I) Ltd. in TamilNadu (India)
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(B) Macrofaunal Status : Table - 2 shows impact fo trampling on soil macro-invertebrate population
and biomass dynamics in tea estates and adjacent reserve forest of Parry Agro Industries Ltd., in
Tamilnadu (India) during 1991-1992, Figure - 1 exhibits macro-invertebrate communities in forests
(primary and secondary) and high input agro-ecosystems (tea : trampled and nontrampled area) in
Tamilnadu, India. Total arthropod biomass did not differ between tea and forest (8.29 and 8.17 g live
biomass/nr, respectively) whereas average earthworm live biomass was about 12.8 and 88.5 g/m2 in
tea and reserve forest, respectively (P<0.001). Total macro-faunal density (nos/m2) and biomass
(g/m:) in average tea soil were 565.42 and 21.14 and 482.9 and 97.7 in average forest soil,
respectively. Total macro-faunal density did not differ (P<0.05) in tea and reserve forest whereas
macro- faunal biomass differ significantly (P< 0.001, Table - 2, Figure - 1). Pontoscolex
corethrurus mostly dominated in tea garden soil where as native species comprised majority of forest
worm community. Trampled area in tea field accounted to about 31% and non-trampled area to 69%.
Live macro-faunal biomass (g/m2) and earthworm biomass (g/m2) was about 30 and 18 in
non-trampled area whereas it was about 13 and 7.5 in trampled area indicating a significant difference
(p< 0.001). Termite density (nos/m2) and live biomass (g/m2) accounted to 453 and 2.2 in average
tea soil whereas they were 203.5 and 0.54 in the reserve forests repectively (Table - 2), indicating
increased activity of termites. Comparison of trampled and non trampled area with respect to termite
activity showed about 25% and 10% increase in number and live biomass in trampled area.
Population (nos/m2) and biomass (g.live wt/m2) of termites ranged from 158 to 655 and 0.57 to 2.5
in the trampled area, whereas it was 282 to 706 and 0.92 to 5.85 in the trampled area, respectively.
Termite/earthworm ratio ranged from 0.01 to 2.7 in tea soil and 0.0 to 0.01 in forest soil. Termite
earthworm ratio is suggested to act as a good indicator of habitat disturbance in agricultural systems.
Termite/Earthworm ratio showed a significant negative relationship to the tea yield (r = -0.84, P<
0.01).
(C) Restoration Strategy Table -3 shows physico-chemical and biological parameters with respect to
soil and plant production in tea field experimental blocks (CLN Group, CLN (TG) F. No. 15) treated
with varying inorganic and organic fertilizer treatments. Figure -2 reveal the impact of input
operational management on macrofauna and plant production in tea agro-ecosystem on south India.
This shows average values obtained during April 92 and Sept. 92. Highest green leaf production
record has been made from block D. Average production of green leaf (kg/ha/month) from March
92 to November 92 was about 923 from block A; 1175 from block B; 1372 from block C and 1599
from block D. About 36.5 g live weight of macrofauna occurred per square meter area in block area
in block C with 100% organic manure treatment. The value for macrofaunal biomass (g live wt/m2)
were about 3.43 in block A, 27.9 in block B and 29.5 in block D during 1992 sample analysis (Table
-3 and figure -2 ). Earthworm activity has increase inorganic manure treated blocks with decrease in
termites. Termite/Earthworm ratio has show a negative relationship (r = - 0.77, P<0.01) indicating
its reversal trend with restoration measure. Soil aggregation has shown improvement indication
macrofaunal activity particularly of earthworms. This experiment is in progress for further
assessment. Looking into the existing minimal earthworm populations, steps has been taken to culture
to study their strategy under tea crop. This includes laboratory as well as field culture forms part of
the research work of the next phase of works. Laboratory culture of P. corethrurus earthworm in
different soils, has shown lower stability of casts in tea soil indicating possible role of organic matter
in macro- structure stability.
General Discussion and Conclusion. Macrofaunal activity extend from litter layer to mineral soil
depth through the activities of epigeic, anecic and endogeic forms. Macrofauna are considered as
bio-regulators of the activity in soil through synergestic interactions among different soil organisms
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TABLE 2: Impact of trampling on soil Macro-Invertebrate population and biomass dynamics in
in tea estates and adjacent reserve forest of C.W.S.(I) Ltd. in TamilNadu
High input agro-ecosystem (tea)
NT
SI
No

Macro-Fauna type

1
a

Ants

f

L

D

L

D

L

N

B

N

B

N

B

N

B

0.68

35.11

0.16

31.21

0.42

42.96

0.42

5.97

7.22

5.52

2.00

8.90

0.43

Arachnida

2.22

0.22

0.53

0.02

1.38

0.12

5.24

1.25

%

0.47

0.73

0.70

0.77

0.24

0.57

7.09

7.28

11.76
2.79

1.50

6.49

0.60

1.03

28.61

2.49

5.00

7.09

4.59

9.13
7.67

4.87

5.92

2.55

Myriapoda

6.58

3.35

1.60

0.47

4.09

1.91

11.96

1.20

%

7.23

77.79

0.27

3.59

0.72

9.04

2.46

7.23

401.84

1.48

504.00

0.71

3.00

453.28

2.22

203.46

74.86

4.94

84.96

22.94

80.77

10.50

42.74

0.55

21.38

4.29

8.98

1.00

15.18

2.60

52.60

3.37

3.98
479.89

14.32

1.57

7.65

2.68

12.30

11.52

557.19

5.25

514.27

8.29

70.89
344.23

3.45
8.17

87.72

38.46

93.80

38.46

40.74

90.75

39.27

8.36

Arthropod larvae
Arthropod total

g

%
2

Earthworms
cocoons

0.44

0.02

5.33

0.22

2.89

0.12

0.11

0.70

%

0.08

0.07

0.90

1.68

0.57

0.57

0.02

0.07

total

61.99

18.17

31.20

7.48

46.55

12.83

119.08

88.46

%

7 7.53
P. corethrurus

66.67

5.25

57.79

8.23

60.70

24.66

90.55

(EA)

P. corethrurus

(EA)

P. corethrurus

(EA)

Earthworm (EC)

dominant earthworm

0.0-124

7.67-240i

by number (sp. code)

P. corethrurus

i)

(EA)

Megascolex

4.48-60.48

Ü)

by biomass (sp. code)

3

Other macro-invertebrates

4

D

2.27

%

b

L

5.70

Termites

8

a

D

27.31

%
d

c

NT

AVERAGE

%
Coleoptera

0

b

Reserve Forest

T

Arthropods

b

a

(India) during IS

68.80-208

0-240

sp. (EE) P. corethrurus

(EA)

nilambure nsis (EN)

D.

4.48-60.48

0.60-32

20.67-330

Molluscs

0.80

0.22

0.27

0.02

0.54

0.14

0.33

0.42

%

0.75

0.73

0.04

0.15

0.70

0.66

0.07

0.43

Enchytraeids

2.59

0.02

0.00

0.00

1.30

0.01

18.99

0.46

%

0.48

0.07

0.00

0.00

0.23

0.05

3.93

0.47

536.80

29.95

594.03

13.08

565.42

21.14

482.87

97.69

700

700

700

700

700

100

700

700

total macroinvertebrates %

NT= Non Trampled area
T= Trampled area

D= Population density

N= Numerical composition

(nos/m2) L=Live Biomass

(%)

Average= Average of Non Trampled and Trampled areas
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(g/m2)

B= Biomass composition

(%)
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FIGURE 2:
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OTHER MACROFAUNA

IMPACT OF INPUT OPERATIONAL MANAGEMENT ON
MACROFAUNA AND PLANT PRODUCTION IN TEA
AGRO-ECOSYSTEM OF SOUTH-INDIA
(C.V.S. (I) Ltd., Estate CLN Fno15)
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T A B L A 3. CHANGES IN PHYSICO-QUEMICAL AND

BIOLOGICAL

PARAMETERS WITH RESPECT TO SOIL A N D PLANT
IN T E A FIELD EXPERIMENTAL BLOCKS

PRODUCTION

(CLN G R O U P , C L N

F. N O . 15) TREATED WITH VARYING INORGANIC AND
FERTILIZER

(TG)

ORGANIC

TREATMENTS

PARAMETERS

Experimental Blocks at C.W.S. (I)
Tea Garden CLN Group, CLN (TG) F. No. 15.
B

Termites (g. live wt./m2)
Total arthropods
Total earthworm
Total macrofauna
Termite / Earthworm
Macrofauna / Earthworm

5.88

18.56

27.90

36.54

0.37

0.06
1.97

D
1.27
22.90
6.60
29.50
0.19
4.47

61.64
0.14
4 73
5 46
3 26
1 88
25.66
226.20
147.10
571.70

60.83
0.04
4.65
4.85
3.30
1.90
77.25
149.60
107.90
545.80

61.69
0.08
68
41
38
96
46.92
104.60
107.90
587.50

61.19
0.05
4.65
5.43
3.86
2.23
23.96
170.00
107.10
536.30

1594
1160

1184
632

1902
1025

1725
1176

357.00
75.10
728.00

568.00
78.90
859.00

440.00
79.10
970.00

342.00
69.10
525.00

1.18

22.08

17.98

4.74

WHC (%)
EC (mmho/cm)
pH
CEC (meq %)
OM (OXIDISABLE) (g %)
OC (OXIDISABLE) (g %)
P (AVAILABLE) ppm
K (AVAILABLE) ppm
Mg (AVAILABLE) ppm
Ca (AVAILABLE) ppm
Total litter (g/m2)
Total humus (g/m2)
Macro-aggregation (10x10x10 cm3, >3mm)
Soil weight (kg/m2, 0-30cm)
Total yield (green leaf, kg/ha/ month)

C

2.20

A
1.55
4.55
3.88
8.43
0.40
2.17

Field maintained since nov.1991. Quoted values average of Apr. 1992 and Sept. 1992
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(18). Macrofauna is largely composed of earthworms amounting to more than 80% of live biomass
in different ecosystems of the world (12). Comparative role of earthworm and termite indicate greater
diversity of species, wide occurrence of species belonging to different ecological category at the same
place with spatial variation, significant role in soil fertility with respect to physico- chemical and
biological parameters and comparatively low maintenance cost high contribution to soil through
organic matter consumption (8,9,14,19). Transit soil organic matter passing through the earthworms
gut results in initial mineralisation and stabilisation at a latter stage (15). Coating of mucus in soil and
mixing with bacterial mucus, fungal hyphae perhaps enhances more water adsorption thus decreasing
available water for further mineralisation and results in immobilisation. Plant growth promoting
activity of worm casts has been reported by several workers (12). Macrofauna are capable of hosting
large amounts of microorganisms in their fecal matters and develop internal digestive mutualistic
systems. Production of assimilable organic matter in the anterior part of the gut exert a priming effect
on the activity of gut flora and fauna. These products have been considered as functional equivalent
of exudates produced by roots (9). Several reviews have dealt about activities of soil microbes and
invertebrates towards soil fertility (11, 12, 14, 16, 22). Microorganisms as a whole have unlimited
abilities to digest any natural substrate. The film to live and their limited ability to move towards new
substrates. Microbial activity is regulated by invertebrates through synergistic interaction among them
(12, 18, 20, 22). In the course of evolution, mutualistic relationships have developed between
microorganisms and macro-organisms for a common exploitation organic resources. Microorganisms
perform most on the chemical transformations of decomposition whereas larger organisms tend to
stimulate, and take advantage of that activity by their ability to operate at relatively large scale of time
and space (11). This study is the first such attempt to analysis physico-chemical and biological
components of a high input agro-ecosystem to distinguish from parent (natural forest) system for
evaluation of relative degree of degradation and an attempt to manage soil fertility through
macrofauna. Disturbances of natural ecosystems produce a dramatical decrease of diversity and
abundance of native earthworm communities (6, 10): It has been reported that in the tropics, a few
peregrine species dominate disturbed soil (13). This might be the reason why exotic P. corethrurus
is able to establish in tea soil in comparison to native species. Negative impact of compaction by
trampling with human, domestic animals and large agricultural machineries on earthworms has been
reported (2, 17, 21). It is important to minimize trampling area so as to help in the restoration
process. Depletion of organic matter is another important cause of macrofaunal decrease which could
be attributed to : (i) absence of high quality organic material. Tea leaf contains high quantity but low
quality of polyphenols. This might be the reason of macrofaunal restoration in input operational
experiment with high quality organic matter application, (ii) since P. corethrurus is an endogeic
earthworm it is important to look into the introduction of efficient anecic earthworm which could help
removing litter from the soil surface and to bury at lower soil depth for maintenance of high level of
endogeic fauna, (iii) mechanical incorporation of pruning materials along with high quality organic
matter may be very much rewarding to build up both soil and soil organisms. Latter phase
experiments will take care of these points. Enhancement of acidity in high input agro-ecosystem is
a general trend because of high input of agro-chemicals. Soil acidification has developed particularly
in soils developed on acidic or neutral parent material particularly under humid conditions and
consequently many fertile soil have become degraded and lost their productivity. In acidic conditions
when pH is below 4.5, soluble toxic compounds like aluminium might have appeared which also
reduce soil fertility (3) . Presence of organic matter, lime and gypsum treatment are able to correct
this factor (7). Saturation of CEC sites by aluminium may account to 60% at pH 4, 24% at pH 4.5
and 10% at pH 5 (per cum. Dr. Verma of UPASI= in tea soil Tamilnadu. Improvement of green leaf
production might have been partly due to the neutralising impact of aluminium toxicity by organic
matter application. This aspect has to be accounted in the second and third phase of the programme.
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Following conclusions may be drawn from fist phase of the research work:
(1) There is significant depletion of soil faunal communities but a potential for better activities is there
since some efficient species are still present.
(2) Termite/Earthworm ratio is proposed to be a good indicator of soil degradation.
(3) There is significant relationship between crop production and the abundance of earthworm and
termite activity relating to soil organic matter.
(4) Preliminary data from the input operational management experiment reveal that it is possible to
enhance production along with conservation of macrofaunal status and soil characters.
(5) The reasons for decreased activities of earthworms in tea gardens may be : (a) non-target effect
of pesticides , (b) toxic effect of high accumulation of tea leaves on soil fauna (through polyphenols
and Al contained in leaves), (c) negative impact of trampling on selective erosion of fine particles and
depletion of soil faunal communities and (d) an overall decrease of organic resources available to soil
communities resulting in a decrease of their abundance and activities.
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Soil Fauna Promote Nutrient Cycling - Experimental
Evidence Using Simulated Coniferous Forest Floor
X

V. Huhta, J. Haimi and H. Setala. Department of Biology,
University of Jyvaskyla, Box 35, FIN-40351 Jyvaskyla, Finland
Abstract. This paper reviews recent research by our team on the role of soil fauna on
decomposition and nutrient dynamics in coniferous forest soil. We developed the microcosm
techniques towards structurally more complex 'mesocosms', with reconstructed forest floor
and living birch seedlings The soil was defaunated prior to the experiments, and a diverse
faunal community was reintroduced; this was compared with systems with microbes +
microfauna. Separate experiments were carried out with four species of earthworms, and with
combinations of one or two taxonomie or feeding groups of soil fauna
In most cases the soil fauna increased the rate of decomposition, especially in the early
phases, while later on their effect was sometimes the opposite. A complex faunal community
with various feeding guilds enhanced the microbial activity more than did a simple one. The
fauna also generally increased the mobilization of N and P, usually throughout the incubation.
More nutrients were released in the presence of a diverse community, as compared with a
simple one. However, earthworms effectively stimulated decomposition and nitrogen
mineralization even in one-species populations, compared with a diverse fauna but no
earthworms. Nitrification was also increased when nitrifying activity was present in the soil
Earthworms showed a complex relation to the soil pH.
Both a complex soil fauna, and the earthworms L rubellus and A. caliginosa tuberculata
increased considerably the growth of birch seedlings, and the nitrogen contents of the leaves
were two to three times higher when animals were present in the soil Neither artificial
fertilization, mechanical simulation of burrowing activity, nor soil 'preworked' by earthworms
caused significant growth response
The general conclusion on the positive role of soil fauna in decomposition and mineralisation
processes became herewith confirmed in conditions of raw humus forest soil. Previously
there were few reports on faunal impacts on plant growth in other than agricultural and
grassland soils, and concerning animal groups other than earthworms.
Introduction. The role of soil fauna in decomposition and nutrient mineralisation
has been studied with increasing intensity during the past two decades (see
reviews 1-3). Most results agree in showing that the presence of invertebrates
increases the overall rate of decomposition and release of nutrients, but in several
cases even a negative response has been reported. Reasons for the
discrepancies may be found in the oversimplification of the decomposer system in
the laboratory microcosms. The complex interactions between microflora and
fauna in mineralisation and immobilisation (4) are mainly absent, and the release
of nutrients may be hampered due to overgrazing (5).

In laboratory systems without plants the natural cycling of nutrients between soil,
plant and decomposers is broken, resulting in accumulation of mineral nutrients in
soil and partial recycling in the microbial biomass. Measuring the mineral N at
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extended intervals provides inadequate information on actual net mineralisation.
Plants can be regarded as live indicators of cumulative mineralisation, taking up
nutrients (during growing seasons) as soon as they appear in the soil in mineral
form.
The positive effect of earthworms on the soil fertility is well documented in arable
and grassland soils (6-9). Information on the effects of earthworms on tree growth
is very scanty, and only a slight or no growth responses have been reported (10,
11). Information on the influence of fauna excluding earthworms on plant
production has been virtually lacking (12).
The present paper reviews our recent research upon the contribution of soil fauna
to decomposition and nutrient cycling in coniferous forest soil. Raw humus and
litters of Norway spruce and Silver birch were used as test materials in
microcosms of increasing biotic and abiotic complexity - in the last phase including
live birch seedlings. The experiments were made with the normal microflora
present in the soil, with or without a diverse community of soil fauna excluding
earthworms, and with earthworms separately. In addition, a complementary set of
experiments was carried out with combinations of two faunal groups present at a
time in simple microcosms.
Materials and methods. The test materials were spruce forest humus, needle
litter of Norway spruce (Picea abies), and leaf litter of Silver birch (Betula
pendula), collected near to Jyvaskyla, Central Finland. The materials were at first
defaunated by a drying-freezing-rewetting procedure or (in later experiments) by a
microwave treatment, after which the microflora was reinoculated from a filtered
(10 um) soil suspension. Most experiments with earthworms were performed
without defaunation; thus also the controls harboured considerable populations of
microfauna and enchytraeids, low numbers of microarthropods and sometimes a
few Dendrobaena octaedra.
We started our experiments using microcosms described by Anderson & Ineson
(13), in which birch leaf litter and humus, either alone or a litter layer upon humus,
were tested (14, 15). Then the complexity of the test system was increased by
inserting the litter materials in removable mesh baskets into holes in humus
substrate, spread on a draining layer of alcathene beads, in plastic boxes
measuring 40x60 cm ("microcosms in macrocosms"). In the next step, a mineral
soil horizon was placed on the bottom of the boxes instead of alcathene (16). The
experiments with earthworms were carried out in smaller vessels (0.085 m 2 ), in
which a simulated forest floor was constructed (17, 18). The boxes were covered
by air-tight lids, and a constant air flow was conducted through the containers,
incubated in climate chambers at +16°C. The growing seasons were interrupted
by simulated winter conditions (+1°C, darkness).
At the start of the experiments, soil animal populations were introduced into half of
the replicates. This was done by extracting from soil samples into the microcosms
(microarthropods) either directly or after removing macrofauna, by hand-picking
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(enchytraeids, earthworms), or by injecting subsamples from pooled samples in
water (nematodes).
CO2 evolution was measured usually weekly by conducting the outcoming air into
an infrared carbon analyzer (URAS), connected with a personal computer (Setala
& Huhta 1990). The earthworm microcosms were aerated through holes in the lids
between the measurements (17). At selected intervals the microcosms were
irrigated with distilled water, the leachates were collected through an outlet on the
bottom (sealed during incubation), and analysed for NH 4 -N and PO4-P; in some
experiments also for NO3-N, total N and total C. The removable litter samples in
the "macrocosms" were also separately leached (Setala et al. 1990). After each
"growing season" and at the end of the experiments the soil was analysed for
mass loss, animal populations, pH, KCI-extractable N and P. and in some
experiments microbial populations.
The microcosms with birch seedlings were transparent acrylic cylinders, volume
11.35 L, in which both ends were closed by air-tight lids with an aperture in the
centre for aeration (top) or draining (bottom). Coniferous forest floor was
reconstructed in the containers. Birch seedlings were grown from sterilized seeds
to a height of 6 to 9 cm, and one seedling was planted in each microcosm. At the
end of growing seasons the biomass of leaves and stems was harvested and
analysed for N and P contents. At destructive samplings the root biomass was
also determined. In other respects the precedure was the same as described
above (17, 19).
There were differences in details of the experimental set-ups and procedures;
thus the reader is recommended to see the original papers when detailed
descriptions are needed.
Results
C 0 2 evolution. In simple microcosms the presence of a diverse soil fauna excl.
earthworms increased the cumulative respiration during 20 weeks by 32%, 22.6%
and 14.6% in birch litter, litter+humus and humus alone, respectively (15).
The presence of any animal group alone (Collembola, Enchytraeidae or bactearial
feeding Nematoda) in simple microcosms increased the evolution of C 0 2 in a 20week experiment (20). Enchytraeids (Cognettia sphagnetorum) were the most
"effective" group tested. Any two taxa together stimulated the respiration even
more; least so with Collembola and Nematoda, and most with Enchytraeidae +
Nematoda (Fig. 1). The estimated faunal respiration contributed up to 58% of the
monentary total respiration at week 20, when the total activity had dropped to a
low level.
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Fig. 1 Cumulative evolution of C 0 2 in the presence of different decomposer communities N =
microbivorous nematodes, P = predatory nematodes, E = Enchytraeidae; microbes and protozoans
present in all treatments. Asterisks indicate significant differences over the whole experiment
(ANOVA tor repeated measurements) (15).

All species of earthworms, Lumbricus rubellus, Dendrobaena octaedra,
Aporrectodea caliginosa tuberculata and an imported species A. velox, increased
significantly the microbial respiration in comparison with the controls'with other
fauna but earthworms, though D. octaedra only slightly, and L rubellus only
occasionally in the experiment with mineral soil below the humus (17, 18, 21, 22).
In the 'macrocosm' systems, the presence of a diverse animal community also
generelly increased the respiratory activity, in birch litter in all three experiments
but in spruce litter in one only (Fig. 2). After a long incubation more C 0 2 evolved
in the control systems, indicating depletion of resources in the materials with soil
fauna, when no fresh litter was added (16).
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Mineralisation of N and P. In simple microcosms, more NH4-N was leached from
humus in the presence of soil fauna (excl. earthworms). Leaching (calculated per
unit mass) from birch litter was considerably less, and was not influenced by the
fauna. Amounts of NO3-N leached were insignificant, and soil fauna increased its
release from the litter. Soil fauna did not significantly influence the amounts of
KCI-extractable nitrogen in the test materials (14).
Nematodes alone in simple microcosms decreased the amounts of waterextractable NH4-N and PO4-P. Collembolans (Onychiurus armatus) and
enchytraeids (Cognettia sphagnetorum), either alone or together with bacterial
feeding nematodes, increased the availability of N and P when compared with
nematodes + microbes, but not when compared with microbes alone (Fig. 3) (20).
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All species of earthworms enhanced the mineralisation of nitrogen. The effect of
D. octaedra was less marked, while L. rubellus increased the leaching of NH4-N
severalfold in microcosms with organic matter only (17). In this experiment the
amount of N0 3 -N was insignificant, but when there was mineral soil below the
humus, there was 10 to 20 times more NO3-N in the leachates. With few
exceptions, significantly more total and mineral N was leached in the presence of
L. rubellus during the first 50 weeks (Fig. 4). After 45 weeks' incubation there was
more KCI-extractable NO3-N, but less NH4-N in microcosms with L. rubellus (18).
A. c. tuberculata also increased the levels of KCI-extractable NH4-N, both in
humus and in mineral soil, but did not affect the NC>3-level (21). The imported
species A. velox increased the amount of mineral N in soil and leachates (the soil
was limed prior to the experiment) (22).
The levels of mineral phosphorus in the soil and leachates were only occasionally
affected (increased) by the earthworms.
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The diverse animal community in the large microcosms also generally increased
the leaching of mineral N and P from both kinds of litter and from the total systems
(Fig. 5). This increase was not always parallel with that in respiration, and the
three experiments also differed with each other, apparently due to divergent
development of the faunal communities. In general, the fauna also affected
positively the KCI-extractable nutrients, although this was less evident than in the
irrigations (23).
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Growth and N-content of birch seedlings. Both the diverse faunal community
excl. earthworms, and both earthworm species tested, L. rubellus and A. c.
tuberculata, enhanced the growth of birch seedlings.The plants produced 70%
more leaf mass, 53% more stem mass and 38% more roots when a diverse fauna
was present in the soil, as compared with defaunated controls, in a 45-week
experiment. The influence of the fauna did not appear before the second growing
season, when the aboveground production was more than twice as high as in the
controls (Fig. 6). The concentration of N was 3 times higher in the leaves, and
55% higher in stems at week 45, resulting in several times more nitrogen in the
biomass (19).

D
g d.m.
4
***

D
C F

C F

mg N
60r

40
20
0

.

^

20

Fig.6. Biomass production (left) and accumulation of N in birch seedlings at week 45 or 51 in the
presence of L. rubellus (L) or a diverse community but no earthworms (D). C = control, F =
faunated; the columns under the base line refer to roots, shaded parts to stems and branches, and
topmost (white) parts to leaves. Significant differences between C and F (for leaf production only)
are indicated with asterisks (19, 24)

In a corresponding experiment with L. rubellus the seedlings produced 33% more
leaf mass with a nitrogen content almost twice as high in the presence of
earthworms. The N contributed by dead earthworm biomass (even if totally
mineralised) could only partly explain this difference. The stem production was
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24% higher with earthworms, while no difference was found in the root biomass
(24).
A. c. tuberculata also increased the growth of the seedlings (Haimi & Einbork
1992). In a 119-day experiment the plants produced about three times more leaf,
stem and root biomass in the presence of worms. The "earthworm effect" was
controlled by (1) artificial fertilization (NH4-N), (2) simulating the eartworm activity
using artificial worms, and (3) using "worm-worked" soil in the microcosms with no
live worms. Neither of these affected the growth of the seedlings (Fig. 7).
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Fig. 7. Heights and biomasses of birch seedlings after 119 days (means + SD). 1 = control, 2 =
with earthworms (A. c. tuberculata) , 3 = "worm-worked" soil, 4 = N-fertilized soil, 5 = with artificial
worms (21).

Discussion and conclusions.
The generally accepted conception on the positive role of soil fauna in nutrient
mineralisation became reinforced in our research with coniferous forest soil of
medium productivity. We conducted our experiments using microcosms designed
to simulate the structure of forest floor, and, though still far from the natural
situation, exceeding earlier microcosm systems in complexity. The faunal
community present in the defaunated - refaunated systems was also closer to that
in natural forest soil, compared with earlier studies (16). The results allow
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comparisons of mineralisation rates between different faunal assemblages in
controlled conditions, on which little information was previously available. (The few
reports published have mainly dealed with microfaunal communities in artificial or
strongly simplified conditions (25-27).
It became evident in simple microcosm experiments that a simple decomposer
community, like one consisting of microbes, protozoans and bacterial feeding
nematodes, may even suppress mineralisation, in comparison with microbes +
Protozoa. Addition of one trophic level such as predatory nematodes resulted in
increased nutrient release, indicating that there may be another step of
immobilisation (in addition to the microbial one) in the absence of the next link in
food chain. However, increased mineralisation also resulted from introduction of
fungivores/detritivores (Collembola, Enchytraeidae) instead of nematodes (20).
There were also variations between the more complex systems depending on the
community structure: in two parallel experiments, one of the refaunated systems
harboured a high population of enchytraeids, while predatory nematodes became
abundant in the other, and the patterns in nutrient release differed considerably
(16, 23).
The positive effect of the complex faunal community may be due to a much wider
assemblage of feeding guilds, which probably results in a more diversified and
effective use of resources. Both direct and indirect influences by the soil fauna
most likely contribute to the enhanced mineralisation. Direct influences include
excretion on N H 4 + (or compounds rapidly mobilized and transformed into N H 4 + in
soil), which, according to Persson (28) and Hunt et al. (29) may constitute more
than one third of the total N mineralisation. The contribution of earthworms to the
accelerated N fluxes, through excretion, defecation and mucus production, as well
as indirectly through microbial stimulation, has been reviewed e.g. by Lee (30).
Despite the general correlation between decomposition rate and mineralisation,
these two processes did not run parallelly. More nutrients could be released in the
presence of fauna while C 0 2 evolution remained unchanged, or vice versa. This
can be explained by varying balances between mineralisation and immobilisation
processes, on which a measurement of available nutrients only gives a
momentary picture.
There are complex interactions between nitrogen transformations in soil, pH, and
activity of earthworms - and probably that of other fauna as well, which remains to
be documented. There was an increase in pH caused by L. rubellus when only
organic soil was present, but a decrease - even in the humus - when there was
mineral soil below the organic layer (Fig. 4). Both effects diminished after a longer
incubation when the litter had been consumed. In organic soil only, virtually all
mineral N was in the form of NH 4 + , while in organic + mineral soil most of it was in
N 0 3 \ even in humus. As excretion + mineralisation liberate nitrogen in N 0 4 + . the
presence of NO3" will depend on the rate of nitrification, which, in turn, depends
on presence of active nitrifying microflora in the soil (18). Apparently earthworms
enhance nitrification in soils with nitrifying activity (cf. 31, 32). Since conversion of
organic N into ammonia increases the pH. while its oxidation to nitrate decreases
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it, the concentration of and balance between NH 4 + and N0 3 _ also largely
determine the pH. - There was no indication of denitrification in our experiments.
As could be expected on the basis of increased amounts of mineral nutrients in
soil due to faunal activities, the birch seedlings in the microcosms grew faster and
produced more biomass when either earthworms or a diverse soil fauna was
present. This became evident after the 10th week of incubation; in the early phase
the seedlings were still small and there was probably an excess of nutrients even
in the controls in relation to the needs of the plants (19). According to Ingham et
al. (12) an increase in plant growth with the addition of microbial grazers probably
occurs only with a limited supply of nutrients. Later on, in the experiments with L.
rubellus the plants absorbed virtually all available mineral N and P from the soil,
while in those with other fauna more N was leached out from the control
microcosms with a simple fauna, indicating more effective root uptake in the
refaunated systems.
Apart from earthworms in arable and grassland soils, there were few earlier
reports on the influence of soil fauna on plant productivity; even these were made
with simple communities of microbes and their protozoan and/or nematode
grazers. Increased growth of monocotyledons in agricultural soil has been
reported (33, 34), while Baath et al. (35) did not show any growth response in
Scots pine seedlings in forest soil, in spite of increased N mineralisation in the
presence of nematodes. The effects of earthworms on tree growth, reported
previously, have been slight and have also appeared slowly (36. 11). Marshall
(10) recorded a slight increase in the stem weight of black spruce seedlings when
earthworms were introduced into forest soil.
Similarly, earlier information on the effects of soil fauna on nutrient contents of
plants was very scanty. Marshall (10) found no effect of earthworms on nutrient
contents of black spruce needles; and similar results were obtained with
monocotyledons (6, 37). Increased N contents in monocotyledons has been found
in the presence of microbial grazers (33, 34).
The results obtained in the experiments with L. rubellus were in part obscured by
high mortality of the worms. However, the additional nitrogen in the dead biomass
could only partly explain the increased amounts of N in soil or plants. In the
experiments with A. c. tuberculata there was no mortality; yet the results were
similar, and no growth increase was induced by mineral fertilization. The
"earthworm effect" could not be explained by any single factor: increased N H 4 + ,
mechanical mixing, potential growth factors in "worm-worked" soil, nor by
presence or absence of mycorrhiza in the roots. Improved physical structure and
higher water content in soil with earthworms (and with a diverse fauna as well) are
probably involved (21).
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Abstract
Both earthworms and enchytraeids affect soil structure. It has repeatedly been demonstrated that
they have a clear influence on the pore structure of soil, and that theiT activities may result in enhanced
aggregate stability of aggregates in the size class of their casts, presumably connected with
physico-chemical processes and the development of microorganisms in and on the casts. On a dutch
experimental farm a relation was demonstrated between the abundance of earthworms and aggregate
stability, and it has been found that reduction of earthworm numbers may result in a decreased
aggregate stability of larger aggregates. Enchytraeids have comparable effects, be it on a smaller scale.
Obviously, comparable mechanisms may operate here. There also occur interactions between both
groups: enchytraeids comminute earthworm excrements, while enchytraeid excrements may be joined
by earthworms, and the burrow systems of one group can be affected by the activities of the other.
In temperate zones, the stability of soil structure under field conditions exhibits seasonal variation,
with a reduction of stability in the winter period, and a build-up during the growing season. It is not
unlikely that not only physico-chemical processes and microbial activity, but also the activity of other
biota, particularly plant roots and oligochaete worms, play a role here.
Stable aggregates may offer a physical protection against decomposition of enclosed organic
matter. In combination with the aforesaid, it is argued that the formation of stable aggregates buffers
decomposition of soil organic matter during the growing season, but readily decomposable soil
organic matter is than at risk to be released at a, from an agricultural point of view, unfavourable time.
As the organic matter content of small aggregates is generally higher than that of larger ones, this may
entail that enchytraeids may in this respect be comparatively more important than earthworms.
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1. Introduction
Terrestrial oligochaete worms, and notably earthworms, have often been reported to affect soil
structure, due to their comparatively large body size which enables them to exert enough pressure to
rearrange the soil matrix, and to their way of feeding, by which they often intimately mix large
amounts of organic and inorganic soil components. This influence is expressed in the geometry of the
soil pore structure on the one hand, and in the composition and structural characteristics of soil
aggregates on the other.
In moving through the soil, worms can use the pore system already present, but also can modify
this pore system by ingesting soil or by exerting radial pressure with their body (12). In this way
burrows are created or existing pores enlarged.
Anecic species construct permanent burrow systems, with vertical burrows sometimes extending to
several meters under the soil surface. The burrow walls are lined with mucus, and may be very robust
(19). Other ecological types of worms create less permanent burrow systems that run more
horizontally, and, especially at higheT abundances, produce a sponge-like pore structure.
Such a sponge-like structure may appear at various scales, due to differences in body size (adult
and juvenile earthworms, enchytraeids). Similarly, Dósza-Farkas (6) found higher numbers of
enchytraeids near earthworm burrows as compared to the bulk soil, presumably attracted by the
organic material in the burrows. Obviously, the earthworm tunnels served as a starting point for the
burrowing of the enchytraeids, thus giving rise to a finer Tamified burrow system.
Changes in pore structure influence the behaviour of air and water in the affected soil layer, and
thus rootability and conditions for decomposition. Particularly with permanent burrow systems a
lasting effect on poTe continuity may be expected. Thus, worm burrows may allow a better aeration
and drainage (3), although this is not always a desirable effect (7).
Worms, and especially geophagous species, affect aggregate stability by disrupting existing
aggregates and mixing them with organic material, thereby producing new aggregates of characteristic
size and shape. It has repeatedly been demonstrated that such new aggregates may become more
stable than aggregates from the bulk soil, and it has been proposed that their physical structure and the
occurrence of anaeroby inside the aggregates protect the enclosed organic material from
decomposition (17). The very fact that 'mature' excrements are more stable than equally sized field
aggregates of the same soil seems to indicate that at least part of this enhanced stability is temporarily:
otherwise a soil containing worms would also contain only stable aggregates, and no differences
between bulk soil aggregates and worm excrements would be demonstrable. It appears, therefore, that
with worm excrements also, temporal and spatial aspects are important.
The purpose of this paper is to present a survey of the available information on the effects of
oligochaete worms on soil aggregates, and to offer hypotheses on the implications for the dynamics of
soil organic matter.
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2. Aggregate stability
Soil aggregates aTe formed when mineral and various organic components are joined by physical,
chemical OT biological forces such as soil swelling and shrinking, hyphal growth, root growth, and
remoulding during passage through the animal gut. Depending on the size, aggregates may also be
composed of smaller ones.
Aggregate stability may originate from the action of inorganic substances, but is mostly dependent
on biological activity, and particularly on the input and distribution of organic matter (18). The
various mineral components of an aggregate are held together by bacterial colonies, fungal hyphae,
roots, mucilages, and resistant oTganic material. Dry- and rewet cycles and the presence of clay
particles also play an important part. LargeT aggregates in particular have a limited period of
existence, and may disintegrate through physical (wet-dry, warm-cold) or biological (decomposition
of the organic matteT present) processes. As a consequence, aggregate stability may exhibit seasonal
dynamics, as was observed by Guidi et al. (9) and Marinissen (1993).
In a number of investigations it was found that oligochaete worms may influence the stability of
aggregates in the size-class of their excrements. Marinissen (14), for instance, established a positive
correlation between earthworm abundance and stability of aggregates in the size class of their
excrements, while Ketterings et al. (11) recorded a decline in stability of laTger aggregates when the
earthworm population was reduced (table 1). For enchytraeids an effect on aggregate stability was
established by Didden (4). The available data indicate that especially the time elapsed since defecation
may be decisive for the stability of an excrement. Shipitalo & Protz (20,21) found that fresh
excrements of Lumbricus rubellus and L. terrestris were less stable than equally sized aggregates in
the bulk soil, whereas they were moTe stable after drying and aging. They also found that the organic
matter content of excrements was positively correlated with their stability. It appeared probable that in
the worm gut existing soil aggregates disintegrate into micro-aggregates, loose mineral particles and
organic matter, and that organic material serves as a kernel for a new aggregate. A comparable process
was proposed by Barois et al. (1) for tropical, and Trigo & Lavelle (22) for mediterranean
earthworms. They hypothesized that the investigated (geophagous) species add large quantities of
wateT and soluble organic substances to the ingested soil; in combination with the pressure exercised
in the worm gut this destructs the aggregates completely, and the enclosed organic matter becomes
available. Mutualistic microbes in the gut use the soluble organic substances to decompose part of this
organic matter. In the hind part of the gut the water is resorbed, and finally the various components of
the aggregates are excreted in a new composition as an excrement. Marinissen and Dexter (15) found
indications for the stabilization of fresh casts by drying and rewetting (producing stronger
intra-aggregate bonds) and by the growth of fungi on the surface of the casts. Domsch & Banse (5)
also found indications for such a role played by fungi, and even suggested the involvement of specific
species. Blanchart et al. (2) studied the casts of Millsonia anomala, and observed a smooth outer
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surface (cortex), composed of clay particles and organic material. It seems likely that such a cortex
may constitute a medium for fungi.
Apart from fungi, bacteria may be important in stabilizing worm excrements. Shaw & Pawluk (19)
recorded many bacteria, actinomycetes and pTotozoa in earthworm casts, and so did Barois et al. (1). It
appears that the conditions in fresh excrements stimulate the activity of these organisms, by which the
organic material present is partly decomposed and stabilizing compounds such as mucilages are
produced.
With aging and drying-rewetting casts become more compact and stable, and conditions inside
become increasingly anaerobic (cf. 13). Consequently, many decomposition processes are slowed
down, and denitrification may become more important in these conditions (8). Anaerobic conditions, a
cortex limiting water and gas-exchange and intimate linkage to clays may result in protection against
decomposition of organic matter in mature casts. Decomposition will start again when casts fall apart
through physical or microbial causes (disruption of intra-aggregate bonds), or when they are
consumed again by otheT animals.
FiguTe 1 presents a synopsis of current ideas on aggregate formation as influenced by oligochaete
activities. An aggregate is envisaged here as being composed of mineral material, microaggregates,
easily decomposable organic material (Labile DOM and mucilages) and resistent organic material
such as humic acids. In soil these components may also be present as such, and organic material may
be available then for decomposition by micro-organisms. Exudates and mucilages of plants,
micro-organisms and worms may serve as a source of energy for the decomposition of more resistent
compounds. All of these constituents, including micro-organisms may be ingested by oligochaete
worms, partly decomposed and restructured, and enter the system again as components of worm casts,
which are instable. The casts may become stable aggregates (by aging, drying and rewetting, or
actions of micro-organisms), or in turn be ingested. The diagram also indicates the interactions wheTe
decompositon and mineralization may occur.
The diagram clearly shows how the naturally occurring dynamics in aggregate stability may be
influenced by the activity of oligochaete worms. An important aspect, not explicitly represented in the
figure, is translocation of organic and mineral material by the activity of worms, by which worms
exert influence on a larger scale than micro-organisms and fine roots. Combined with the effects on
smaller scale, taking place in the casts, this leads on the one hand to better utilization of organic
material, and thus faster decomposition; on the other hand, labile OTganic matter consumed by
oligochaete worms will be, in some degree, protected against further microbial decomposition in the
worm casts (cf. 16). As it is plausible that worms prefer, at least partly, fresh organic material, it
seems obvious that when this is available, a substantial part of it will end up enclosed in worm casts.
Worm excrements mostly contain more organic material than the bulk soil, and decomposition in
the soil system will proceed mainly in unprotected organic material, aided by the aerated conditions
pertaiiiing to well-developed burrow systems. In recently deposited casts, where oxygen is still
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available, this organic material will partly be decomposed by aerobic micro-organisms, that occur in
large numbers here; in later stages, but distinctively less, by yeasts and denitrifying bacteria (8,19).
The organic material will only be made available foT further decomposition after weathering or
degradation of mature casts.
Ketterings (10) established that smaller aggregates contained more organic material than larger
ones. This may imply that smaller aggregates may be relatively more important in organic matteT
dynamics.

4. Conclusions
The possible implications of the aforementioned for the dynamics of organic matter in soil may be
depicted as follows:
When much fresh organic material enters the soil system (under natural conditions in temperate
regions: in autumn), this material will, in the presence of worms, partly be protected in worm casts
against decomposition. Only after a time lag, when worm casts fall apart, the enclosed material will
become available again. When no worms, or other faunal elements exerting a similar function, are
active, conditions remain favourable for microbial decomposition, although inhibition might occur
from the absence of comminution and mixing. When, after winter, faunal activity increases, at least
part of the protected material will become accessible again, and will still be decomposed.
In conventional agricultural systems, where by soil tillage organic material is comminuted and
mixed with soil, and at the same time earthworm populations are reduced, this would imply
accelerated decomposition in autumn. However, part of the role of earthworms may be taken over by
enchytraeids here.
Based on the considerations above the following hypotheses are forwarded:

1.

In the course of the growing season part of the fresh organic material (such as root exudates and
dead plant parts) will be incorporated in stable aggregates, and mineralization will mainly
proceed from the remaining recent material. During the winter half year protection of,
relatively, older organic matter will become less, and decomposition may proceed in spring
or, when favourable climatic conditions occur, in winter. This implies that the organic matter
content of aggregates in the size classes of excrements of worm species occurring in a field,
will exhibit seasonal dynamics, and will be highest when there is supply of organic material
to the system, and lowest at the start of the growing season, when the soil community
(including plant roots) becomes active again.

2.

Comminution and mixing of organic material in a system without worms will produce faster
decomposition than in a system with earthworms.
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Legends
Table 1: Effects of manipulation of earthworm numbers in agroecosystems on water stability of
aggregates in various size classes. Stability presented as percentages. Means with the same
letter within a row are not significantly different (Tukey's Studentized Range Test, a = 0.05,
n=4). From Ketterings et al. (submitted).
Figure 1: Aggregate formation and decomposition as influenced by oligochaete worms. See text for
explanation.
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Aggregate size class
4000-10000 urn
2000-4000 urn
1000-2000 urn
250-1000 urn

Earthworm treatment
unaltered
38 ± 3 b
30 ±2 b
29 + 2 a
64 + 1 a

reduction
34 ±3 c
32 + 2 ab
28 + 1 a
63 + 1 a
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addition
44 + 3 a
35 ± 3 a
34 ± 3 a
67 ± 1 a
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Pedoturbation by Gardening Ants in Tropical Andosols
(Martinique, FWI)
Quantitative Assessment
Vincent Eschenbrenner. Laboratoire de Pédologie, ORSTOM, BP 8006,
97259 Fort-de-France, France.
Abstract. Andosols are formed on volcanic ashes and pumices in high rainfall areas in
Martinique (French West Indies). A common morphological feature of these soils is the
occurence of smooth-walled chambers and galleries. Both the chambers and the galleries
are excavated by attine ants (Mycocepurus) which cultivate fungi gardens in the
chambers, using insect faeces and plant debris as the nutritive source for the fungi. Six
plots with similar morpho-pedo-climatic conditions, but different land-uses, have been
selected to assess the pedoturbating effect of these gardening ants.
Chambers were found in each of the plots. A total of 360 chambers were mapped and
measured within the six plots. The chambers were oblate ellipsoidal with flat floors,
(length 6.5 + 1.8 cm, width 5.211.5 cm, and height 2.9±0.6 cm). They occurred between
-25 cm and -320 cm, but most of the chambers were found between -70 cm and -150 cm.
The mean density of chambers was 96 per square meter, from the surface until the depth
of two meters, and the mean soil volume pedoturbated by gardening ants was 0.38% of
the 0-2 m soil (or 76 tha - 1 ). Soil material translocated above ground (centimetric conical
mounds) was found to be far less important than soil material translocated within the soil
(backfilled chambers). This confirms that faunalpedoturbation could be much greater
below ground than above ground.
Introduction. Soil fauna is generally considered as one of the factors of soil formation (2;
7; 9;). The term pedoturbation was defined in 1961 by F.D. Hole (8) as a synonym for soil
mixing and faunalpedoturbation refers to the mixing of soil by animals (8; 12).
Nevertheless a number of authors have stressed the fact that animals that affect the soil
have received inadequate attention from pedologists (9; 17; 22). In particular there are
few publications on the effects of ants on tropical and subtropical soils (4; 15; 18). So far,
faunalpedoturbation caused by ants -or by other soil animals (earthworms and termites)was estimated essentially through above ground activities, as mounds and casts (4; 9).
But this amount of pedoturbation seems to be much greater below ground than above
ground (1; 4; 5; 14).
As part of an ongoing project aimed at assessing the importance of soil fauna on soil
properties, we have examined and quantified the below ground pedoturbating effect of
gardening ants on tropical Andosols.
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Table 1: Area and volume of soil investigated
in six Andosols, and number of ants' chambers picked out. Depth of investigation within
the walls: 10 cm.
Plot

Figure I. Distribution of the genus
Mycocepurus (Formicidae, Myrmicinae, Attini), "primitive" gardening ant (after Weber, 1972; modified).

Depth investigated 0-2 m
Area
Volume
Number of
m3
m2
chambers

a

10,47

1,05

43

b

14,26

1,43

90

c

10,55

1,06

60

d

13,90

1,39

72

e

12,90

1,29

41

f

12,20

1,22

54

total

74,28

7,43

360

a: secondary forest;
b: mahogany forest plantation (60 years);
c: mahogany forest plantation (25 years);
d: sugarcane;
e & f: traditional yam / dasheen
intercropping - grazed fallow rotation
(e: cultivated; f: 3 years fallow).

Figure 2. Study site location, and schematic soil map of Martinique. 1: "Sols peu évolués"
on alluvial material (Tropofluvents); 2: "Sols peu évolués" on ashes and pumices
(Vitrandepts); 3: Andosols (Eutrandepts and Hydrandepts); 4: "Sols brun-rouille a
halloysite" (Tropudalfs); 5: "Ferrisols" (Tropudults); 6: Vertisols (Pellusterts).

103

About the gardening ants. The attine, or fungus-growing ants, or gardening ants
comprise a tribe of eleven genera containing 200 species (10; 21). All of them occur in the
New World, from 44° S in Argentina to 40° N in the USA, but most of the genera occur in
the intertropical area (21). These gardening ants have been considered as the ecological
equivalent of the African fungus-cultivating termites (20).
Some of these gardening ants (or major Attini) grow their fungi on fragments freshly-cut
from living plants. They are called "leaf-cutting ants". Since their colonies may be very
large (up to several millions of workers), they are considered as agricultural pests, and
some attention has been given to the architecture of their subterranean nests and to their
effects on soils (1; 13; 14; 16).
However, most of the gardening ants -the minor Attini- cultivate their fungi on different
substrates, viz., insect faeces and cuticles, rotting wood and other plant debris. Because
their colonies are small and they are not considered as pests, very little is known on the
structure of their nests and on the influence of these minor Attini on the soil morphology.
These minor Attini are easily overlooked, being small in size and unobtrusive in their
solitary foraging for detritus (20).
Leaf-cutting ants do not occur in Martinique, but minor attines do. The genus
Mycocepurüs (Hymenoptera, Formicidae, Myrmicinae, Attini) is the most frequent one.
This genus has a wide geographical distribution throughout the Caribbean area, Central
and Southern America (Fig. 1).
Study Area, Materials and Methods. The study was conducted near Sainte-Marie, in the
central northern part of Martinique (F. W. I.). The site, one square kilometer large, is
located 14° 46' 15" N, 61° 03' W (Fig. 2), and it lies between 300m and 400m above sea
level. Mean annual precipitation is 3000-4000mm with a drier period between January
and April. The soils are perhydrated (water retention at l/3bar >100%) Andosols
(Hydrandepts (19)) developed from andesitic to dacitic ashes and pumices.
Whithin this area, six plots were selected. The morpho-pedo-climatic conditions are
similar, but the land-uses are different: secondary forest, mahogany forest plantations of
different ages (60 and 25 years), sugarcane permanent cultures, and traditional rotation
(yam-dasheen intercropping -two years-, then grazed fallow -two to three years-).
In each of these six plots, a pit (length •> 2m; width = lm; depth: 2-4m) was hand dug.
Each pit wall was dissected from the surface to two meters, with a depth of investigation
of 10 cm within the wall (Table 1). The ants' chambers were mapped (x and z), and their
size (horizontal length and width, vertical height) measured (cm ± 0.5). Volume of the
chambers was calculated using an ellipsoidal model and the volume of above ground
mounds using a conical model. Access galleries to the chambers were described, but not
mapped, and not quantified. Status of the chambers (empty, partially or completely
backfilled, fungus gardens) were noted.

104

Figure 3. Chambers and fungus garden from
the ant Mycocepurus (plot a; depth: 140 cm).
a: Size and shape of the chambers; fungus
garden units (arrow) hanging from the ceiling
of the lowest chamber. Scale bar: 2 cm.
b: Individual unit of the fungus garden.
Scale bar: 4 mm.
c: Detail ofb. Wood fragments (1) and insect
faeces (2) loosely embedded in a hyphal network. Scale bar: 200 pm.

105

Results and Discussion. • Evidences of the activities of the gardening ants were noted in
each of the six plots as:
- Soil material translocated above ground. It consits of loosely packed mineral soil
aggregates and free skeleton grains ranging in size from 80 to 1000 urn. They form very
small conical mounds (basal diameter 2-4 cm, height 1-2 cm).
- Empty galleries and chambers. The chambers are ellipsoidal in shape, with horizontal
long axis (Fig. 3a). The walls are smooth (metachambers (3)), but locally, unweathered
pumices that are too hard to be broken up by the ants or too large to be translocated
protrude or lie on the floor of the chambers. Four to fifteen access galleries open on to the
floor and the walls of each chamber. The galleries are tortuous, cylindrical, 1-4 mm in
diameter and smooth-walled (metachannels (3)).
- Chambers with fungus garden and ants. The fungus garden consist of 3 to 15 elongated
ellipsoidal units (vertical long axis 2-5 cm; horizontal short axis 0.2-1 cm) that hang from
the ceiling of the chambers (Fig. 3a). Each individual unit (Fig. 3b) is composed of insects
faeces and wood fragments, 60-600 ^m long, loosely embedded in a hyphal network (Fig.
3c). Eggs and brood occur within the fungus garden.
- Backfilled galleries and chambers (6). They have the same shape and size than their
empty equivalents. The backfilling material consists of loosely packed mineral soil
aggregates and of free skeleton grains ranging in size from 80 to 1000 um and is similar to
that translocated above ground. The macroporosity of this backfilled phase (interconnected mammilated vughs and compound packing voids (3)), is very high and its
cohesion is low. These backfilled chambers and galleries are chamber and channel aggrotubules (3). The granular backfilling material contrasts strongly with massive surrounding soil material and the boundary between the two phases is sharp.
• The volume of soil materials transported above the surface was estimated to be less
than 1% of the overall volume of the chambers. Most of the chambers were empty (58.1%)
or backfilled (38.5%) by microaggregated soil material (6). Only 3.4% of the chambers
were occupied by fungus gardens and ants. Ants collected from these sites, in the above
ground soil material and within the chambers with fungus gardens, were identified by
Dr. Kermarrec (INRA, Guadeloupe, F.W.I.) as belonging to the genus Mycocepurus. They
have a small size (body length ca. 2mm), with dull reddish brown colouring and the
workers are monomorphic. Thus, in practice, these small gardening ants look exactly like
the surrounding soil and they may be easily missed during field investigations. Under
stereomicroscope, pronotum and anterior part of the mesonotum bearing a conspicuous
circlet of eight upward-directed spines are specific morphological characteristics of this
genus (20).
• Depth and distribution of the chambers (Fig. 4 & 5; Table 2). The deepest chamber
(empty) occurred at -320 cm in sugarcane plot, and the more superficial one (backfilled)
at -25 cm in grazed fallow, but most of the chambers were found between -70 cm and
-150 cm (Table 2; Fig. 5). As the quantitative investigations were conducted only down to
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Figure 4: Location of the ants' chambers (white circles) on the walls of six pits dug in
Andosols (depth of investigation within the walls: 10 cm).
a: secondary forest; b: mahogany forest plantation (60 years); c: mahogany forest plantation
(25 years).
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Figure 4 (continued): Location of the ants' chambers (white circles) on the walls of six pits
dug in Andosols (depth of investigation within the walls: 10 cm),
d.sugarcane; e & f: traditional yam I dasheen intercropping - grazed fallow rotation
(e: cultivated: f: 3 years fallow).
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Figure 5: Depth function of the frequency of the ants' chambers,
m: overall chambers of the six pits; a: secondary forest; b: mahogany forest plantation
(60 years); c: mahogany forest plantation (25 years); d: sugarcane; e & f: traditional yam I
dasheen intercropping - grazed fallow rotation (e: cultivated; f: 3 years fallow).
Black arrows: gravelly or indurated horizons; grey arrows: discontinuous gravelly or indurated phases.
two meters deep, the mean and the median values of the chambers' depth (-120.8 cm and
-120.0 cm, respectively), as well as the standard deviation (44.0 cm), are under-estimated
(Table 2).
The spatial distribution of the chambers is generally random (Fig. 4a, c, d, e, f), but locally
clustered (Fig. 4c, d, f) or banded (Fig. 4b). In these latter cases, the clustered and banded
distributions result mainly from heterogeneities of the soil materials (Fig. 5). Continuous
gravelly horizons, where unweathered pumices are too big (> 1.5-2 mm) to be translocated by the ants, induce banded distributions (above and below these horizons);
indurated horizons (hardpans) have the same effect. Discontinuous gravelly or indurated
phases induce clustered distributions, between these phases (Fig. 4 & 5).
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• Shape, size, volume and number of the chambers (Fig. 3, 6 & 7; Table 2 & 3). The shape
of the chambers can be described -within an ellipsoidal model- by two indexes. The first
(length/width ratio) deals with the horizontal ellipsity; the values of this index ranged
from 1.0 (circular horizontal section) to 2.3 (mean: 1.28; standard deviation: 0.18; n=360).
The second [0.5- (length + width) / height) ratio] deals with the vertical ellipsity; the
values of this index ranged from 1.1 (nearly circular vertical section) to 4.0 (vertically
flattened -oblate- vertical section) (mean: 2.0; standard deviation: 0.46; n=360). Thus, the
variability of the chambers' shape was quite narrow.
The average length of the measured chambers was 6.5 ±1.8 cm, the average width
5.2±1.5cm, and the average height 2.9 ± 0.6 cm. The mean (and the median) values of
these measurements were similar in the different plots (Table 2). The frequency
histograms of the sizes are clearly unimodal, and the dispersion of the values is narrower
for the height than for the length and the width (Fig. 6).
The average volume of the chambers is 78.4 ± 72.3 cm3. The frequency histogram of the
volumes of the overall chambers (Fig. 7m) is asymetrical bimodal with the main mode at
60-80 cm3, a secondary mode at 140-160 cm 3 , and a "tail" towards the high values. This
"tail" results of the occurence of few large chambers (300-950 cm3), present in plots a, c &
e (Fig. 7). As all these chambers were empty, it is not possible to affirm that they have
been excavated by the same ants species.
The differences between the mean volumes of the chambers within the six different plots
were not statistically significant (P values > 0.05; Dunn's multiple comparison test (11)).
There was no linear relation between the depth of the chambers and i) their length, ii)
their width, iii) their height, iv) their volume. For instance, the correlation coefficient
between depth and volume is r= -0.0671, and the coefficient of determination was
r (squared) = 0.0045; the slope of the linear regression line (with a 95% confidence
interval of the slope from -0.1703 to 0.0376) was not significantly different from zero (P
value = 0.2087).
A total of 360 chambers were mapped and measured within the six plots (Table 1).
Chambers were present in each of the plots. Chambers densities (Table 3) were found to
be different between the plots. The highest density occurred under 60 years old
mahogany forest plantation (plot b), with 126 chambers per square meter, from the
surface until the depth of two meters; the lowest density (64 chambers / m 2 / 0-200 cm)
occurred under traditional yam/dasheen intercropping (plot e); the mean density beeing
of 96.2 chambers / m 2 / 0-200 cm (Table 3).
• Amount of below ground pedoturbation (Table 3). Taking account of the volume of all
the chambers mapped and described in each plot (Table 2), and of the volume of soil
dissected (Table 1), the amount of pedoturbation was expressed on a volumic base as a
percentage of the total soil volume between the surface and the depth of two meters
(Table 3). The highest amount (0.59%) occurred under 25 years old mahogany forest
plantation; the lowest amount (0.26%) occurred under traditional yam/dasheen
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intercropping, and the mean amount of pedoturbation was 0.38%.
• This amount of pedoturbation could seem very low. Nevertheless, if expressed -as it is
generally done- as kg-nv2 or as tha - 1 , the values range from 52 t-ha-1 (or 5.2 kg-nv2) to
118 tha - 1 (or 11.8 kg-nv2). However, it should be stressed that these data were established without any reference to a time scale. For it is time consuming, but possible, to
assess the above ground amount of faunalpedoturbation with a time scale reference (4;
14; 15; 17); it is much more difficult, but still feasible, to assess the below ground amount
of faunalpedoturbation with a time scale reference in the case of social insects with nests
of known age (14); but, in this study, this was not possible, as -so far- nearly nothing was
known about the biology and ethology (growth pattern of the colony, growth rate,
longevity, building behaviour...) of the minor attine as Mycocepurus.
As, on one side, 3.4% of the overall chambers were occupied by fungus gardens and by
Mycocepurus ants, and as, on the other side, the volume of soil materials of the above
ground mounds was less than 1% of the overall volume of the chambers, below ground
faunalpedoturbation seemed to be more important than above ground pedoturbation.
This probably results from the building behaviour of the Mycocepurus ants (6). Indeed,
part of the mineral soil material excavated by these ants is translocated above ground;
most of it, however, is translocated within the soil and packed into pre-existing chambers
and galleries (previously excavated by these ants). This behaviour is not specific of
Mycocepurus, and has been described in the case of other gardening ants (1; 14), as well as
mound buildind termites (5).
In these plots, most (if not all) of the macrofauna was located within the upper 30 cm of
the soil. Thus, the ecological advantage of these deep burrowing gardening ants, i) able to
grow fungi on easy-to-find substrates, ii) able to live beneath the predators' area, is
obvious. In this area, as mound building termites and major attines (Atta, Acromyrmex)
are not present, minor attines could be the main group able of deep faunalpedoturbation.
Conclusions. Gardening ants (Mycocepurus) activity was noticed in each of the six
investigated plots, with a same order of magnitude concerning the density of the
chambers (from 64 to 126 chambers/m 2 /0-200 cm), as well as the volume of soil
pedoturbated (from 0.26% to 0.59% of the 0-200 cm soil). Thus, it can be inferred that
these ants colonize most of the subsoil within the area, and that deep faunalpedoturbation results mainly from their subterranean activity.
As Mycocepurus ants have a wide geographical distribution throughout the Caribbean
area, Central and Southern America (Fig. 1), the nature and the significance of their
activity on soil morphology and functions sould be investigated.
Acknowledgements. I wish to thank Dr. A. Kermarrec of the INRA, Guadeloupe, for
identifying the ants. Financial assistance from the Ministère de I'Environnement (Tropical
Soils and Forests Programme -SOFT) is also acknowledged.
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Table 2. Volume, size and depth of the ants' chambers: minimum, maximum, mean, median, and
standard deviation.
V O L U M E (cm3)

Min

Max

Mean

16.8
16.8

301.6

67.2

Rotb

77.1

Rote

12.6

251.3
957.7

Plotd
Rote
Rot f

8.4
7.0

195.4
376.9

103.5
72.4
82.5

14.0

251.3

Overall

7.0

957.7

Min
3
3
3
2
2
2
2

Max
9
10
14
9
10
9
14

Min

Max
-200
-200

Rota

Median St. Dev. Count
61.1
73.3

46.8
40.4

73.3

135.4
42.7
79.7

66.3

62.8
62.8
52.4

78.4

62.8

72.3

43
90
60
72
41
54
360

48.0

Mm
4
4
3
3
25
4
2.5

Max
12
12
14
10
16
11
16

Min
2
2
2
2
2
2
2

Max
4
4
7
5
6
4.5
7

WIDTH (cm)
Rota
Rotb
Rote
Rotd
Plot e
Plot f
Overall

Mean

HEIGHT (cm)

Median St. Dev. Count

5.0
54
5.7
4.9
5.0
4.7
5.2

5
5
5
5
6
6
5

1.3
1.4
1.9
1.3
1.6
1.3
1.5

43
90
60
72
41
54
560

DEPTH (cm)
Mean
-129.9

LENGTH (cm)
Mean Median St. Dev. Count
1.6
43
6.4
6
6.8
7
1.7
90
2.1
6.9
7
60
72
6.3
6
1.5
2.4
41
6.5
6
1.7
54
6.1
6
6.5
6
1.8
360

Mean

Median St. Dev. Count

2.8

2.5

2.8

3

3.1
3.0

3
3

3.0

3

2.9

3

2.9

3

0.5
0.3
0.7
0.6
0.7
0.6
0.6

"43_

90
60
72
41
54
360

a: secondary forest;

Median St. Dev. Count
•130.0
291
43
90
-91.5
50.5

b: mahogany forest plantation (60 years);

Rota
Rotb

-81

Rote

-200

-114.0
-139.7

-200

-128.7

-130.5

31.2
43.7

60
72

d:sugarcane;

Plotd

-63
-43

Rote

-36

-200

-115.5

-127.0

48.5

41

intercropping - grazed fallow rotation

Rott

-25

-199

-97.1

-101.0

38.9

54

Overall

•25

•200

•120.8

•120.0

44.0

360

-39

-143.5

c: mahogany forest plantation (25 years);
e & f: traditional yam / dasheen
(e: cultivated , f: 3 years fallow).

Table 3. Number of chambers and volume of soil pedoturbated
by gardening ants within a soil monolith (1 m2; 0-2 m deep).
Plot

Chambers nb
(1m 2 /0-2m)
nb/2m3

( 1 m 2 / 0 - 2 m) occupied

Soil volume
by chambers (%)

a

82.1

0.28

b

125.9

0.48

c

113.7

0.59

d
e
f

103.6

0.37

63.6

0.26

88.5

0.29

Mean

96.2

0.38

St. Dev.

20.7

0.12

cv%

21.5

31.7
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Distribution of humic compounds in humivorous termite
termitaries and implications on structural soil stability
E. Garnier-Sillam and M. Harry. Laboratoire de biologie des Sols et des Eaux
Université Paris XII, Av. du general de Gaulle, F-94 000 Créteil, France
Summary. From the study of the distribution of humic compounds in termitaries and in soils taken
as controls, informations are given on the evolution of the organic matter which is incorporated into
building materials, and hence on the physical properties of horizons.
For the three species Cubitermes fungifaber, Thoracotermes macrothorax and Noditermes lamanianus
which present epigeous termitaries, the distribution of humic compounds shows a high rate of humic
acids persisting in both the nest-walls and related topsoils, resulting in a better structural stability of
both samples. For Procubitermes niapuensis that is characterized by a nest fixed onto tree-trunk, this
process occurs only in the nest-walls. In fact, the topsoils of this species does not reveal any
workers' influence. The whole nest of Crenetermes albotarsalis, whith is not enriched by any organic
matter, has a structural stability akin to control soils.
Considering that the various termite species studied show marked ethological divergence, it is
concluded that any generalisation on the overall influence of humivorous termites may be misleading.
Therefore, it is suggested to analyse the ethology of the different species independently.
Key words : Humivorous termites - tropical forest - humic compounds - structural stability
Introduction. Isoptera represent a significant proportion of the soil fauna biomass in tropical
ecosystems. Further, they exhibit a wide variability in their feeding and building behaviours,
depending on genera and species, through which they play an active role on soil dynamics. Their
influence can be appraised on organic matter turn-over as well as on soil morphology, physics and
chemistry (26), (18), (38), (14) &(27).
Our previous works were devoted to the pedological influences of the fungus-growing termite
Macrotermes mülleri (Sjöstedt) and of the humivorous Thoracotermes macrothorax Sjöstedt, on a
forest soil of the Congolese basin. Generally, in tropical forests, in spite of significant amounts of
plant debris on the of soil surface, organic matter quickly decomposes through the influence of both
climatic and biological agencies (8). Nevertheless, within the surroundings of the humivorous termite
nests, a humus horizon 15-20 cm thick does persist, while gradually thinning over a radius of 4 to 5
metres. Within the horizon, the nest is found to form a network of gathering galleries. The humivorus
species, T. macrothorax, is known to use its faeces to buttress its nest-walls and to line the nest
cavities as well as the subterraneous peripheral galleries (12), (16).
Both field observations and faecal chemical analyses supported that these insects are able to select food
resources. In fact, subterranean galleries often lead to some piece of thoroughly degraded and deep
buried wood. The carbon content in the gut and then, the faeces, always exceeds, proportionally, that
of surrounding soils (11), (12). Ultrastructural analysis of fresh faeces (10), followed by an alkaline
extraction of humic compounds (12), revealed stable organo-mineral microaggregates that were formed
during the gut transit (diameter ranging from 0.1 to 2 urn). A physico-chemical study of both soils and
nest-walls has shown that the humivorous termite, T. macrothorax, strengthened the structural stability
of the materials it handled (13), and increased their macroporosity; it also had an influence on
microporosity of the assembled structural units when compared to control soils and, especially, to
horizons burrowed by the fungus-growing species M. mülleri (17).
Our previous results have been related to several parameters involved in the stability of nesting
material: These were a highly polymerised organic matter (ratio of fulvic acids to humic acids <1), a
high bi- and tri-valent cation ratio, a texture well-balanced in its composition of clays and sands, and a
high proportion of polysaccharides. From this we concluded that the biological activity of this
humivorous termite species (incorporation of faeces acting as building cement and saliva-dampened
soil kneading) favoures the build-up of a humic-clay component and hence plays a beneficial role upon
the structural stability of the burrowed areas.
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Taking into account these results it will be interesting to extend our investigations to other humusfeeding species, in order to assess whether or not their influence on the formation of "clay-humic"
aggregates are comparable.
Materials and methods. Biota and termite species
The study area is situated in the Mayombe forest in Congo (4°14' S -12° 26' E), between the villages
of Koulila and Makaba. The geology of the region is characterized by hard rock ranges which are
composed of quartzite or schists and micaschists of the early Precambrian. The soils can be classified
as " unsaturated ferralitic soils" (23).
Numerous analyses revealed that the sampling area represents a pedological unity (28). The forest
vegetation contains 200 to 250 species per ha with Allamblakia sp. and Klainedoxa gabonensis as
dominants (Denamure, personal communication).
Five humivorous termite species that have been classified by Grasse (18) according to their nestbuilding techniques were chosen for this study. The building materials of these species consist of soils
more or less kneaded in the cibarium and mixed with saliva as well as their own gut transit residues
having the form of pasty pellets of variable length.
i-Noditermes lamanianus builds an alveolar nest from a single or two-tiered doughnut-shaped
earth pediment which then gives way to a central rounded body that tapers off into a fluted cone,
appropriately called "pagoda nest" by Grasse (18). The nests chosen did not exceed 30 cm in height
and the subterranean network of galleries radiating from the nest did not seem to exceed a diameter of
50 to 80 cm around the hub and a depth of 10 to 15 cm.
2-Cubitermes fungifaber builds a mushroom-shaped nest, as described by Noirot (31). The
subterranean network was not investigated in its entire range. There seem to be many galleries within a
radius of 50 cm from the nest which do not reach deeper than 20 cm.
3-Thoracothermes macrothorax builds a mace-like alveolar nest, not exceeding 80 cm in height,
whose external surface is regularly covered with rounded hillocks. Subterranean galleries cover a depth
of 15 to 20cm and a diameter of 4-5 m.
4- Procubitermes niapuensis fixes its nest onto large tree-trunks,
often between the stabilizing outgrowths. Two parts can be distinguished: firstly a series of alveolar
gourd-shaped constructions that overlap more or less and measure 10 to 20 cm in length and 4 to 8 cm
in width. These units are sucked onto the tree-trunk. From the upper region of the gourds emerges the
second part of the construction that consists of a vertical axial gallery which runs up the trunk. From
this gallery several minor tunnel galleries branch off on either side and lead down to the ground (18).
However no subterranean network of galleries has been found in the soil horizon.
5- Crenetermes albotarsalis builds a cylindrical nest whose apex has the form of a
hemispherical dome. Its outer surface is regulary covered with rounded hillocks. Its nest is similar to
that of T. macrothorax, but the rounded hillocks are slightly smaller. The subterranean galleries
radiating from the nest over a 3-3.5 m diameter did not seem to go beyond 20 cm in depth.
Three nests (mounds and surrounding soils) were investigated separately for each species. For each
given nest, four samples of nest walls and horizons were collected and subsequently ground and
homogenised. The data presented are the averages of the duplicates for each sample with their standard
error (values are compared using Student's / test).
The control soils cannot be defined sensu strictu because termites can be found virtually everywhere in
the forested areas. Therefore, we used as controls samples taken at a distance of 20 m of humusfeeding termitaries and 60 m of fungus-growing termite nests. Samples were taken only in places
where no subterranean nest was present in the profile. Three profiles were analysed.
Analytical procedures
Particle size distribution. Samples were treated with H2O2 to destroy any organic matter and were then
dispersed with a pyrophosphate solution. The respective percentages of clay, fine silt, coarse silt, fine
sand and coarse sand have been calculated.
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Cation exchange capacity and exchangeable bases. C.E.C was estimated by measuring the amount of
calcium required to equilibrate the charge of the exchanger. The calcium concentration was determined
with the EDTA titration method. Once dislodged, exchangeable cations were then analysed by means
of ammonium acetate at pH7.
Total C and N analysis methods : total carbon was determined by potassium dichromate oxidation and
titration of dichromate remaining with ammonium fer II sulfate (Anne method). Total nitrogen was
measured by the Kjeldhal method with Kjeltec Auto 1030 Analyser (TECATOR) after digestion with
sulfuric acid.
Exchangeable aluminium: (Tamm Method)(8): 2g of ground sample are stirred at 20°C in the dark with
80 ml of oxalate (0.2 M/pH3) for 4hrs. After extraction the extract was assayed using atomic
absorption.
Exchangeable phosphorus (Dyer method)(4): several successive extractions were performed with
sulfuric acid (SO4H2 N/250 as buffer) then with NaOH. P2O5 was assayed colorimetrically with a
molybdic solute+ 3 drops of Cl2Sn.
Iron (Deb method)(4). Iron was reduced to its ferrous form by sodium hydrosulfite and compounded
with sodium tartrate. Again, assays were conducted by atomic absorption.
Structural stability: The structural instability index (Is) is calculated from (Henin et al. method)(22) a
sample after three successive pretreatments with water, benzene and alcohol.
Humic compounds : the method of Bruckert (6) was used. Six fractions were obtained after succesive
extractions by alkalin reagents (sodium pyrophosphate + NaOH): FFA (free fulvic acids correspondin
dissolve acids by phosphoric acid), FAp (fulvic acids extracted by sodium pyrophosphate), HAp
(humic acids extracted by sodium pyrophosphate), FAs (fulvic acids extracted by NaOH), HAs (humic
acids extracted by NaOH) and H (humin: inextractable carbon residue.)
Résultats / Results
Les sols témoins (tableau 1)
Les caractères morphologiques de 1'humus témoin (horizon A1) de la parcelle considérée sont de type
mull des regions tempérées, avec une litière tres peu épaisse reposant sur un horizon mineral. Au
sommet de 1'horizon, on observe un feutrage de racines fines piégeant dans ces mailles des débris de
matière organique en decomposition lente (agrégats humiques en chapelet Ie long des radicelles). Sous
Ie feutrage se trouve une matière organique non directement décélable et liée è la matière minerale. La
texture est limono-argileuse en surface et argileuse a partir de 15 cm de profondeur. La structure est
grenue et finement grumeleuse.
La somme des bases échangeables est toujours tres faible (0,94 mé/100 g en surface) et diminue en
profondeur. On note une légere dominance du calcium (0,31 mé/lOOg) et du potassium (0,32 mé/lOOg)
avec cependant une décroissance plus rapide pour Ca vers les horizons inférieurs, que pour K. La
faible capacité d'échange (C.E.C.), est influencée par la matière organique en surface (de l'ordre de
13,1 méVlOO g). Elle décroit en profondeur jusqu'è 7,7 mé/100 g a 80 cm. Etant donné la pauvreté en
bases échangeables du complexe absorbant, ces sols sont fortement désaturés y compris les horizons
superficiels.
Constitué d'une litière peu épaisse (0.5-1 cm), 1'horizon Al (0-8 cm) renferme environ 5 % de matière
organique (tableau 1), dont 40 % d'humine et une assez bonne proportion de produits alcalino-solubles
(tableau 3). On note cependant une dominance des acides fulviques sur les acides humiques (rapport
AF/AH 1.85).
En profondeur, on remarque une disparition rapide de la matière organique (1,4 % è 20 cm de
profondeur et environ 1.1 % a 70 cm), en particulier des acides humiques (21 % en surface - 13 % è
70 cm) au profit des acides fulviques qui deviennent franchement dominants (AF/AH = 4.42).
Caractéristiques analytiques des échantillons termites (tableau 2).
La comparaison de la granulomere minerale des sols témoins et celles des termitières montrent dans
Fensemble un taux moindre de sables grossiers dans ces dernières. On note un enrichissement
significatif (p=0,01) en argile dans les murailles construites par C.fungifaber (clay/coarse sands •
4,63), ainsi que dans celles de N. lamanianus (clay/coarse sands = 4,06; p=0,01)) par rapport aux
témoins (clay/coarse sands = 1,65).
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Table 1 :

Main features and structural stability of control soils
(mean and standard deviation)
Is = index structural instability
0 1 8 cm
A1

15 * 30 cm
B1

30 * 70 cm
B2

> 70 cm
Bgr

384 (11)
120(±5)
160(±7)
104(±5)
232(±8)
1.65

444(±12)
131 (±4)
140(±9)
76(±5)
209(±7)
2.12

498(±10)
112(±6)
135(±9)
72(±3)
183(±7)
2.72

539(±7)
112(±5)
122(±9)
78(±4)
149(±6)
3.61

27.9(±2.2)
47.98
1.87(±0.13)
14.9

08.5(±1.3)
14.44
0.73(±0.9)
11.4

06.3(±1.0)
11.00
0.75(±0.4)
8.5

05.5(±0.6)
9.63
0.72(±0.5)
7.7

4.1(0.3)
3.7

4.4
4.0

4.5
4.1

4.7
4.2

Exchangeable cations
(mEq.100g-1)
Calcium
Magnesium
Potassium
Sodium

0.31 (±0.04)
0.26(±0.04)
0.32(±0.06)
0.05(±0.01)

0.21 (±0.3)
0.23(±0.04)
0.18(±0.02)
0.03(±0.01)

0.04(±0.01)
0.15(±0.03)
0.16(±0.03)
0.03(±0.01)

0.02(±0.0)
0.11(±0.03)
0.14(±0.03)
0.02(±0.0)

Sum (S)
Exchange capacity (T)
S/T %

0.94
13.1(±1.3)
7.2

0.65
9.0(±1.1)
7.2

0.38
8.2(±0.8)
4.6

0.29
7.7(±0.8)
3.8

0.007(±0.001)
0.58(±0.11)
2.94(±0.27)

0.004(±0.001)
0.69(±0.11)
3.92(±0.28)

0.003(±0.0)
0.73(±0.10)
4.31(±0.18)

0.003(±0.0)
0.91 (±0.09)
5.55(±0.21)

Texture o/oo
Clay
Fine silts
Coarse silts
Fine sands
Coarse sands
Clay/coarse sands
Organic matter o/oo
Organic carbon
Organic matter
Total nitrogen
C/N
pH (water)
pH (KCI)

P205
0/00
Exchangeable Al %
Exchangeable Fe %

Structural stability (HENIN method)
Alcohol aggregates (%)
65.14(2.56)
Benzene aggregates (%) 54.22(2.35)
Water aggregates (%)
61.80(2.16)
Coarse sands (%)
24.80(2.51)
11.13(1.43)
Clay + silts (max) %
0.29
Is
Log. 10 Is
0.45

63.5(2.69)
34.53(1.84)
56.14(2.47)
23.1(2.18)
27.43(3.13)
0.89
0.95
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69.22(2.28)
22.43(1.28) no determine
45.68(1.86)
19.4(1.81)
48.16(4.85)
1.70
1.22

Table 2 :

Main features of termitaries (nest-walls and topsoils) (mean and standard deviation)

H.lamanlanua H.lamanlanua
mound
topaoll
Texture 0/00
Clay
Fin. sins
Coarse sills
Flnasands
Coarsesands
Clay/coarse sands

C.lungltabar
mound

C.fungllabar
topaoil

T.macrolhorax T.macrolhorax
mound
toptoll

P.nlapuantla
mound

P.nlapuanala C.albotaraalla
toptoll
mound

C.albotaraalla
toptoll

482(18)
177(12)
179(6)
58(4)
104(7)
4.63

377(16)
137(8)
150(8)
114(5)
222(10)
1.69

468(17)
164(10)
171(12)
82(6)
115(6)
4.06

437(15)
156(14)
149(11)
79(4)
179(9)
2.44

337(12)
153(9)
139(10)
98(6)
273(11)
1.23

338(13)
122(12)
183(6)
163(7)
194(6)
1.74

407(15)
171(10)
198(5)
89(4)
135(11)
3.01

376(13)
130(9)
168(8)
99(5)
227(12)
1.65

387(12)
138(5)
162(4)
92(4)
221(9)
1.75

391(14)
138(8)
166(8)
107(6)
198(9)
1 97

44.30(2.6)
76.1
4.10(0 25)
108O

38.70(2 7)
66.3
3.37(0.18)
11.48

56.40(3 6)
97.0
4 54(0 21)
12.42

53.20(3 2)
91.5
4.11(0 12)
12.94

40.11(3 1)
68 58
3.62(021)
11.1

46.74(2.7)
79 92
3.87(0 15)
120

42 11(2 7)
72 00
4.08(0.14)
10.3

28 3 0 ( 1 5 )
42.8
2.76(0.13)
10 25

32.50(3.4)
55 9
2 20(0.16)
14.77

33.30(2 0)
57.2
2.37(0 27)
14 05

4 8(0.2)
3 6(0.2)

3 6(0 2)
3.2(0.2)

4.8(0 3)
3.6(0 2)

3.9(0.1)
3.4(0.1)

4.5(0 2)
3 2(0.1)

4.2(0 2)
3.3(0.1)

5.2(0.2)
4.2(0.2)

4.3(0 2)
3.5(0.1)

3.7(0.1)
3.3(0.1)

3.9(0.1)
3.4(0 1)

Exchangeable cetlons
(mEq.100g-1)
Calcium
Magnesium
Potassium
Sodium

0.20(0 04)
0.37(0.05)
0.73(0.05)
0.05(001)

0.40(0 03)
0 33(0.05)
0.37(0.02)
0 02(0)

0 50(0 08)
0 78(0.06)
0.69(0.03)
0 04(0.01)

0.90(0 05)
0 44(0 03)
0.64(0.03)
0 03(0.01)

0 55(0 04)
0.42(0 02)
0 56(0 06)
0.04(0.01)

0.52(0 03)
0.43(0.04)
0 52(0.03)
0.04(0 02)

0.42(0.03)
0.76(0.06)
0.67(0.03)
0.05(0.01)

041(+0.02)
0.40(0.03)
0 31(0.02)
0 04(0)

0.30(0 03)
0 18(0.04)
0 22(0.03)
0 02(0)

041(005)
0.36(0 04)
0.30(0 02)
0.02(0.01)

Sum(S)
Exchange capacity (T)
S/T %

1.35
143(2.3)
9 44

1.12
11.8(0.8)
9.49

2.01
17.1(3.5)
11 75

2 01
16.1(1.6)
12.48

1.57
19 1(2.6)
8.2

151
21.4(2.7)
7.05

1 90
15.7(1.4)
12.10

1.16
11.7(2.6)
9.91

0 72
10 5(2.8)
6 85

1.19
10.4(3.5)
11.44

Organic mottar
Organic carbon
Organic matter
Total nitrogen
C/N

0/00

pH (water)
pH(KO)

P205 0/00
Exchsngeebi. Al *
Exchangeable F. %

0 0 2 7 ( 0 . 0 0 9 ) 0 . 0 0 6 ( 0 0 0 2 ) 0 . 0 2 5 ( 0 . 0 0 8 ) 0 . 0 1 8 ( 0 005) 0 024(0.004)
0.70(0.08)
0.63(0 07)
0.72(0.10)
0.73(0.08)
0.75(0.08)
4.11(0.31)
3.54(0.12)
4.40(0.25)
3.98(0.15)
4.13(0.16)

0.019(0.004) 0 . 0 2 3 ( 0 . 0 0 5 ) 0 . 0 0 9 ( 0 . 0 0 2 ) 0.012(0.003)
0.71(0.06)
0.74(0.08)
0 59(0 05)
0.65(0.07)
4 07(0.23)
4.40(0.21)
2 96(0.14)
4.04(0.32)

0 007(0 002)
0.69(0 08)
4.24(0.12)

Les taux de carbone organique des horizons superficiels témoins sont compris entre 2,5 et 3 %. On
remarque que les murailles des nids de C.fungifaber, N. lamanianus, P. niapuensis et T. macrothorax
en renferment un taux tres significativemcnt plus élévé (respectivement 5,64 %, 4,43 %, 4,21 %, 4,01
%). Seule la muraille de C. albotarsalis ne paraït pas enrichie par eet element (3,25 %). D'autre part,
les topsoils de C. fungifaber et T. macrothorax montrent un enrichissement significatif (p=0,01) en
carbone (5,32 % et 4,67 %) par rapport aux sols témoins.
On note une légere augmentation du pH dans les murailles de P. niapuensis, C. fungifaber, N.
lamanianus, et f. macrothorax (respectivement 5,2; 4,8; 4,8; 4,5) par rapport aux topsoils témoins
(4,1).
En ce qui concerne les cations échangeables, on constate un enrichissement dans toutes les termitières
(mounds and topsoils) sauf dans la muraille du C. albotarsalis. Cet enrichissement est du plus
particulièrement au calcium puis dans une moindre mesure au magnesium et au potassium. Les
capacités d'échange sont comprises entre 10,5 et 19,1 dans les murailles et entre 10,4 et 21,4 méq dans
les topsoils. Les matériaux de C. albotarsalis (10,5 et 10,4 méq), deN. lamanianus (14,3 et 11,8
méq) et Ie topsoil de P. niapuensis (11,7) n'ont pas des valeurs significativement différentes de celles
des sols superficiels témoins (13,1 méq).
On enregistre une légere augmentation du phosphore assimilable dans les murailles de C.fungifaber,
N. lamanianus, P. niapuensis et T. macrothorax. Cette augmentation ne se retrouve pas dans les
topsoils avoisinants. n est enfin interessant de constater que les valeurs du fer et de raluminium des
termitières semblent correspondre a celles des horizons 12 - 35 cm des control soils, sauf 1'horizon Al
de P. niapuensis qui renferme des taux similiaires aux horizons superficiels témoins.
The humic compounds.
Le tableau 3 regroupe les taux en valeurs absolues des différentes extractions des composes humiques.
On remarque immédiatement que les FA/HA ratios ont une amplitude importante située entre 0,83 et
4,42.
Les murailles de N. lamanianus, C.fungifaber, T. macrothorax et P. niapuensis présentent un rapport
inférieur a 1 (respectivement: 0,99 ; 0,96 ; 0,89 et 0,83). La muraille de C. albotarsalis présente un
rapport FA/HA de 1,07. Les rapports AF/AH des topsoils termites sont compris entre 1 et 1,09 (sauf
celui de P. niapuensis qui est de 1,83). Ces valeurs sont tres significativement différentes de 1'horizon
superficiel témoin qui présente un rapport de 1,85 (p : 0,001),.
Les taux d'acides humiques dans les murailles des cinq espèces de termites considérées sont plus
élevés que dans les sols témoins.
Par contre, des variations sont enregistrées dans les sols termites. De 0 a 15 cm les sols de C.
albotarsalis, T. macrothorax, C.fungifaber et N. lamanianus montrcnt des taux HA significativement
plus élevés (p=0,01), mais de 15 cm a 35 cm seuls les horizons termites par C. fungifaber et T.
macrothorax sont encore perturbés (p=0,01) et présentent un taux plus faible d'acides fulviques que
ceux de N. lamanianus et C. albotarsalis.
Les sols situés sous les nids de P. niapuensis ne paraissent pas pertubés et présentent des valeurs
voisines des sols témoins.
Stabilité structurale (tableau 4)
Variation des taux d'agrégats selon les différents prétraitements :
- taux d'agrégats alcool (Ag.a).
L'inhibition a 1'alcool atténue considérablement le processus d'éclatement des particules et met
essentiellement en evidence la cohesion de l'échantülon. Le tableau 4 permet de voir que les taux
d'agrégats trouvés après le prétraitement alcool sont élevés et oscillent de 58,68 % (termitière de C.
albotarsalis) a 80,56 % (topsoil de C.fungifaber). Les horizons Ai témoins montrent un taux moyen
Ag.a compris de entre 65,14 % (tableau 1).
- taux d'agrégats benzème (Ag.b).
Le prétraitement au benzème donne les valeurs les plus basses : son action dispersante est plus ou
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Table 3 :

Distribution of humic compounds in the samples studied (absolute values)
(mean and standard deviation)
FA (free)

FA [pyro)

FA (NaOH)

HA (pyro)

HA ( N a O H )

Humln

FA/HA

Tot. org. C

N. lamtnianut mound
0-8 cm
8-15 cm
15-30 cm

0.46
0.48
0.33
0.18

(0.04)
(0.03)
(0.02)
(0.02)

0.52
0.51
0.39
0.15

(0.02)
(0.04)
(0.03)
(0.02)

0.45
0.34
0.21
0.10

(0.03)
(0.03)
(0.02)
(0.02)

0.96
0.85
0.31
0.14

(0.05)
(0.06)
(0.03)
(0.02)

0.48
0.38
0.33
0.08

(0.04)
(0.03)
(0.03)
(0.01)

1.56
1.31
1.14
0.36

(0.08)
(0.08)
(0.05)
(0.03)

0.99
1.07
1.45
1.95

4.43
3.87
2.71
1.01

(0.26)
(0.27)
(0.18)
(0.12)

C. tungiUbar mound
0-8 cm
8-15 cm
15-30 cm

0.57
0.71
0.59
0.16

(0.03)
(0.04)
(0.04)
(0.02)

0.76
0.72
0.51
0.16

(0.07)
(0.02)
(0.03)
(0.01)

0.57
0.40
0.29
0.13

(0.04)
(0.03)
(0.01)
(0.01)

1.16
0.98
0.82
0.25

(0.05)
(0.05)
(0.08)
(0.04)

0.81
0.69
0.59
0.13

(0.05)
(0.05)
(0.03)
(0.01)

1.77
1.82
1.68
0.59

(0.12)
(0.13)
(0.10)
(0.06)

0.96
1.09
0.98
1.18

5.64
5.32
4.48
1.42

(0.36)
(0.32)
(0.29)
(0.15)

T. macrothorax mound
0-8 cm
8-15 cm
15-30 cm

0.48
0.58
0.44
0.17

(0.05)
(0.03)
(0.02)
(0.02)

0.48
0.61
0.43
0.16

(0.02)
(0.05)
(0.03)
(0.02)

0.33
0.40
0.23
0.12

(0.02)
(0.01)
(0.02)
(0.01)

0.96
0.98
0.60
0.24

(0.08)
(0.04)
(0.03)
(0.03)

0.48
0.47
0.40
0.12

(0.03)
(0.05)
(0.02)
(0.01)

1.28
1.63
1.23
0.58

(0.11)
(0.09)
(0.09)
(0.06)

0.89
1.09
1.10
1.25

4.01
4.67
3.33
1.39

(0.31)
(0.27)
(0.21)
(0.15)

P. niapuanala mound
0-8 cm
8-15 cm
15-30 cm

0.43
0.53
0.21
0.15

(0.03)
(0.01)
(0.02)
(0.02)

0.51
0.38
0.20
0.14

(0.05)
(0.02)
(0.03)
(0.02)

0.31
0.19
0.12
0.09

(0.03)
(0.01)
(0.02)
(0.01)

1.04
0.42
0.16
0.13

(0.06)
(0.02)
(0.01)
(0.01)

0.46
0.18
0.14
0.07

(0.02)
(0.01)
(0.02)
(0.01)

1.46
1.13
0.44
0.33

(0.08)
(0.08)
(0.03)
(0.03)

0.83
1.83
1.76
1.90

4.21
2.83
1.27
0.91

(0.27)
(0.15)
(0.13)
(0.10)

C. albotaraalla mound
0-8 cm
8-15 cm
15-30 cm

0.41
0.42
0.33
0.19

(0.07)
(0.05)
(0.01)
(0.02)

0.40
0.41
0.32
0.17

(0.04)
(0.03)
(0.04)
(0.03)

0.25
0.24
0.20
0.14

(0.06)
(0.02)
(0.03)
(0.01)

0.71
0.65
0.49
0.18

(0.07)
(0.02)
(0.02)
(0.02)

0.28
0.45
0.35
0.11

(0.02)
(0.03)
(0.02)
(0.02)

1.20
1.21
0.94
0.44

(0.08)
(0.05)
(0.04)
(0.03)

1.07
1.00
1.01
1.72

3.25 (0.34)
3.33 (0.20)
2.63(0.16)
1.23 (0.13)

Control soil»
0-8 cm
8-15 cm
15-30 cm
30-70 cm
> 70 cm

0.53
0.24
0.14
0.13
0.14

(0.04)
(0.03)
(0.02)
(0.02)
(0.01)

0.39
0.19
0.13
0.12
0.11

(0.03)
(0.02)
(0.02)
(0.01)
(0.01)

0.17
0.14
0.09
0.06
0.06

(0.02)
(0.02)
(0.01)
(0.02)
(0.01)

0.42
0.17
0.12
0.08
0.05

(0.03)
(0.03)
(0.02)
(0.01)
(0.01)

0.17
0.14
0.07
0.04
0.02

(0.03)
(0.03)
(0.02)
(0.01)
(0.00)

1.11
0.54
0.30
0.20
0.17

(0.07)
(0.05)
(0.05)
(0.03)
(0.02)

1.85
1.84
1.90
2.58
4.42

2.79
1.42
0.85
0.63
0.55

(0.22)
(0.18)
(0.13)
(0-10)
(0.06)

Table 4 :

Structural stability data (mean and standard deviation)
Alcohol agg.

(%)
H. ImmmnluHf
mound

mound

mound
T.

mound

74.26(3.54)

5.76(0.86)

7.39(1.65)

56.96(2.12)

62.3(2.46)

11.04(1.36)

17.18(1.84)

61.7(2.54)

66.68(2.53)

7.44(1.06)

11.69(1.65)

79.14(2.65)

76.52(3.06)

8.04(1.12)

21.36(1.98)

66.84(2.82)

76.58(3.12)

8.28(0.82)

22.11(1.53)

62.94(2.51)

63.78(2.69)

3.96(0.56)

20.43(2.16)

66.14(2.31)
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0.14
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0.16

0.21

0.06

0.07

0.15

0.18

0.35

0.54

0.22

0.35

0.37

0.57

moins marquee selon la teneur en matière organique des échantillons. Les taux oscillent de 45,72 %
(mound de C. albotarsalis) a 79,14 % (topsoil de C. fungifaber). Les horizons Ai témoins montrent un
taux moyen d'Ag b de 54,22 % (tableau 1).
- taux d'agrégats eau (Ag.e).
Soumis uniquement a Taction de Teau, les échantillons de sol donnent un taux d'agrégats inférieur a
celui du prétraitement a 1'alcool. L'air resté emprisonné dans les pores, provoque une dislocation plus
importante des unites structurales. Seules, les murailles des termiuères de C. fungifaber, P. niapuensis
et T. macrothorax montrent un taux d'Ag.e supérieur aux Ag. a.
- Fraction argile + limons fins maximum (%).
Cette fraction fine (< 20 mm) est déterminée dans Ie filet du tamis, sans dispersion préalable ni
destruction de la matière organique, par la pipette Robinson. Le pourcentage d'éléments minéraux fins
des murailles étudiées varie de 5,76 (N. lamanianus mound) a 8,76 (C. albotarsalis mound) et dans les
topsoils de 3,96 (topsoils de T. macrothorax) a 14,18 (topsoils de C. albotarsalis). Les horizons Ai
témoins enregistrent un pourcentage moyen de 11,13 % d'éléments fins. La comparaison des taux de
cette fraction fine, obtenus par cette experimentation, dans les murailles des nids X< a 9 %) et les
valeurs réelles de cette fraction daps la texture (> a 50 %) met bien en evidence le role des colloïdes
dans 1'agrégation des particules.
- les sables grossiers (en %).
La teneur en sables grossiers des échantillons varie de 7,39 % dans la muraille de N.
lamanianus a 24,80 % dans les topsoils témoins. Ces chiffres sont a rapprocher de la texture
minéralogique des échantillons, oü 1'on remarque en effet que la muraille de N. lamanianus renferme
un faible taux de sables grossiers.
- Indice 1$ (instabilité structurale)
Les determinations de l'indice Is et la valeur du log 10 Is sont données dans les tableaux 1 et 4. Toutes
les valeurs des log 10 Is sont inférieures a 1, sauf pour les horizons B2 des sols témoins (1,22). On
remarque immédiatement que la muraille de N. lamanianus (log 10 I s = 0,07), ainsi que celles de C.
fungifaber (log 10 I s = 0,15), P. niapuensis Oog 10 I s = 0,18) et de T. macrothorax Oog 10 I s = 0,21)
sont particulièrement stables. De la même facon les horizons Ai perturbés par T. macrothorax Oog 10
I s = 0,07) et ceux par C. fungifaber (log 10 I s = 0,15) montrent une meilleure stabilité structurale que
le topsoil témoin Oog 10 Is = 0,45). La muraille de C. albotarsalis et les horizons perturbés par N.
lamanianus ont des valeurs proches de celles des témoins (respectivement log 10 Is = 0,35 et 0,39).
Notons enfin que les horizons perturbés par C. albotarsalis et P. niapuensis montrent un indice d'
instabilité structurale légèrement plus élevé que les autres échantillons (log 10 Is = 0,57 et 0,54).
Discussion. Dans les écosystèmes tropicaux. Taction des termites sur les sols, compte tenu de leur
densité et de leur diversité, est importante. De nombreux travaux relatent ponctuellement Taction de
quelques espèces humivores (1), (2), (9), (30), (32), (33), (34), (39). Nos résultats montrent la
complexité des repercussions du travail de ces termites sur la dynamique des sols.
En ce qui conceme la texture des termitièrcs, seules les murailles de C. fungifaber, N. lamanianus et P.
niapuensis montrent un rapport clay/coarse sand significativement différents des horizons superficiels
témoins. Ces espèces enrichissent en argile leurs matériaux de construction au détriment des sables
grossiers. Deux hypotheses peuvent être formulées : 1- elles opèrent un tri sélectif lors de leur
prélèvement, 2- elles descendent profondément chercher leur materiel de construction; les horizons
profonds présentant intrinsèquement un plus fort taux d argile. Nos observations de terrain ne
permettent pas cependant de retenir la seconde hypothese particulièrement en ce qui concerne Tespèce
N. lamanianus ; ses galeries ne descendent pas au-dela de 15 cm de profondeur. On peut done
supposer que ces espèces opèrent un tri lors de leur prélèvements. La muraille de T. macrothorax est,
a Tinverse, enrichie en sables grossiers (clay/coarse sand = 1,23).
Comme cela a souvent été révélé (27), les taux de matière organique et de cations écheangeables sont
plus élevés dans les matériaux construits par les termites humivores. Il faut cependant noter que dans
cette étude Tespèce C. albotarsalis n'enrichie pas significativement sa termitière de ces elements.
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Seul Ie phosphore assimilable est présent en plus grande quantité, par rapports aux sols témoins, dans
toutes les termitières. De plus, son taux est fortement élevé dans les topsoils affouillés par C.
fungifaber et T. macrothorax.
Il est a présent admis que 1'incorporation des dejections et la trituration de la terre avec la salive par les
ouvriers lors de la construction des matériaux influencent positivement ces différents elements
chimiques, mais comme Ie montre ces résultats, des differences importantes sont enregistrées pour
chaque espèce.
En ce qui concerne les valeurs du fer et de 1'aluminium échangeable, nous constatons une nette
augmentation dans toutes les termitières (murailles et topsoils) par rapport aux valeurs de 1'horizon
superficiel témoin. Les valeurs des horizons superficiels termites se rapprochent des valeurs de
rhorizon 12-35 cm témoin. Cette constatation permet de supposer que Taction d'affouillement des
termites se produit dans cette zone. Notons cependant des valeurs moindres dans 1'horizon Al perturbé
par N. lamanianus, pouvant laisser a penser que cette espèce descent moins profondément lors de
1'affouillement, confirmant les observations de terrain. Notons aussi, des valeurs identiques a 1'horizon
superficiel témoin dans Ie topsoil situé sous Ie nid de P. niapuensis. Cette demière observation, ainsi
que 1'ensemble des analyses effectuées sur eet horizon permettent de penser que 1'espèce P. niapuensis
ne perturbé pas Ie sol situé sous son nid.
Distribution des composes humiques.
A partir des travaux effectués par les chimistes de 1'humus (19), (20), (21), (36), (24), (25), (35), (3),
nous avons tenté un essai d'interprétation des résultats obtenus dans ce travail concernant Ie róle
particulier des termites dans la formation du complexe argilo-humique des sols. On peut estimer que les
sols témoins analyses présentent les caractéristiques suivantes ; 1'humus formé sous climat tropical
humide (sol acide et normalement drainé) se caractérise par 1'apport important de résidus végétaux au
sol ; ces résidus se transforment rapidement et donnent dans un premier stade de 1'humine héritée
fortement fixée sur 1'argile. La ligninolyse et la degradation des pigments bruns sont intenses et
donnent d'une part, des produits phénoliques solubles, dont une partie foumit les acides fulviques
libres ; d'autre part, une autre fraction évolue simultanément vers des composes humiques de
condensation. La dominance en profondeur des acides fulviques est surtout expliquée par la
dépolymérisation des acides humiques qui donne des acides fulviques, mais aussi par la migration Ie
long du profil des acides fulviques libres, bien qu'en grande partie, ils soient rapidement degrades au
fur et a mesure de leur penetration dans les horizons (15).
Dans les murailles construites par les termites humivores de cette étude, on constate que la matière
organique renferme un taux important d'acides humiques, induisant des rapports AF/AH voisin de 1.
Cette observation est également faite sur les topsoils des espèces N. lamanianus, C. fungifaber, T.
macrothorax et C. albotarsalis et permet de dire que cette matière organique est plus polymérisée que
celle des horizons humifères témoins. Seul, 1'horizon situé sous Ie nid de P. niapuensis n'enregistre
pas de variations par rapport aux témoins, confirmant notre précédente hypothese.
Ainsi, on est en droit de penser, comme nous 1'avons montré pour T. macrothorax (10), (12), (15))
qu'en mélangeant intimement les débris végétaux en decomposition avec les elements phylliteux du
sol, dans leur tube digestif, ces termites humivores facilitent la stabilisation des acides humiques
nouvellement formés, car ces acides se fixent sur les argiles et sont done protégés.
L'activité biologique (en particulier 1'incorporation des dejections dans les constructions) de ces
espèces dans un horizon humifère acide (pH = 4,2) oü normalement on enregistre une mineralisation
rapide du complexe argilo-humique, influence les processus de transformations et d'humification de la
matière organique. Il y a formation de molecules condensées d'acides humiques, énergiquement
floculées et intimement liées a l'argile. On peut done supposer que Ie complexe argilo-humique ainsi
formé est stable et plus difficilement minéralisable. On peut également présumer, qu'en isolant dans
leurs excrements la lignine et les polyphenols déja biodégradés, et en les abandonnant a 1'air dans un
milieu humide (galeries souterraines ou nid), les termites favorisent encore la transformation des
nombreux composes phénoliques en polycondensats humiques. En tant qu'acides polycarboxyliques et
polyhydroxylés, les composes humiques sont susceptibles de donner avec les cations du sol des
combinaisons tres stables. En effet, de par leurs propriétés colloïdales et leurs affinités pour les
cations.
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les substances humiques sont fréquemrnent associées, tant dans les sols que dans les extraits alcalins, a
une quantité importante d'argiles finement dispersées (3).
Il faut a ce propos rappeler 1'origine et Taction de certains cations dans 1'évolution des composes
humiques. Dans un sol évolué sous vegetation permanente (forêt), les uns proviennent de 1'altération
des réserves minérales du sol, les autres sont apportés en majorité par les litières et 1'activité biologique
et ils participent alors a ce qu'il est convenu d'appeler Ie "cycle biogéochimique". Le fer et raluminium
proviennent en majorité de 1'altération des minéraux. Le calcium peut avoir les deux origines, certains
cations n'exercent qu'une action négligeable dans 1'évolution des composes humiques : ce sont les plus
mobiles, soit parce qu'ils existent sous la forme de sels solubles (K + ), soit parce qu'ils forment des
complexes tres mobiles et tres rapidement biodégradés (Mg ++ ) (8). L'enrichissement en cations de
liaison (fer, Aluminium et calcium) des termitières doit done être souligné comme un facteur important,
influencant le complexe argile-humus de ces matériaux.
A ce point de vue les termites humivores jouent un role important dans le cycle de la matière organique
du sol et contribue è sa conservation.
La stabilité structwale.
La stabilité structurale d'un sol est la résistence de la structure aux agents de degradation
(particulièrement la degradation par 1'eau en forêt). Rappelons qu'en forêt tropicale humide, les
variations pluviométriques sont marquees et que globalement 1'activité des termites est continue tout le
long de 1'année et n'est pas interrompue par une période de diapause. La valeur des échantillons est
done liée principalement è la durée de vie des termitières.
Nos résultats montrent que les murailles des termitières de C. fungifaber, N. lamanianus, P.
niapuensis et T. macrothorax ainsi que les topsoils de C. fungifaber et de T. macrothorax sont
remarquablement stables par rapport aux sols témoins.
Différents facteurs influencent la stabilité structurale des sols, principalement la matière organique, la
texture et les cations (20), (5). Lerapprochementdes taux de matières organiques des échantillons et
des indices I s met en evidence une forte correlation entre ces deux paramètres (r = - 0,89 + 0,04)
correlation lineaire negative). Cette correlation est encore plus significative si 1'on rapproche les taux
d'Ag b (agrégats benzème) et les indices Is (r = - 0,94 + 0,03). Les taux d'agrégats stables après
prétraitement au benzème est selon Monnier (29) le test qui convient le mieux a 1'interpretation des
phénomènes, car la resistance des unites structurales a la destruction est liée a leur faible mouillabilité.
Cette dernière dependant principalement de la matière organique: les termitières de C. albotarsalis et les
topsoils de N. lamanianus et de P. niapuensis, renfermant un taux moindre de matière organique,
présentent une moins bonne stabilité structurale.
Les termitières montrent une grande variation dans leur rapport argile/sables grossiers. On était
en droit de penser que les murailles de C. fungifaber, N. lamanianus et même P. niapuensis, qui
renferment un fort pourcentage d'argile par rapport aux sables, présenteraient une faible stabilité
structurale comme ce füt le cas pour Macrotermes mülleri (13). On voit qu'il n'en est rien, et ces
résultats montrent que le facteur texture joue un role secondaire sur la stabilité structurale, dans le cas
de notre étude, par rapport a la matière organique. Quant aux cations a valeur élevée et peu hydrates, ils
sont fortement lies aux colloïdes humiques et provoquent leur floculation en annulant leurs charges
negatives (37). Ds favorisent done la formation d'une structure stable. Mais comme nous l'avons déja
publié Garnier-Sillam et al (13), seule Taction complémentaire matière organique-cations influence la
stabilité des agrégats du sol. Dans les échantilons de M. mülleri termite champignonniste renfermant un
fort taux de cations échangables, mais un faible taux de colloïdes organiques, Taction floculante des
cations était apparue, a ce point de vue, potentiellement inexploitée.
Conclusion
Our study highlights the complexity of pedological activities of humivorous termites. As their impact
varies depending on their diets and their building behaviour any generalisation has to be "handled with
care".
This study showed that the species C. fungifaber, T. macrothorax, P. niapuensis and N. lamanianus

126

build nests which, by the biological activity of the termites, are enriched with organic material and
exchangeable cations when compared to the control soils. Termite influence on the horizons around the
nest varies according to the species reflecting the a marked ethological divergence. In fact, the species
C. albotarsalis alters its horizons down to a depth of 30cm, N. lamanianus to a depth of 15 cm and
P. niapuensis did not seem to cause any disturbance. The materials worked by C. fungifaber and not
enriched by organic matter did not differ in stability from the controls.
The efficient species were shown to enrich their materials with organic matter and they certainly
influence the stabilisation of humic acids by mixing thoroughly decomposited plant debris and soil clay
particles in their gut-tract
We think that, as in the case of T. macrothorax, the stable organo-mineral microaggregates resulting
from termite activity, which are incorporated in the wall of the nest or in the humiferous horizons, do
not mineralize easily. Therefore the metabolic activity of the termites prooves to be beneficial for the
elaboration of the argilo-humic complex of the soil. Consequently certain humivorous termites play an
important role in the turn over of organic matter in the soil and contribute to its conservation. The
physical properties are changed and die termitaries show a higher structural stability then the control
horizons. However our results indicate that one cannot generalize and that ethological studies have to
be performed together with physico-chemical analyses. As a matter of fact, only a more detailed
ethological study of C. albotarsalis will enable us to understand why its feeding and building
behaviours do not influence their environment in the same way as that of other relative species.
Likewise, a close study of the dietary behaviour of the species P. niapuensis will unravel how and
where termite workers do tap their materials.
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The contribution of melolonthid larvae to soil fertility
Francisco J. Villalobos. Instituto de Ecologia Apartado Postal 63 Xalapa 91000,
Veracruz, Mexico
Introduction. Larvae of soil Coleoptera Melolonthidae (sensu ENDRODII, 1966) are commonly
known as white grubs, grass grubs, vers blancs, capitao, gallinas ciegas, chisas, gusanos blancos,
etc. Unlike most of their Scarabaeoidea relatives, these insects have historically been regarded as
serious pests in areas of herbaceous vegetation around the world (HURPIN 1962, MILN 1964,
FLEMING 1972, LIM et al 1980, TASHIRO 1987, ALLEN 1987, KELLER & ZIMMERMANN
1989, CHAPMAN 1990, JACKSON 1992), a trend that has been followed in developing countries
(JEPSON 1956, AMAYA & BUSTAMANTE 1975, ALVARADO 1983, VEERESH 1984,
RODRIGUEZ-DEL-BOSQUE 1988, GASSEN & JACKSON 1992, VILLALOBOS 1992).
Concern about the control of these insects has concentrated study on control, rather than
consideration of the possible beneficial role they may play in the soil. As a result of this, little
information is available to quantify and ponder detrimental and beneficial effects. With the
existing information, is not possible to compare, in quantitative terms, the beneficial role of
melolonthid larvae with other soil macro-invertebrates. Concerning melolonthid larvae, there is a
lack of integration of recent findings from economic entomology and soil biology and very often
this information is contradictory. Evidences suggest that the potentiality of soil macrofauna may
be bidirectional either to beneficial or detrimental effects on soil functions and crop yields (HOLE
1981, LAL 1988).
Economic entomologists have emphasized their efforts to test pest control strategies and to
obtain immediate practical returns. On other hand soil biologists have excluded these insects from
the list of the beneficial soil macrofaunal groups (earthworms, myriapods, ants and termites)
having a potential for amelioration and restoration of fertility (ANDERSON 1988, LAL 1988,
CURRY & GOOD 1992, SIMS, 1992).
The aim of this paper is to present some ideas about the possible beneficial contribution of
melolonthid larvae on soil fertility when sub-economic densities or balanced soil systems occur.
Such ideas may help to explain obscure ecological patterns and unexpected experimental results,
in trials based on the assumption that the activity of these insects in the soil is exclusively
detrimental. Hopefully, this contribution will encourage a search of experimental support for
many of these potentially beneficial activities, and a more rational decision-making process in pest
management.
ECOLOGICAL FUNCTIONS OF MELOLONTHID LARVAE
The direct and indirect activities that melolonthid larvae perform in the soil may take place
at different hierarchical levels. These functions are closely interconnected and are practically
impossible to separate one from the other. As soil is a system with a spatial and temporal
complexity, most modifications of the soil environment caused by faunal alterations are relative to
the global conditions. There are many controversial speculations about detrimental or beneficial
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The functions of melolonthid larvae on soil fertility may be classified as physical, chemical
and biological.
PHYSICAL FUNCTIONS
Many of the positive traits that have been attributed to the mechanical action of
earthworms may also be applied to melolonthid larvae. They belong to the soil macrofauna and
have the ability to move freely around this environment. These insects may be useful in assisting
aeration, drainage and root penetration. Moreover, through their feeding and burrowing activity,
they may either transport organic and inorganic materials down to deeper layers or bring them to
the soil surface. They may also help to mix mineral and organic material (YAACOB 1967,
POTTINGER 1976).
Movement of melolonthid larvae is affected by several interrelated factors that act in a
hierarchical way. Root biomass, root attractants, C0 2 concentration, quality and amount of
organic matter, moisture, temperature, texture and structure may affect the speed, distance and
direction of larval migrations in the soil (RICHTER 1958, TASHIRO et al. 1969, KELSEY 1970,
SUTHERLAND 1972, RIDSDILL-SMITH 1975, BOYD 1975, GALBREATH 1988).
As early as the beginning of the century SMITH & HADLEY (1926) made an interesting
observation about the way Popillia japonica Newm. grubs move in the soil. These authors
reported: "The larvae forms a cell in the soil slightly larger than their body and feeds on the fine
rootlets at the top and bottom of the cell. The grubs usually follow the course of the rootlets until
these are consumed before attacking others". Third instar larvae of Costelytra zealandica (White)
in sieved soil revealed a similar way of movement in which they describe circular trajectories and
maintain their body in a curl-shape position most of the time (unpl. obs.). In a laboratory study on
feeding behaviour, third instar larvae of Sericesthis nigrolineata (Boisd.) moved less in soil in the
presence of dead roots than in soil alone, and less in soil in the presence of living roots than with
dead roots (RIDSDILL-SMITH 1975). Third instar larvae of C. zealandica, under laboratory
conditions and in the absence of the plant tissue are able to move over 6.4 m/month (KELSEY
1970). However, under field conditions lateral movements does not exceed 61 cm in one
generation (FENEMORE 1965). TASHIRO et al. (1969) reported an average rate of 30 cm per
day in third instars of Amphimallon majalis (Raz.). The economically important melolonthid
larvae in Britain which include Melolontha (L.), Phyllopertha horticola (L.) and Amphimallon
solstitialis (L.) seem to have restricted lateral movement. (Anon. 1971 in KAIN 1975). MILN
(1964) estimated that the average distance travelled by P. horticolla from egg to pupae is less than
31 cm. The possible existence of larval arrestants in plant roots, has been suggested to explain the
limited movement of C. zealandica larvae under field conditions (KAIN 1975). However, under
laboratory conditions, C. zealandica larvae shows a trend to move towards an artificial source of
C0 2 (GALBREATH 1988). A factor that is closely related with root activity and soil organic
matter decomposition. Chemical stimuli has been suggested by Boyd (1975) as a mechanism to
explain larval attraction to roots of carrots and parsnip in C. zealandica. This author states that 6pinene and a-fenchol are active compounds with a potent larval chemical attraction under
laboratory conditions. Movement in soil melolonthids may also be explained in terms of the
relationship between the energetic cost of movement and the nutritional benefit of the substrate.
Soil moisture and temperature influence larval migrations. In first and second instar larvae
of A. majalis, 4% of soil moisture was found to be the critical value that triggered movement in a
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gradient of soil dryness (TASHIRO et al 1969). In addition, the temperature range of 11.7 to
27.2°C was optimum for this insects. Movement into soils within this range occurred from both
higher and lower temperatures. KELSEY (1970) observed that at soil moisture lower than 10%
second instars of C. zealandica were located 15 to 18 cm deep in the soil, but in response to 2.5
mm of rain moved into the top 2.5 cm within 18 hours. At moisture levels above 16%, the
distribution of grass grub larvae appears independent of moisture.
It seems likely tha under field conditions, larval vertical movement is more common than
horizontal movement. According to KELSEY (1951) larvae of C. zealandica move to deeper soil
layers depending of the stage of development, availability of food and soil moisture. Vertical
movements have been mainly studied for the third instar larvae. First instar seldom inhabit the
upper 5 cm of the soil and feed on the vicinity where the eggs hatched. Second instar are located
in the upper 5 cm of the soil. However the movements may be greater in second instar larvae of
hemivoltine populations (STEWART & STOCKDILL 1972). Under irrigated pasture EAST
(1972) noted that approximately 40% of the second instar population inhabited the top 2.5 cm,
where third instar larvae are often present. In a higher rainfall area in Otago, irrespective of
larval maturity, the majority of larvae with exception of the prepupae were present in the top 5
cm (STEWART & STOCKDILL 1972). According to GALBREATH (1970), third instar larvae
are able to detect small changes in moisture level and move down to avoid hydric stress but
become unresponsive to moisture at the prepupal stage. Moreover, second instar larvae seem to be
more responsive to moisture gradients than third instar. Movement to deeper layers in the soil
occurs during the cool or dry season. C. zealandica larvae descend in the soil in response to
climate to hibernate and ascend with the rising temperature during spring to feed before pupation
(MILLER 1945 in KAIN 1975). However contradictory observations suggest that this species
behaves as most New Zealand melolonthids being present in the upper layers actively feeding even
under frozen soil (GIVEN 1952). Diurnal migrations deeper than 20 cm take place in third instar
C. zealandica larvae in Canterbury during the onset of the winter (unpl. obs.). Larval movement
on the grass surface by C. zealandica larvae has been reported at Dorie in Canterbury
(POTTINGER cited in BARRATT 1982). According to BARRAT (1982) O. striata immature
stages are normally no deeper in the soil than about 12 cm. Eggs and third instar larvae have not
been found below 5 cm and are also just below the turf mat. Larvae of all the feeding stages are
not uncommonly recovered from pitfall traps. Larvae seem to move on the pasture surface and to
be active there. More larvae entered pitfall traps after a period of wet weather than when
conditions were dry. In the prepupal stage of C. zealandica the power of locomotion is reduced.
The abdomen is bent forwards and the legs are folded. The only movement is the flexing of the
abdomen GALBREATH (1970). Phyllophaga hirticula (Knoch) pupae have been observed at 60
cm below ground (RICHTER 1958).
Interspecific differences in patterns of horizontal and vertical distribution among
Melolonthid larvae were observed in a tropical grassland (VILLALOBOS 1991). A diverse larval
community coexisted in this soil where 5 species were the most important. Most species are
highly aggregated during egg, first, second and early third instars. However this pattern becomes
more uniform or random as dry season progresses. Late third instars of Hoplia squamifera Burm.
are an exception as they aggregate during the dry season. During first instar stage, only
Cyclocephala immaculata (Oliv.) was represented at a depth of 20-30 cm. Second and early third
instar of Phyllophaga ravida (Blanch.), Phyllophaga trichodes (Bates) and Hoplia squamifera
Burm. may be found below 20 cm. Late third instars occur during the dry season and a high
proportion of larvae of all species migrate to deeper horizons (10-30 cm). Pupation was observed
from 10 to 20 cm in C. immaculata and H. squamifera; however in most species occurred in the
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layer from 0-10 cm of soil. Measures of soil pF and soil temperatures are recommended to know
if the hydric and thermic range in which melolonthid larvae live is significantly different in
temperate and tropical localities.
Apart of being determined by environmental conditions, vertical migration of melolonthid
larvae may also be result of geneiic factors. Migrations to the bottom of a 10 cm rearing cage
took place in M. mexicanus, Phyllophaga vetula (Horn) and Phyllophaga blanchardi (Arrow)
before pupation in a soil moisture higher than 30% (unpl. obs.) RICHTER (1958) observed
differences in the depth in which Phyllophaga spp pupae inhabit and suggested that the species
even though closely related taxonomically are distinct entities biologically. Recent evidences on
the specific differences of temporal and spatial distribution patterns of melolonthid larvae under
laboratory (VILLANI & NYROP 1991, VILLANI & WRIGHT 1990) and field conditions
(VILLALOBOS 1991) confirm this statement. The pattern of movement may vary considerably in
larvae of different subfamilies. Cetoniinae larvae may move dorsally or ventrally in a flat surface.
TASHIRO (1987) mentions that larvae of Cotinis nitida L. crawl to the surface at night to fed on
the dead and decaying organic matter in golfcourses.
The hierarchical effects of the different components that determine horizontal and vertical
distribution in these insects is a matter that has been poorly explored. According to KELSEY
(1970) where moisture is not critical, the position of C. zealandica larvae in the soil profile is
influenced by availability of food. The set of larval movements in melolonthids is therefore the
response to environmental stimuli and to intrinsic factors.
Effects on soil erosion and grass composition
Some authors suggest that melolonthid larvae damage is also associated with soil erosion
problems. SMITH & HADLEY (1926) observed that apart of the direct injury to the grass roots,
P. japonica larvae left the soil soft and spongy after an active burrowing. TASHIRO et al. (1969)
consider that regardless of the type of plant damage, destruction of ground clover by A. majalis
larvae has lead to serious soil erosion problems on hilly terrain. YAACOB (1967) states that by
passing soil though their gut, larvae of C. zealandica may adversely affect soil structure. The soil
may then become fluffier and prone to drying out as well as to impose adverse conditions for
regeneration of damaged root systems. These observations suggest that densities above the
carrying capacity may also be destructive for a life-supporting soil environment. An essential trait
of balanced soil system is the ability to create soil conditions compatible with life in the longterm, particularly with the vegetation that satisfies human needs.
Negative effects on grass composition have also been attributed to melolonthid larvae.
Lawns damaged by A. majalis larvae left areas that eventually were invaded by weeds (TASHIRO
et al. 1969). In Australia and New Zealand apart of the usual damage, other more subtle effects
may also occur through insects altering the composition of improved pastures (ALLEN 1987;
CHAPMAN 1990). Ryegrass and white clover are susceptible to C. zealandica attack which
dramatically produce changes in pasture quality (RADCLIFFE 1970). Indirect negative effects on
cattle of insect-induced changes in plant species composition have been suggested by
POTTINGER (1976) and CHAPMAN (1990). Cosmetic damage caused by this insects on lawns,
turf or golf courses deserves special treatment because of its low injury threshold level and its
artificiality. Regrettably, in these cases beauty and ecology are considered as antagonists and
preventative measures are desirable. In the case of grasslands and pasturelands the alteration of
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the grass composition may also be regarded as an increase in plant diversity which may improve
the stability of the system. In the context of the low-input sustainable agriculture, new crops
design will require a more objective assessment of effects and probably a change in the way we
relate with plants and soil insects.
CHEMICAL FUNCTIONS
Melolonthid larvae may contribute in a significant way to the nutrient cycles, particularly
N, S and P. There are five main pathways in which they may participate: (a) mobilization and
prevention of nutrient leaching; (b) exportation of nutrients above and below ground; (c)
horizontal redistribution of soil nutrients; (d) synergetic catalysis of mineralization and (e)
humification.
a) Mobilization and prevention of nutrient leaching.
Elements are mobilized in the insect body and this could be a biological mechanism which
prevents leaching. YAACOB (1967) suggests that C. zealandica larvae are selective feeders on the
N rich organic matter in the soil and this selective feeding habit accounts for the fact that casts
contain higher total and mineral N than the adjacent soil. Based on YAACOB's calculations, the
amount of N mobilized by C. zealandica larvae is about 1.2% live weight. Considering a
population range of 300-1000 ind. m-2 and an average live weight of 100 mg for a third instar
larvae, the amount of N locked up in the insect bodies may account for 3.6-11.9 kg N ha-1.
Survival of C. zealandica from egg to adult has been estimated as 17% under field conditions
(PLUNKET & KAIN 1979). In a tropical grassland the survival from egg to adult under field
conditions was calculated to be between 5 and 8.5% for five main species (VILLALOBOS 1991).
Therefore, most of this N is slowly released back to the soil.
b) Exportation of nutrients above and below ground.
Nutrients are exported from the soil through predation of larval populations or through
adults emerging from the soil and being incorporated in the above ground trophic web. On the
other hand, nutrients are exported to deeper layers of the soil through vertical migration and
release of material by metabolic activity or death.
Predation of C. zealandica larvae and adults by starlings (Sturnus vulgaris L.) has been
studied by EAST & POTTINGER (1972) as a biological control tactic. These authors showed that
between 40 and 60% of reductions in grub population during May and July may be attributed to
starling predation. Although predation of adults appears to have a negligible effect on C.
zealandica populations this is a clear example of the flux of matter and energy from soil to the
aboveground system in which melolonthids participate. Taking into account above YAACOB's
data and the conditions observed by EAST & POTTINGER (1972), it is possible to make a
theoretical estimation of the magnitude of N transfer from C. zealandica to S. vulgaris. In the
conditions of Winchmore (a larval density of 400-900 ind. m-2 and a predation rate of 50% by a
population of 150 starlings) the amount of N that a starling would obtain from this resource
between March and July would range from 1.59 to 3.57 mg N. However, this estimation assumes
equal resource repartition and a 100% assimilation rate, conditions that are uncommon in nature.
According to CAIRNS (1980) larvae of the melolonthid Rhopaea verreauxi Blanch accumulate
higher levels of N, P, S, Na, K and, at some stages Mg, than that of the surrounding soil. Except
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for N the standing crop of the chemical elements measured were quite small. This author
concludes that is unlikely that this insect would act as a sink for nutrients in grazed pastures.
Despite this ecological process has received little attention, it is suspected that its magnitude in
fragile modified ecosystems may be significant.
c) Horizontal redistribution of soil nutrients.
Nutrient redistribution through the action of melolonthid larvae may probably be subtle and
its ecological significance is unknown. In pastures, grazing vertebrates may cause concentration of
nutrients in particular areas of the soil under dung and urine patches (WILLIAMS & HAYNES
1990). C. zealandica larvae are one the few abundant species in these soils that may help to
redistribute these nutrients. Because of the restricted movement of the life stages of R. verreauxi
in Australian pastures, they were not considered as significant agents in the movement of nutrients
inwards or outwards of the soil system. However the long-term effect that these insects may have
in nutrient redistribution should also be considered, specially in areas of low soil fauna diversity.
The flux of minerals from upper to lower layers in the soil and vice-versa is closely
associated with the movements, metabolic activities and death of melolonthid larvae. More
research is needed to assess the real contribution of melolothid larvae in nutrient redistribution.
This information may also help to optimize the use of fertilizer inputs in pastures.
d) Synergetic catalysis of mineralization
Melolonthid larvae participate in soil organic matter decomposition. Theoretically
mineralization of organic compounds may be either accelerated or delayed. Synergetic degradation
occurs through ingestion and comminution of complex organic compounds, which render them
more accessible to microbial attack. Delay may take place if grazing of larvae on microorganisms
exceeds their spreading, stimulation and renewal of microbial populations involved in
decomposition. As these insects have the facultative ability to feed on soil organic matter, this
must have an effect on the mineralization of organically fixed N, S, and P, which is a source of
nutrients for plants. The significance of C. zealandica larvae in soil organic matter mineralization
in introduced pastures has been pointed out by YAACOB (1967). This author states that these
larvae influence the mineralization process in two steps: (a) by producing ammonium-nitrogen in
the animal gut (ammonification) and (b) by producing nitrate-nitrogen in the droppings
(nitrification). In a field experiment it has been observed that C. zealandica larvae have an effect
on increasing the amount of C and N present in soil microbial biomass (VILLALOBOS et al.
1994). In this respect the contribution of this insect to soil fertility in New Zealand pastures is
similar to that of earthworms (YAACOB 1967, POTTINGER 1976).
e) Humification
Nothing is known about the effect that microbial activity stimulated by melolonthid larvae
may have in the humification process. Neither it is known if there is an increase of the cation
exchange capacity as a result of direct or indirect activities of these insects. YAACOB (1967)
suggested to assess the contribution of larvae of C. zealandica in forming clay colloid complexes
and humic materials. In theory, formation of stable organic compounds in the soil which increases
cation exchange capacity may be a factor linked to an enhancement of the carrying capacity for
soil invertebrates.
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BIOLOGICAL FUNCTIONS
The biological functions of the soil in which melolonthid larvae are involved are many.
They affect producers (mainly plant roots), soil microorganisms, microfauna, mesofauna and other
macrofaunal groups. These effects are primarily related with the trophic flux of abiotic and biotic
soil components.
Trophic interactions with plant roots and soil organic matter
The mainstream entomological research on this group still assumes that the economically
important melolonthid larvae are obligate root-feeders (HURPIN 1962, MILN 1964, LIM et al
1980, TASHIRO 1987, ALLEN 1987, CHAPMAN 1990, JACKSON 1992). However the
complex feeding behaviour of this group remains a matter of discussion. The relative importance
of living roots and other organic matter in the soil in the nutrition of melolonthid larvae has not
been clearly defined and there is no evidence to prove that any of the economic species is an
obligate root-feeder (RICHTER 1958, DAVIDSON & ROBERTS 1968). Observations suggest
that melolonthid larvae feed on a range of substrates that vary from living and dead roots of plants
(SMITH & HADLEY 1926) to other fractions of the complex pool defined as soil organic matter
(the operational definition followed in this paper can be found in VILLALOBOS et al 1993) or
humus (DAVIDSON & ROBERTS 1968, MILLER in SUTHERLAND 1971, KING 1977,
VILLALOBOS 1992).
The way in which melolonthid larvae utilize the tissues of living roots for their nutrition
remains an unsolved aspect of their biology. BAUCHOP & CLARKE (1975) failed to find
cellulose-utilizing bacteria and cellulolytic activity in the gut of third instar C. zealandica larvae.
These authors conclude that larvae do not make appreciable use of the structural carbohydrates in
the roots of pasture plants, but utilise the small quantities of starch and soluble sugar present.
Furthermore they state: "Such digestion may explain the high through put of dietary root material
and the highly destructive effect of the larvae on pasture plants". After dissections of the foregut
of P. japonica larvae, SMITH & HADLEY (1926) found that the material eaten was composed of
small soil particles, fresh plant tissue and small pieces of plants which were partially decomposed.
Organic materials (mainly living and dead root particles) constitutes about 67% by weight of the
total material consumed by these larvae. According to these authors, P. japonica larvae may
survive in soil without living roots upon which to feed but conclude that the presence of roots is
extremely important for their development. Moreover, they have observed that entire series of
larvae have died for no apparent reason other than starvation when sod was not added to the soil.
Larvae develop best when an available source of organic material is provided in rearing cages
under laboratory conditions (BEDFORD 1980, WIGHTMAN 1972). Replacement of fresh soil
during rearing may be an important factor that could allow prolonged survival or successful
completion of the life cycle. C. zealandica larvae grow and develop satisfactorily on a diet of
sheep dung or humus and this insect has been reared for two generations in humus devoid of
living plant matter (MILLER in SUTHERLAND 1971). Similar observations have been made
with larvae of Macrodactylus mexicanus (Burm.), a suspected strict root-feeder that completes its
life cycle in bare soil under laboratory conditions. In addition, a numerous population of this
insect was found as early third instar actively feeding in the soil of a bare fallow cornfield
(VILLALOBOS 1992).
Damage on grass production has been reduced when a source of soil organic matter has
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been added to the soil. RADCLIFFE (1970) observed a reduction in the damage caused by C.
zealandica larvae on pastures when cow dung was applied to the soil. Mulching with hay was also
recommended by HALLOCK (1936) to protect strawberry plants from the rutelid A. castanea in
New Jersey. The possible mechanisms involved in this effect are: (a) organic matter is an
alternative direct or indirect source of food for the insects; (b) organic matter encourages the
presence of insect natural enemies; (c) organic matter offers better soil condition and nutrient for
plant growth and (d) interactions of all previous possibilities. It is difficult to isolate the
independent contribution of each one of these effects as all of them are likely to occur
simultaneously.
A different degree of genetic determinism of the root herbivory may also be recognized
among populations of melolonthid larvae. Larvae of Phyllophaga vetula (Horn), P. blanchardi
(Arrow) and M. mexicanus were reared in bare soil under identical laboratory conditions. Larvae
of Phyllophaga were reared successfully from egg to third instar larvae. However, a massive
mortality of third instar larvae occurred even when replacements of fresh soil were made every
two weeks. Contrarily to both species of Phyllophaga, M. mexicanus completed its whole life
cycle under the same conditions, (unpl. obs.). In New Jersey, 50 plots without vegetation were
examined and no larvae of P. japonica were found but in 50 plots with vegetation, an average of
seven larvae were found close to plant roots (SMITH & HADLEY 1926). The association of the
presence of the larval stage with a particular crop in the soil is an unreliable indication of the real
source of nutrition for these insects and has been a common extrapolation of damage since the
beginning of the century (HAYES 1929).
RICHTER (1958) and MORON (1983) have suggested different degrees of dependence on
living roots and organic matter among subfamilies of Scarabaeoidea. Nevertheless, these different
evolutive degrees of rhizophagy should be taken with reservations because local adaptations may
occur among populations in the same subfamily or genus. Most of soil Scarabaeidae Aphodiinae
are an ecologically and morphologically uniform saprophagous-coprophagous group of insects.
However, larvae of Aphodius tasmaniae Hope has become an important pest of roots in pastures
of Australasia (CARNE 1956, MAEZLER 1960, POTTINGER 1968). Furthermore, although
many of the presumed rhizophagous Phyllophaga spp larvae collected by HAYES (1929) were
present in soils of crops, most larvae of P. submucida were collected under manure in a pastures
at Kansas. HALFFTER & EDMONDS (1982) and CAMBEFORT (1991) suggest that in
Scarabaeinae the saprophagous habits are a primitive character in the family. This evolutive trait
may also be shared by their Melolonthidae relatives in which a trend to increase the degree of
rhizophagy would be the modern character (CROWSON 1981, MORON pers. com.). However,
soil organic matter remains an important, and probably essential, component in the insect diet
under field conditions.
Trophic interactions with microorganisms
The possibility that larvae of Melolonthidae may graze on soil microorganisms should not
been excluded. Theoretically, soil algae could be a potential source of food. The presence of a
fermentation chamber containing an abundant and diverse microflora suggests the existence of an
internal rumen in their hindgut (BAUCHOP & CLARKE 1975). A similarly rich microflora was
also observed in the midgut of larvae of Holotrichia serrata (F.) (GUPTA & RAN A 1988) but the
nature of this relationship is uncertain . It is unknown to what extent these microbes are a direct
or indirect source of material for the insect, or if they establish a particular kind of symbiotic
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relationship. As these insects are commonly found close to living plant roots, the grazing activity
they may have on microbial populations of the rich rhizosphere should be strongly considered.
Trophic interactions with other soil micro, meso and macrofauna.
No information is available about the fact that melolonthid larvae may feed on protozoa,
mites, springtails or even nematodes. Many species of mites are associated with melolonthid
larvae and adults (CROCKER et al 1992). The relationship between these mesofaunal groups is
presumed to be either phoresic, parasitic or mutualistic. However little experimental evidence
about these interactions exists. Competition among grubs, mites, collembolans and earthworms in
the soil is an aspect that has been scarcely explored. Feeding preferences may overlap at some
stages. Occasional predation of earthworms by third instar larvae of C. zealandica in field and
laboratory conditions has been observed in Canterbury pastures (unpl. obs.).
Melolonthids are the source of matter and energy for many species in the soil. Rickettsia,
bacteria, protozoa, fungi, nematodes, mites, wasps, carabids, spiders, frogs, lizards, birds, moles
and other mammals are known as natural enemies of melolonthid larvae and adults since the
beginning of the century (DAVIS 1919).
Dispersion of mycorrhizae
Melolonthid grubs may have an important role in the transmission and distribution of
microorganisms involved in soil fertility. There is an important amount of external mycelium of
Vesicular-arbuscular mycorrhizal (VAM) fungi in soils of grasslands (TISDALL & OADES
1979). Such a network comprises a potentially large source base for soil food webs (RABATIN &
STINNER 1988). Some evidence suggests that many species of macroarthropods affect the density
or distribution of external hypha by grazing or other mechanisms. VAM fungi spores have been
found in the gut of scarab beetles (RABATIN & STINNER 1988). Although no reports are
available, melolonthid larvae are in close contact with the plants' rhizosphere and are likely to
ingest VAM mycelium and spores. Whether soil-dwelling melolonthid larvae may ingest, digest or
disperse fungi is unknown.

Grazing of plant root pathogens
Root-feeding by melolonthid larvae may cause colonization of roots by fungal mycelium.
This event may be regarded in two opposite directions: (a) pathogen entry into roots via lesions
may result after insect attack (BROWN & GANGE 1990) and (b) the action of plant pathogens
could be reduced either as a result of insect grazing on plant pathogenic microorganisms, or a
better colonization of plant roots by beneficial microorganisms, such as mycorrhizal fungi that
could compete with soil-borne plant pathogens (RABATIN & STINNER 1988, CHUNG et al,
1988). A low larval density and a high diversity of microbial communities in the soil may lead the
direction of this process towards beneficial or detrimental net effects. Again, no information is
available on the matter, and more research is needed to understand this phenomena better.
Root pruning and regeneration
Low densities of melolonthid larvae may stimulate vegetative growth. In a recent review,
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BROWN & GANGE (1990) strongly suggest that when parts of the root system are removed by
feeding, the replacement of roots is very rapid. The ability to produce adventitious roots is
frequent in plants and root proliferation in response to moderate feeding damage appears to be the
rule. According to these authors: "When lateral root proliferation occurs in response to levels of
root herbivory below those affecting foliar production, root attack may be of possible benefit for a
plant". Feeding by melolonthid larvae on decaying parts of plant roots could also improve soil
fertility. The nutritive value of this fraction of the soil organic matter may be enhanced once
microbial colonization and decomposition activity take place.
CONCLUSION. Many of the beneficial traits attributed to earthworms (ANDERSON 1988, LEE
1983, LAVELLE 1983, FRAGOSO, et al 1993), ants (LAL 1988), termites (LEE 1983) and
collembolans (VILLALOBOS 1990) may also be attributed to melolonthid larvae. The
Scarabaeoidae group have received most of the attention for the study of the incorporation of
animal and plant residues to increase soil fertility (HALFFTER & EDMONDS 1982). However,
many evolutive traits of the larvae of Scarabaeidae are shared by larvae of Melolonthidae. The
modification of the hindgut to form a fermentation chamber containing a diverse and abundant
microbial activity is an example. On the contrary, many negative characteristics have been
associated with species of Melolonthidae that have been historically considered as pests. Some
negative consequences of melolonthid larvae on soil functions are evident when high densities and
poor soil fertility conditions exists. Nevertheless, the effect of soil environment must be crucial in
the presence or absence of these adverse effects. In fact, the content of soil organic matter in
pasture of a locality in New Zealand plays an important role on the reduction of the root feeding
and damage caused by the larvae of the C. zealandica and in the natural regulation mechanisms of
larval populations (VILLALOBOS et al 1993 and 1994). It is strongly recommended to have an
objective measure of the economic threshold level as a prerequisite to implementing integrated
pest management programmes. A more rational understanding in the management of these insects
may help to reduce unnecessary inputs into agriculture.

Literature Cited
Allen, P.G. 1987. Integrated control of pasture pests - An enigma? Proc. 5th. Aust. Conf. Grass.
Inv. Ecol. : 129-138
Alvarado, L. 1983. Danos de insectos del suelo en semillas de plantas cultivadas. Informe
Técnico No 180. INTA, Argentina.
Amaya, L.M., and E. Bustamante. 1975. Control microbiológico de tres especies de coleópteros
plaga del suelo en Colombia. Revista ICA 10:269-281
Anderson, J.M. 1988. Invertebrate-mediated transport processes in soils. Agr. Ecosyst. Env.
24:5-19
Barrat, B.I.P. 1982. Biology of the stripped chafer, Odontria striata (Coleoptera Scarabaeidae). II
Larval development. N.Z. J. Zool. 9:267-278
Bauchop, T., and R.T.J. Clarke. 1975. Gut microbiology and carbohydrate digestion in the larvae
of Costelytra zealandica (Coleoptera:Scarabaeidae). N.Z. J. Zool. 2:237-243
138

Bedford, G.O. 1980. Biology, ecology and control of palm rhinoceros beetles. Ann. Rev.
Entomol. 25:309-339
Boyd, J.F. 1975. Attractants for the New Zealand grass grub Costelytra zealandica (White). M.
Agr. Sci. Thesis, Lincoln, College, New Zealand. 97 pp.
Brown, V.K., and A.C. Gange. 1990. Insect herbivory below ground. Adv. Fxol. Res. 20:1-44
Cairns, S.C. 1980. Energy and chemical element content of the life stages of Ropaea verreauxi
(Coleoptera:Scarabaeidae). Pedobiologia 20:131-140
Cambefort, Y. (1991). From saprophagy to coprophagy. Ch.2 p. 22-35. In: I.Hanski and Y.
Cambefort (ed.) Dung Beetle Ecology. Princeton University Press, New Jersey.
Carne, P.B. 1956. An ecological study of the pasture scarab Aphodius howitti Hope. Aust. J.
Zool. 4:259-316
Chapman, R.B. 1990. Insect pests, p. 448-467. In R.H.M. Langer (ed.) Pastures, their ecology
and management. Oxford University Press, .
Chung, Y.R., H.A.H. Hoitink, and P.E. Lipps. 1988. Interactions between organic matter
decomposition level and soil-borne disease severity. Agr. Ecosyst. Env. 24:183-193
Crocker, R.L., H.L. Cromroy, R.E. Woodruff, W.T.J. Nailon, and M.T. Longnecker. 1992.
Incidence of Caloglyphus phyllophagianus (Acari:Acaridae) on adult Phyllophaga spp and in other
Scarabaeidae (Coleoptera) in North Central Texas. Ann. Entomol. Soc. Am. 85:462-468
Crowson, R.A. 1981. The biology of the Coleoptera. 1st ed. Academic Press, London.
Curry, J.P., and J.A. Good. 1992. Soil faunal degradation and restoration. Adv. Soil Sci. 17:171215
Davidson, R.L., and R.J. Roberts. 1968. Species differences in scarab-pasture relationships. Bull.
Ent. Res. 58:315-324
Davis, J.D. 1919. Contribution to a knowledge of the natural enemies of Phyllophaga. Bull. State
111. Dep. Reg. Ed. 13,5 138 pp.
East, R., and R.P. Pottinger. 1972. Biological control of grass grubs by starlings. Proc. 5th.
Aust. Conf. Grass. Inv. Ecol. :239-243
Endrodii, S. 1966. Monographic der Dynastinae (Coleoptera Lamellicornia) I. Teil. Ent. Abh.
Mus. Tierk. Dresden, Bd. 33:1-40
Fenemore, P.G. 1965. Results of a field trial for the chemical control of the grass grub Costelytra
zealandica (White) (Melolonthinae Scarabaeidae) including information on its capacity for
reinfestation. N.Z. J. Agr. Res. 8:172-187

139

Fleming, W.E. 1972. Biology of the Japanese beetle. U.S. Dep. Agr. Tech. Bull. No. 1449, 129
pp.
Fragoso, C , Barois, I., Gonzalez, C., Arteaga, C. and J.C. Patron. 1993. Relationship between
earthworms and soil organic matter levels in natural and managed ecosystems in the Mexican
tropics, p. 231-239. In K. Mulongoy and R. Merckx (ed.) Soil Organic Matter Dynamics and
Sustainability of Tropical Agriculture. A Wiley-Sayce Co-Publication. IITA/K.U. Leuven.
Galbreath, R.A. 1970. Studies on the water relations of Costelytra zealandica. PhD thesis,
University of Canterbury, New Zealand.
Galbreath, R.A. 1988. Orientation of grass grubs Costelytra zealandica (Coleoptera:Scarabaeidae)
to a carbon dioxide source. N.Z. Entomol. 11:6-7
Gassen, D.N., and T.A. Jackson. 1992. Some aspects of the scarabaeid pest and their pathogen in
Southern Brazil, p. 281-286. In T.A. Jackson and T.R. Glare (ed.) Use of Pathogens in Scarab
Pest Management. Intercept, Andover, Hampshire.
Given, B.B. 1952. A revision of the Melolonthinae of New Zealand. Ent. Res. St. Pub. Bull No.
102, 172 pp.
Gupta, M., and R.S. Rana. 1988. Gut bacterial flora of Holotrichia serrata (F.)
(Coleoptera:Melolonthidae). Research and Development Reporter 5:12-14
Halffter, G., and D.W. Edmonds. 1982. The nesting behaviour of dung beetles (Scarabaeinae).
An ecological and evolutive approach. Instituto de Ecologia, México,D.F.
Hallock, H.C. 1936. Notes on the biology and control of the Asiatic garden beetle. J. Econ.
Entomol. 29:348-356
Hayes, W.P. 1929. Morphology, taxonomy, and biology of larval Scarabaeoidea. 111. Biol.
Monog. 12:119 pp
Hole, F.D. 1981. Effect of animals on soil. Geoderma 25:75-112
Hurpin, B. 1962. Superfamille des Scarabaeoidea. 564 pp. In A.S. Balachowsky et al. (ed.)
Entomologie appliqueé a l'agriculture; Traite: Coleopteres. Masson, Paris.
Jackson, T.A. 1992. Scarabs-Pest of the past or the future? p. 1-10. In T.R. Glare and T.A.
Jackson (ed.) Use of Pathogens in Scarab Pest Management. Intercept, Andover, Hampshire,
Great Britain.
Jepson, W.F. 1956. The biology and control of the sugar cane chafer beetles in Tanganyika. Bull.
Ent. Res. 47:377-397
Kain, W.M. 1975. Population dynamics and pest assessment studies of grass grub Costelytra
zealandica (White) (Melolonthinae) in the North Island of New Zealand. Ph.D. Thesis. Lincoln
College, University of Canterbury, New Zealand, 297 pp.
140

Kelsey, J.M. 1951. Grass grub and caterpillar control. Bull. N.Z. Dep. Agr. : 1-19
Kelsey, J.M. 1970. Studies on the ecology and biology of Costelytra zealandica (White)
(Melolonthidae; Scarabaeidae; Coleoptera). Unpublished work. 36 pp.
Keller, S. and Zimmermann, G. 1989. Mycopathogens of soil insects, p. 240-270. In N. Wilding,
N.M. Collings, P.M. Hammomd and J.F. Webber (ed.) Insect-Fungus Interactions. Academic
Press, London. Great Britain.
King, P.D. 1977. Effect of plant and weight gain of larval black beetle. N.Z. J. Zool. 4:445-448
Lal, R. 1988. Effects of macrofauna on soil properties in tropical ecosystems. Agr. Ecosyst. Env.
24:101-116.
Lavelle, P. 1983. The soil of tropical savannas. I The community structure, p. 477-484. In (ed.)
Tropical savanna ecosystem. Ecosystems of the world. 13. UNESCO.
Lee, K.E. 1983. Soil animals and pedological processes, p. 629-644. In Division of Soils CSIRO
(ed.) Soils : an Australian viewpoint. Academic Press, London.
Lim, K.P., R.K. Stewart, and W.N. Yule. 1980. A historical review of the bionomics and control
of Phyllophaga anxia (Le Conte) (Coleoptera: Scarabaeidae), with special reference to Quebec.
Ann. Soc. ent. Quebec 25:163-178
Maelzer, D.A. 1960. The effect of temperature and moisture on the immature stages of Aphodius
tasmaniae Hope (Scarabaeidae) in the lower south-east of South Australia. Aust. J. Zool. 9:173202.
Miln, A. 1964. Biology and ecology of the garden chafer Phylloperta horticola L. IX. Spatial
distribution. Bull. Ent. Res. 54:761-795
Moron, M.A. 1983. Introduccion a la biosistematica y ecologfa de los Melolonthidae edaficolas de
México. In: M.A. Moron (Ed.) II Mesa Redonda Sobre Plagas del Suelo. Sociedad Mexicana de
Entomologia, Chapingo, Edo. de México: 1-13.
Plunket, I.G., and W.M. Kain. 1979. The use of frequency distribution models for spatial
distribution studies in soil-inhabiting insects. Proc. 2nd. Aust. Conf. Grass. Inv. Ecol. :229-233
Pottinger, R.P. 1976. The role of insects in modified terrestial ecosystems. N.Z. Entomol. 6:122131
Pottinger, R.P. 1968. Tasmanian grass grub Aphodius tasmaniae Hope - a pest of lightland
pasture and lucerne. Cant. Chamb. Comm. Agric. Bull. 465:1-7.
Rabatin, S.C., and B.R. Stinner. 1988. Indirect effect of interactions between VAM fungi and
soil-inhabiting invertebrates on plant processes. Agr. Ecosyst. Env. 24:135-146
Radcliffe, J.E. 1970. Some effects of grass grub Costelytra zealandica (White) larvae on pasture
141

plants. N.Z. J. Agr. Res. 13:87-104
Ridsdill-Smith, T.J. 1975. Selection of living grass roots in the soil by larvae of Sericesthis
nigrolineata (Coleoptera: Scarabaeidae). Ent. exp. & appl. 18:75-86
Ritchter, P.O. 1958. Biology of Scarabaeidae. Ann. Rev. Entomol. 3:311-334
Rodriguez-Del-Bosque, L.A. 1988. Phyllophaga crinita (Burmesiter), (Coleoptera Melolonthidae):
historia de una palga del suelo (1855-1988). Ill Mesa Redonda sobre Plagas del Suelo, Morelia,
Mexico: 53-80.
Sims, G.K. 1992. Biological degradation of soil. Adv. Soil Sci. 17:289-330.
Smith, L.B., and C.H. Hadley. 1926. The Japanese beetle. U.S. Dep. Agr. Circular No. 363, 67
pp.
Stewart, K.M., and S.M.J. Stoc.kdill. 1972. Two year life cycle in the grass grubs and their
implications in control. Proc. N.Z. Weed Pest Cont. Conf. 25:244-247
Sutherland, O.R.W. 1971. Feeding behaviour of the grass grub Costelytra zealandica (White)
(Coleoptera:Melolonthinae)-l The influence of carbohydrates. N.Z. J. Sci. 14:18-24
Sutherland, O.R.W. 1972. Olfactory responses of Costelyra zealandica (Coleoptera:
Melolonthinae) larvae to grass root odours. N.Z. J. Sci. 15 167-172.
Tashiro, H. 1987. Turfgrass Insects of the United States and Canada. 1st ed. Cornell University
Press, New York.
Tashiro, H., G.G. Gyrisco, F.L. Gambrell, B.J. Fiori, and H. Breitfeld. 1969. Biology of the
European chafer Amphimallon majalis (Coleoptera: Scarabaeidae) in Northeastern United States.
N.Y. State. Agr. Exp. St. Bull No. 828, Cornell University, New York, 71 pp.
Tisdall, J.M., and J.M. Oades. 1979. Stabilization of soil aggregates by the root systems of
ryegrass. Aust. J. Soil Res. 17:429-441
Veeresh, G.K. 1984. Management of white grubs in sugarcane cropping system. J. Soil Biol.
Ecol. 4:124-131
Villalobos, F.J. 1990. Estudio preliminar sobre la abundancia y diversidad de los Collembola
(Apterigota) de un bosque tropical del Noreste de México. Fol. Ent. Mex. 80:5-29
Villalobos, F.J. 1991. The community structure of soil Coleoptera (Melolonthidae) from a tropical
grassland in Veracruz, Mexico. Pedobiologia 35:225-238
Villalobos, F.J. 1992. The potential of entomopathogens for the control of White grubs pests of
corn in Mexico, p. 253-258. In T.A. Jackson and T.R. Glare (ed.) Use of Pathogens in Scarab
Pest Management. Intercept, Andover, Hampshire, Great Britain.

142

Villalobos, F.J., K.M. Goh, R.M. Emberson, R.B. Chapman, and R.B. McPherson. 1993.
Interacciones entre la materia organica del suelo, la bacteria Serratia entomophila Grimont et al y
la alimentación de larvas de Costelytra zealandica (White) (Coleoptera:Melolonthidae). p. 235253. In M.A. Morón (ed.) Diversidad y manejo de plagas subterraneas. Institute de Ecologia,
Xalapa, Veracruz, Mexico.
Villalobos, F.J., K.M. Goh, R.B. Chapman, and R.M. Emberson. 1994. Interactions among soil
organic matter, amber disease and grass grubs in Canterbury, New Zealand. 15th International
Congress of Soil Science, Acapulco, Mexico.
Villani, M.G., and J.P. Nyrop. 1991. Age-dependent movement patterns of Japanese Beetle and
European Chafer (Coleoptera: Scarabaeidae) grubs in soil-turfgrass microcosms. Env. Ent.
20:241-251
Villani, M.G., and R.J. Wright. 1990. Environmental influences on soil macroarfhropod
behaviour in agricultural systems. Ann. Rev. Entomol. 35:249-269
Wightman, J.A. 1972. Rearing Costelytra zealandica (Coleoptera:Scarabaeidae) l.The use of
organic and inorganic materials in soil-based larval rearing media. N.Z. J. Sci. 15:435-441
Williams, P.H., and R.J. Haynes. 1990. Influence of improved pastures and grazing animals on
nutrient cycling within New Zealand soils. N.Z. J. Ecol. 14:49-57
Yaacob, O. 1967. The influence of earthworms, Allolophora caliginosa Savigny, and the grass
grub, Costelytra zealandica White, on the availability of pasture soil nitrogen. Masters Thesis.
Lincoln College, Christchurch, N.Z.
ACKNOWLEDGMENTS. This paper is dedicated to Dr Patrick Lavelle for his contributions to
Soil Biology in Mexico. My special tanks to Dra. Isabelle Barois for the invitation to participate
in the interdisciplinary Symposium "Soil Function Changes Resulting From Faunal Alterations". I
am very grateful with. Bruce Searle and Robin J. MacPherson for their revision and comments on
the manuscript. CONACyT, Mexico, MERT, New Zealand and Lincoln University Foundation,
New Zealand have supported my studies and the present project would not have been possible
without their sponsorship. Any opinions expressed in this publication are those of the author and
do not necessarily reflect the views of the Department of Entomology and Animal Ecology of
Lincoln University.

143

Earthworm activity and functional and morphological
characteristics of soil structure
Monika Joschko*, Ole Wendroth*, Helmut Rogasik*, Karin Kotzke**
* Institute of Soil Research, ZALF, Research Centre for Agrolandscape
Ecology, 15374Miincheberg; **DV-Consulting, 30163 Hannover, Germany

Abstract
The relationship between earthworm numbers, morphological status of the soil
(macropore pattern) and hydraulic conductivity was studied in an agricultural field site in
northeast Germany. The site comprised a catenary sequence from different soil types,
from calcaric regosol to humic planosol. In spring 1993 earthworms were sampled at five
positions along the catena by handsorting. Parallely 50 undisturbed soil cores (diameter
19 cm, height 18 cm) were taken. After scanning the columns with a CT scanner which
yielded two-dimensional scan slices, the hydraulic conductivity was measured at three
soil water pressure heads close to saturation with a tension infiltrometer. Subsequently
the columns were destroyed and handsorted for earthworms. Three columns were
consecutively scanned for three-dimensional reconstruction of soil macropores.
The results yielded differences with respect to earthworm abundance with a maximum in
the medium position of the catena (280 individuals/m2). Whereas no correlation was
found between numbers of earthworms in soil columns present and number of
macropores (>2-3 mm), a relationship was detected between the position of the columns
with the highest number of macropores and the region of the catena characterized by
highest earthworm density.
No correlation was found between numbers of macropores (>2-3 mm) in twodimensional scan slices and unsaturated hydraulic conductivity at - 1cm pressure head.
The position of the columns with highest values could however be related to the region
of the catena with high earthworm density. In three cases where the macropores were
reconstructed three-dimensionally, the results of the hydraulic conductivity
measurements at - 1cm pressure head corresponded to the number and shape of
macropores.

144

Introduction
An interrelationship exists between earthworm activity and soil structure: earthworms
alter the soil structure for example by producing macropores which in turn affect the
physical properties of the soil. This functional relationship has been quantified in pot
experiments where alterations of soil structure could causally be related to the
earthworms inoculated (e.g JOSCHKO et al. 1989). By applying morphological
methods in addition to soil physical measurements, it is possible to identify functionally
important characteristics of soil structure which are the result of the earthworm activity
and which determine for example the hydraulic performance of the soil. Pot experiments
have shown that the relative effect of earthworms on the soil structure depends on the
original status of the soil: In a highly compacted soil the burrow pattern is characterized
by reduced burrow length and lower burrow continuity (e.g. SCHRADER et al., in
press). It may be assumed that the interrelationship between soil structure and earthworm
activity (Fig. 1) contributes to a homeostasis with respect to soil functions. However we
are still far from understanding details of this complex relationship.

earthworm
activity

HZ
soil structure

K

soil
function

Fig. 1 Interrelationship between earthworm activity, soil structure and soil function
In order to elucidate the relationships between earthworm activity and structural and
functional characteristics of soil under natural conditions, zoological, morphological and
soil physical analyses have to be applied in a systematic fashion. The following approach
is thought to be suited to help to understand one side of the interrelationship, i.e. the
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influence of earthworms on soil structure in the field, and in a broader sense, their
influence on landscape functions.
The approach encompasses the following steps:
1. Analysis of earthworm numbers and species composition in the field, possibly
identification of ecological subunits of the landscape.
2. Analysis of the morphological status of the soil (e.g. macropore patterns).
3. Analysis of the functional implications of soil structural features (e.g. hydraulic
conductivity).
4. Quantification of the relationship between earthworm numbers and soil structure
(macropore pattern).
5. Estimation of the influence of earthworms on soil functioning at the studied site.
Once these steps are followed up at a number of different sites and landscape units, a
basic pattern of the functional relationship between earthworm numbers and their
ecological consequences for soil may be identified (6). This would contribute to a better
understanding of landscape functions focussing on the soil structure as a key factor for
highly important transport, leaching and plant growth processes.
In the past mainly single aspects of the faunal-structural-relationship have been studied ,
for example the relationship between number of macropores and hydraulic properties of
the soil (e.g. EHLERS, 1975), number of earthworms and number of macropores (e.g.
PETERS, 1984) and number of earthworms and soil physical and soil chemical
properties (e.g. POIER & RICHTER, 1992). Three-dimensional analyses of earthworm
burrow systems at sites of known earthworm density have been made by
KRETZSCHMAR (1978), LIGTHART et al. (1993) and MCKENZIE & DEXTER
(1993). No soil physical measurements have been connected with these studies.
The following results are presented from a study in northeastern Germany where steps 13 were applied at one time of the year. The results are to be evaluated as a "snap shot"
which does not yet allow for the steps 4-6. However they are suited to test the suitability
of the approach, the methods applied and allow for refinement of hypotheses tested.
The chosen site is a catena characterized by a sequence of different soil types from top to
bottom under agricultural management. By analyzing earthworm numbers along the
catena and systematically sampling undisturbed soil columns for the assessment of
macropores by means of X-ray computed tomography, subsequently measuring the
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unsaturated hydraulic conductivity and finally collecting the earthworms present in the
columns, the following questions were addressed: What is the earthworm abundance and
species composition at different positions of the catena ? What are the morphological
characteristics of the soil, e.g. macropore pattern? How can the soil be hydrologically
characterized ? What kind of relationship exists between the observations ?
The following hypotheses were tested: a) Due to the severe impact of earthworms on
soil structure there is a close correlation between macropore pattern, i.e. number and
shape of macropores and numbers of earthworm present in soil columns,
b) Due to the functional importance of earthworm channels for water movement, there is
a strong correlation between macropore pattern and unsaturated hydraulic conductivity
close to water saturation at - 1 cm pressure head (corresponding to pores < 3 mm).

Materials and Methods.
The site. The field site is situated at 58°46' N, 46°36' E nearby the village Bölkendorf in
the state of Brandenburg, Germany. It is a 15-20 % slope of pleistocene origin cut by
erosion processes in the upper convex slope and with a sediment layer in the lower
concave slope of up to 1 m thickness (SCHMIDT 1991). Therefore it comprises a
catenary sequence of different soil types from top to bottom: 1. calcaric regosol at the
top (30.8 % silt, 14.2 % clay), 2. calcic luvisol, 3. humic luvisol (27.4 % silt, 18.4 %
clay), 4. stagnic humic luvisol (28.2 % silt, 9.3 % clay) and 5. humic planosol (34.1 %
silt, 10.1 % clay) at the bottom. Total slope length is about 100 m. At the time of
sampling the crop was rape seed (Brassica napus) with a high degree of weed infestation
(e.g. Taraxum officinale, Capsella bursa-pastoris, Stellaria media).

Assessment of earthworm numbers. On April 20, 1993, two blocks of soil with a size of
50 cm x 50 cm x 20 cm adjacent to profile pits were excavated and handsorted at 5
positions along the catena representing the 5 soil types (Fig. 2). The earthworms which
totalled to about 400, were weighed and identified to species according to SIMS &
GERARD (1985).
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Fig. 2 Positions of 5 profile pits and 50 undisturbed soil columns along a transect across
a catenary sequence in Bölkendorf. Indicated is also the slope of the catena and soil
texture changes across the catena.
Sampling and analysis of undisturbed soil cores. On April 22 and 23, 1993, 50
undisturbed soil cores (Fig. 2) with a inner diameter of 19 cm and a height of 18 cm were
taken across the catena (ROGASK et al., in prep.) along a transect with a distance of
1.80 m between the columns from a soil depth of 3 to 21 cm after the vegetation cover
and the upper soil layer were removed. The monoliths were transported to a hospital
(Universitatsklinikum Rudolf-Virchow Berlin-Wedding) and horizontally scanned with a
Siemens Somatom Plus CT scanner at 120 kV, 330 mA*s, zoom 2.4 with a slice
thickness of 1 mm at 1 cm intervals. The scan slices were fixed on radiographic film for
analysis. On 3 scan slices in a soil depths of approximately 5, 11 and 17 cm of the 50
samples the number of macropores >2-3 mm, probably produced by earthworms, over an
area of 163 cm2 was eye-counted. On May 15 and July 3, respectively, three soil columns
were consecutively scanned at 120 kV, 330 mA*s, zoom 2.4 with a slice thickness of 1
mm (column 31 ) and 2 mm (column 34 and 40). The CT data in this case were saved on
magnetic tape and processed according to JOSCHKO et al. (1992). The segmentation
threshold was 10 units out of a 256 value density scale. Macropores ^ 1 mm were
subsequently visualized in three dimensions.

148

Following the CT scanning the unsaturated hydraulic conductivity was measured at soil
water pressure heads of -10 cm, -5 cm and - 1 cm using a disc infiltrometer (PERROUX
& WHITE, 1988; SMS, 1992) on top of the soil column and a membrane at the bottom
boundary with the same negative pressure head in order to allow for steady state flow.
After the soil physical measurements the soil core was cut and handsorted for
earthworms. 261 individuals were weighed and identified to species.

Results and Discussion
Earthworm abundance and species composition.
The density of earthworms at the 5 profile pits across the catena varied between 80 and
280 individuals/m2 (40 and 110 g fresh weight/m2). Maximum densities were found in the
medium position of the catena (humic luvisol), minimum densities at the top and bottom
positions (calcaric regosol, humic planosol) (Fig. 2 and 3).
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Fig 3 Abundance of earthworms (Lumbricidae) at 5 profile pits across the catena
representing 5 different soil types (1. calcaric regosol, 2. calcic luvisol, 3. humic luvisol,
4. stagnic humic luvisol, 5. humic planosol from top to bottom)
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The species present at the site were Apporectodea caliginosa (Savigny) 1826,
Apporectodea rosea (Savigny) 1826, Allolobophora chlorotica (Savigny) 1826 and
Lumbricus terrestris Linnaeus 1758 with A. caliginosa being the dominant species (Fig.
4). With respect to species composition from top to bottom, the top position seems to
protrude slightly with Apporectodea rosea being almost as abundant as Apporectodea
caliginosa.

A.cal

Fig. 4 Species composition of earthworms collected at 5 profile pits; left: individuals,
right: biomass
The number of earthworms in the undisturbed soil columns varied between 1 and 19
(equivalent to 35 and 665 individuals/m2) with a mean of 5. The species composition in
the undisturbed soil columns showed almost the same pattern as the results of the
earthworm sampling at the profile pits except that A. rosea was slightly more abundant
(Fig. 5).
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Fig. 5 Species composition of earthworms found in 50 undisturbed soil columns; left:
individuals, right: biomass

Relationship between earthworm numbers, number of macropores and water movement
in 50 soil cores.
The estimated number of macropores (> 2-3 mm) in the scan slices across the 50
positions of the transect varied between 1 and 20 (equivalent to 62 and 1240
macropores/m2) with a mean of 6.8 in the upper analyzed scan slice (approximate soil
depth 5 cm). The variability between the samples was extremely high. According to the
pattern of variability a subunit within the transect was distinguished. Maximum numbers
of soil pores were found in columns between the positions 20 and 34. After filtering the
first macropores series with a 5 pt. moving average, clear differences with respect to the
mean number of macropores between the medium positions in contrast to top and
bottom positions of the catena became obvious (Fig. 6). In the series of the second
analyzed scan slice (approximate soil depth 11 cm) maximum numbers were also found
in columns from positions 20 to 34 (Fig. 7). The macropore numbers from both soil
depths were correlated with r = 0.76. In the third analyzed scan slice (approx. soil depth
17 cm) macropore numbers showed a high variability with no apparent relation to
column numbers and no correlation to the two upper scan slices.
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Fig. 6 Number of pores (5 pt. gliding averages) in X-ray computed tomography scan
slices (soil depth approx. 5 cm) in 50 soil columns
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Fig. 7 Number of pores X-ray computed tomography in scan slices (approx. 5 and 11
cm soil depth) in 50 soil columns
The position of columns in which maximum numbers of macropores were found (20 to
34) corresponds to the catena positions with high earthworm densities (Fig. 2 and 3). A
causal connection may be assumed. The spatial process of the clay content shows a
similar trend with a maximum in columns from position 13 to 35 (Fig. 2 and 8). Also the
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content of organic C shows comparably high values between positions 20 and 34
suggesting the importance of both parameters as possible key factors for earthworm
distribution at this site during this time of the year (Fig. 9).
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Fig. 8 Changes of clay content in 50 samples across the catena
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Changes of organic C content in 50 samples across the catena
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Only low correlations were found however between the number of earthworms in the soil
columns and the number of macropores (r = 0.26) or between single species numbers and
macropores. A reason for the lack of correlations may be that the vegetation and
shallow soil layer above the soil columns had to be removed before sampling the
columns. A high and variable number of earthworms might thus have been removed as
well. Also a high temporal variability of earthworm numbers and the movement of
earthworms may be responsible for the lack of correlation with the macropore pattern
being a more conservative, less temporally variable parameter.
The values for the unsaturated hydraulic conductivity at -1 cm pressure head
(corresponding to pore sizes of < 3 mm) varied between 4.5 and 283.5 cm/d with a high
variability (Fig. 10). Less pronounced than with respect to the macropore numbers a
subunit within the transect might still be distinguished. Maximum values are found in
columns between positions 15 and 39, which corresponds to the medium region of the
catena with high earthworm densities. The top and bottom positions of the catena are
characterized by lower values of unsaturated hydraulic conductivity at -1 cm pressure
head. The respective values of the hydraulic conductivity at -5 and -10 cm pressure head
did not yield any pattern which could be related to positions on the catena.

cm/d
300 i

13

5 7 9 1113 15 1719 2123 25 27 29 3133 35 37 39 4143 45 47 49
position of soil columns

Fig. 10 Unsaturated hydraulic conductivity at -1 cm pressure head in 50 soil columns
across the catena
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No correlation was found however between number of earthworms present in the
columns and unsaturated hydraulic conductivity at -1 cm pressure head ( r = 0.14) nor at
-5 and - 10 cm, Similarly no correlation was found between the number of macropores
derived from two-dimensional scan slices and the unsaturated hydraulic conductivity at 1 cm pressure head (r = 0.2). This lack of correlation might be partly explained by the
size differences between the pores counted (> 2-3 mm) and the ones hydrologically
measured (< 3 mm), yet mainly by the three-dimensional shape of macropores, i.e.
connectivity and continuity of pores may rather influence water conduction than the
number of pores determined from a slice.

Relationship between two-dimensional scan slices, three-dimensional pore structure,
earthworm numbers and unsaturated hydraulic conductivity
Fig. 11-13 show scan slices from three different columns of position 31, 34 and 40 with a
pixel size of about 0.4 mm in which all those pores are visualized, which are defined by
threshold density values of < 10 (out of 256 density values). This procedure resulted in
imaging a minimum number of pores actually present in the soil column. Differences
between the three columns are obvious already in the scan slices, with high pore numbers
in columns 31 and 34 and lower porosity in column 40.
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Fig. 13 Scan slice of soil column # 40
The differences become more pronounced after the three-dimensional reconstruction of
the system of pores > 1 mm (Fig. 14-16). In the images the total number of pores in the
column (19 cm diameter) are summarized in all planes. As the earthworms found in the
respective column have definitely affected the pore system, the shape and size of pores
may be related to the number, age and species of earthworms found in the respective
column.
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Fig. 14 Three-dimensional visualization of soil pores (> 1 mm) assessed by means of Xray computed tomography in soil column #31
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Fig. 15 Three-dimensional visualization of soil pores {> 1 mm) assessed by means of Xray computed tomography in soil column # 34
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Fig. 16 Three-dimensional visualization of soil pores (> 1 mm) assessed by means of Xray computed tomography in soil column # 40
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The pore pattern in column 31 (Fig. 14) shows besides a dense meandering net of
connected and disconnected small pores some larger pores which seem to be continuous
over some cm. A main pore direction could not be identified yet. They might have been
caused be endogeic earthworm species. One specimen of A. rosea was found in the
column (Tab. 1).
Column 34 shows a dense mat of mainly vertically oriented small pores (Fig. 15). The
column was characterized by a large number of earthworms (19), mainly young ones.
Both columns are from positions in the medium part of the catena (humic luvisol with
high earthworm numbers).
In contrast, the number of pores in column 40 is considerably reduced (Fig. 16). Several
continuous burrows can be identified which may be produced by juveniles of Lumbricus
terrestris, a species which was actually found in the column. The column is from a
position in the bottom part of the catena (humic planosol characterized by low
earthworm numbers). Tab.1 summarizes characteristics of the columns with respect to
.macroporosity (> 1mm), earthworm numbers and hydraulic conductivity near saturation.
Indicating the promising aspects of this approach, the macroporosity and hydraulic
conductivity mainly through macropores follows the same rank order.
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Tab. 1: Characteristics of three soil columns (position # 31, 34 and 40) with respect to
macroporosity (> 1mm), earthworm numbers and hydraulic conductivity.
Parameter

Column 31

Column 34

Column 40

#
visualized
pixels
indicating
pores

1 408 201

476 234

205 848

ill

225

152

66

% of soil
volume

4.5

3.2

1.5

k (-1 cm)
cm/d

136.030

84.080

27.060

# earthworms/
biomass
in columns

1 /0.4 g

19/4.54g

4/0.8 g

species
found in
columns

A.rosea

A.cal (4),
A.ros (JI),
A.chl. (2)

A.cal (1)
A.ros (2)
L.ter(l)

0)
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Conclusions.
1 The morphological macropore pattern in soil and its hydraulic conductivity in pores
< 3 mm could grossly be related to the estimated average earthworm density within the
catenary sequence of the site studied. Higher earthworm density seemed to be connected
with higher soil structural variability.
2. A correlation between number of macropores, hydraulic conductivity near saturation
and actual number of earthworms present in soil columns could not be detected.
3. A comparison between a limited number of three-dimensional pore reconstructions
and hydraulic conductivity at - 1 cm pressure head shows that the applied methods direct
to a promising approach to detect functional relationships between macropores
(earthworm burrows) and soil hydrological function.
4. The relative contribution of earthworm channels to the overall macropore pattern in
undisturbed soil cores is still unclear and deserves further attention.
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Foreword
by
W. G. Sombroek
The issue of biodiversity is very much debated these days. At the World Conference on
Environment and Sustainable Development (UNCED) in Rio de Janeiro, July 1992, a Framework
Convention for the Preservation of Biodiversity was signed by many countries. It was to be ratified
by at least 30 countries before entering in force, which took place at the end of 1993. The Convention
deals mainly with floral and faunal diversity above-ground. This symposium is meant to draw
attention to the biodiversity below-ground, to highlight the relationship between the diversity of
edaphic conditions and above-ground biodiversity, and to evaluate the effects of human influence on
this relationship.
Biological diversity is defined as the variety and variability among living organisms and the
ecological complexes in which they occur (McNeely et al., 1990). It has three levels: ecosystem
diversity, species diversity and genetic diversity. The ecosystem diversity is the variety of habitats,
biotic communities and ecological processes. Soils, therefore, are part of this level of diversity,
together with near-surface climatic conditions, landform, surface and subsurface hydrology and the
spatial and temporal variation in geomorphological processes.
Species diversity refers to the variety of living organisms. It combines species richness with species
evenness, the former being the number of species in a given size unit of land, for instance 100km2,
and the latter being the degree of equal abundance of the different species within such a unit : the
more species and the more equally abundant they are, the greater is the species diversity. Soils per
se if at all considered as living beings, would have a high species diversity if many different types
occur at short distance and if they occur in a repetitive pattern: the soil-and terrain units approach of
the SOTER project of ISSS/ISRIC/UNEP/FAO would allow to quantify the species diversity of soil.
The macro- and micro fauna and the micro flora in soil should definitely be considered as an inherent
part of biological diversity. High species diversity of soil flora and fauna is little quantified
geographically but there is no doubt that it stimulates all kinds of soil processes, and this is discussed
in the lead paper of Lee at this Symposium.
The species diversity can be of different type. The alpha-type (after Whittaker, 1977) is the
diversity within a homogeneous habitat, say identical soils. Deep soils of high humus content and fair
to high species diversity of this type. The beta-type is between-habitat diversity, or the degree of
difference between two contrasting habitats in their species composition as measured along an
ecological gradient. Some example are the paper of Karanja on the variation of Rhizobia occurence
in African soils, and the paper of Zvyagintsev on microorganisms in different soil types in Russian
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soils. The gamma-type is the diversity of a large geographic unit such as an island or major
landscape, in a sense the combination the combination of alpha and beta diversity of such a unit.
Inside soils this type has been little explored, but an interesting example is given in the paper by
Guevara and Laborde on the function of soil as store rooms of seeds of above-ground natural
vegetation. Moldenke's paper elaborates on the conceptual linkages between soil biodiversity of the
gamma-type and the functions of above-ground systems. A practical example of these linkages is
given in the paper on Amazon landform and soils in relation to biological diversity (Sombroek, 1991)
and in the detailed study by Michelangeli on the lithobiomes of the Roraima Tepai in Venezuela, also
the presentation by Broil on the influence of the soil mosaic on biodiversity at heath sites in the
European Subarctic zone can be grouped in this category of species diversity. Epsilon diversity, as
the total diversity of groups of areas, applying to large biogeographic regions or biomes is yet another
category. It can be assessed and compared for natural biomes (humid tropics lowland forest versus
tropical savannah such as theCerrado area of Brazil, versus boreal forests, versus tundra vegetation
. etc..) but also for major agro-ecological regions.
Finally, there is the concept of species endemism: a plant or animal species occurs only in a
certain area and nowhere else' it is native, restricted or peculiar to a locality or region (McNeely et
al. 1990) and may then have a large intra-specific germplasm variation or genetic diversity. Such
rarity can be related to very specific natural resources conditions as exemplified in the Michelangeli
paper ( extreme climatic conditions, exceptionally rich or poor soils; peculiar hydrological
conditions). It may also relate to situations where past climatic, geomorphologic, soil and hydrological
conditions were little different from today and without interruption, thereby providing refugia. In soil
the endemism of fungi and protozoa has been utilized for the creation of ex-situ genebanks such as
American Type Culture Collection (ATCC) in Rockville, Maryland. Indigenous people have always
made use of the medicinal properties of soils. In the meantime, pharmaceutical companies have
collected - and patented- scores of soil microbial species from refugia-like sites all over the world for
the production of antibiotics and hormones (Mooney, in press). There is merit in setting apart
representative sites of major soil under their natural vegetation, not only to study and monitor local
soil forming processes under natural conditions and at any man-induced climatic change, but also to
safeguard their microbiological storehouse function.
Modification of the biological diversity in and soils under various forms of land use is part
of the subject of Fragoso and Rojas on a concrete example of changes in soil micro and macro fauna
in Mexican setting.
Mono-cropping of arable lands, with high inputs in mineral fertilizers and chemical control
of diseases and pests, will decrease the diversity of species both above and below ground, or at least
make them inactive (Rhizobia, mycorrhizae). On the other hand, longterm mixed smallholders
farming, which utilizes the local variation of physiographic conditions has often resulted in a manmade extra intra-specific variation and even evolution of new species. These so-called land races,
are a valuable asset of traditional farming communities- and the study of such in-situ germplasm
variation in soils deserves more systematic attention.
It is hoped that this Symposium will generate the formulation of concrete research programs
on soils as providers, stores and generators of biodiversity. Also here the adage holds: soil is much
more than dirt.
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The Functional Significance of Biodiversity in Soils
K.E. Lee. CSIRO Division of Soils, Glen Osmond, SA 5064, Australia
Abstract
This paper deals briefly with the nature of biodiversity in soils - the multiplicity of organisms
that make up the soil biota. It then investigates the relationships between food webs, energy and
nutrient flow, and physical properties of soils, relating these to biodiversity. Soil fertility is seen
as a combination of inherent mineralogical fertility, relating to the chemical composition and
weathering of soil minerals, and biological fertility, relating to the rate of turnover of plant
nutrients through the plant-soil biota system, as defined by Maldague (1970). The role of
biodiversity in regulating biological fertility is seen as having primary functional significance in
soil management for sustainable productivity. The proposition that a high level of diversity
confers stability on ecosystems is examined and it is concluded that although this may often be
true for the soil biota, the sustainable productivity of some agroecosystems may increase with
decreased biodiversity of the soil biota. Better understanding of the functional significance of
biodiversity in soils would provide new approaches to soil management.
Introduction
Biodiversity is an expression of the variety of living things, at genetic, species and ecosystem
levels. A count of the number of species or genotypes in a biological community is a simple
measure of diversity, but interactions between the components, and their relative abundance are
also important. Studies of community structure, niche definition, and food webs underpin much
current work on biodiversity.
The primary objectives of soil science include the understanding of the processes that regulate
the formation and fertility of soils, and the management of soils to achieve maximum sustainable
productivity. Many, if not most, physical and chemical properties of soils required for plant
growth are affected strongly by biotic processes (van Breemen 1993). Maldague (1970)
distinguished two major components that together encompass soil fertility. These are inherent
mineralogical fertility, the supply of plant nutrients from weathering of primary or secondary soil
minerals, and biological fertility, which is determined by the rate of circulation of the pool of
available nutrients in the soil-plant system. Rapid circulation of a small pool of nutrients can
maintain a level of fertility as high or higher than slow circulation of a large pool of nutrients.
An extreme example can be seen in tropical rainforests, most of which grow on strongly leached
and weathered soils of very low mineralogical fertility, but maintain a high level of plant
production by rapid circulation of their relatively small pool of plant nutrients.
The rate of nutrient cycling in an ecosystem is proportional to the rate of energy flow through
the plant-decomposer cycle (Maldague 1970, Reichle 1977). Decomposition processes are
mediated by the soil biota, and a minimum threshold level of biodiversity is important to its
effective functioning. Definition of a minimum level is difficult. There has been much argument
that increasing diversity confers robustness on ecosystem function because, for instance in the
case of soil ecosystems, it provides multiple pathways and backup systems to ensure that
decomposer food webs can continue to operate when stressed. This point of view is considered
here and it is argued that benefits of robustness are often apparent in the diversity of soil
ecosystems. There is also evidence that reduced diversity, for instance of earthworm
communities, can lead to sustainable increases in the productivity of agroecosystems.
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In considering the functional significance of biodiversity in the soil biota, it is apparent that the
whole may be more than the sum of the parts. The parts may be seen, for instance, as
contributing to the biological complexity of a food web, but synergistic effects that involve two
or more groups of organisms, and incidental effects, e.g., increases in availability of critical
nutrients at critical times for plant growth, or ensuring their adequate supply through changing
seasons, or contributions to the formation and stability of structural soil aggregates are benefits
that may flow from diversity of the agents available.
In this short review I take the view that though biodiversity per se is important to soil biology,
and we must know which organisms are involved so that we can deal with biodiversity, it is the
significance of biodiversity as it affects soil processes that is at the heart of the symposium
subject "Biodiversity and Soils".
The paper is based on a generalised food web relating the trophic interactions of major groups
of soil organisms, and attempting to show how their trophic interactions impact on soil fertility
and the availability of nutrients for plant growth.
Diversity of the Soil Biota
Representatives of all groups of microorganisms and fungi, green and blue-green algae and of
all but a few entirely marine phyla of animals, make up the soil biota. Individual organisms range
in size from <lum diameter, with a weight of <10"12g for the smallest bacteria, to >lm in length,
>20mm in diameter, with a weight of >500g for the largest earthworms. Biomass in a fertile soil
may exceed 20t ha-1 (Lee and Pankhurst 1992). Current estimates of the number of species of
some groups include bacteria (30 000), fungi (1 500 000), algae (60 000), protozoa (100 000),
nematodes (500 000) (Hawksworth and Mound 1991), earthworms (3 000) (Lee 1985).
Sampling methods differ from group to group of soil organisms; the different methods vary in
their efficiency and for most (probably all) groups they are known to underestimate numbers and
the variety of species. Many soil organisms, especially microorganisms, are opportunistic, with
the capacity for rapid population growth to exploit temporary availability of favourable
substrates, followed by rapid decline and survival as spores or other resting stages, while others,
especially some of the most widespread and pedologically significant macrofauna (ants, termites,
earthworms), are active only for defined periods during the day, or display strong seasonal cycles
of behaviour, abundance and reproductive activity.
Relationships between Major Groups of Soil Organisms
Figure 1 summarises, in a broad way, some relationships between major groups of soil
organisms. Photosynthesis by higher plants, and to a lesser extent by algae, provides plant litter,
which, together with excreta and the decayed tissues of dead soil biota, is the source of soil
organic matter. Soil organic matter is the basic energy source of all soil biota and is an
important source of plant nutrients.
Soil microbiota in Fig. 1 includes all the bacteria, fungi other than mycorrhizae, and the algae,
protozoa and other microorganisms that inhabit the soil. Soil microorganisms and the soil fauna
are the consumers of soil organic matter. They include many species and larger groups of
organisms, comprised of herbivores, saprovores, predators and parasites. For most major
groups in the biota, in most regions of the world, taxonomie knowledge is inadequate for
identification at the species level. In most soils, microorganisms account for 60-90% of total
metabolic activity, with soil animals accounting for the remainder.
The arrows numbered 1-9 (Fig. 1) represent generalised food webs and the capture from plant
tissue and transfer of plant nutrients between major groups of soil organisms; those numbered
10-13 represent the recycling of plant nutrients through the soil biota to be incorporated into
new plant tissue; those numbered 14-17 represent interactions between the living and the nonliving components of soils that influence the formation of structural aggregates in soils and their
spatial distribution in the soil fabric.
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The feeding behaviour of some species is well enough known that trophic interactions can be
represented with some certainty in food webs. The trophic interactions of most species are
inadequately known, and these are commonly inferred by analogy with detailed knowledge of the
few that are well known, or from information on the biochemical capabilities of organisms in
culture or, by analogy with well known species, from the morphology of the mouthparts or other
feeding structures. There is an urgent need for research that will provide more knowledge of
trophic interactions among the soil biota.
There is feedback along the arrows numbered 4-7, recognising that excretions and secretions,
and the remains of the organisms when they die become part of the soil organic matter.
Food Webs (1-9 in Fig. 1)
The term food web is used here in a rather general sense, to represent interactions between
major groups that make up communities of soil organisms. They have been more strictly defined
(Pimm 1982) as diagrams that depict which species in a community interact. Relationships
between species are depicted as binary - whether species interact or do not (Pimm 1982).
Communities may include thousands of species so that the interactions depicted by published
webs appear bewilderingly complex, or represent only a small proportion of entire webs,
omitting minor species, or, as in Fig. 1, compartments in the web represent aggregations of
species that appear to have similar trophic function; most food webs concern only trophic
interactions, omitting quantities of food consumed, the chemical composition and temporal
variations in the flows of food and nutrients within them (Pimm et al. 1991). Trophic
interactions are important indicators of the functional significance of biodiversity in soils, but less
obvious aspects of food webs, those that concern the cycling of C, N and inorganic plant
nutrients through food chains and eventually back to growing plants, are of prime importance in
interpreting the functional significance of biodiversity in soils.
Within the compartments of Fig. 1, the sequence of organisms involved in organic matter
decomposition may differ markedly, both at the gross level of groups of organisms mainly
involved, and at the more detailed level of species involved in particular aspects of organic
matter decomposition. Two examples are discussed here.
Example I
Beare et al. (1992) conducted field experiments in conventionally tilled (CT) and no-tillage
(NT) cropping ecosystems to determine whether the composition of decomposer communities
and their trophic relationships influence patterns of plant litter decomposition and nitrogen
dynamics in ecosystems. Biocides were applied to selectively exclude bacteria, fungi or
microarthropods from field exclosures. Abundance and biomass of all groups of decomposer
organisms, decomposition rates and nitrogen fluxes were determined in surface and buried litter
bags in both CT and NT systems. In NT ecosystems saprophytic fungi had a greater influence
than bacteria on litter decomposition rates and nitrogen retention. Populations of fungivorous
microarthropods were coupled to the growth and activity of saprophytic fungi, with a relative
increase by the end of the summer of 2.7 times in the ratio of fungal to bacterial biomass and of
2.2 times in fungivore to bacteriovore biomass in surface litter in the NT treatment relative to
buried litter in the CT treatment. The trophic activities of fungivorous microoarthropods were
important in determining the extent and timing of nitrogen fluxes from surface litter, and this was
most marked in NT ecosystems, whereas in CT ecosystems bacteria had a greater influence on
buried litter decomposition than did fungi. The population dynamics of bacterivorous nematodes
were linked to their bacterial food source. Hendrix et al. (1986) had previously shown that the
decomposer system typical of ploughed soil, with organic matter mechanically mixed into the Ahorizon of the soil and involving bacteria as dominant primary decomposers, favours
enchytraeids, in contrast with zero-tilled soil, with organic matter concentrated near the surface
and dominance of fungi as primary decomposers, which favours earthworms. Both pathways
result in decomposition of the organic matter and recycling of plant nutrients, but by different
routes and at different rates, and with different consequences for soil structure, fertility and plant
growth.
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Example 2
Polysaccharides, especially celluloses and hemicelluloses, generally make up >50% of the dry
weight of plant tissue, and together with lignin are the principal structural components of plants.
Decomposition of these compounds is a key step in the degradation of dead plant tissue and the
formation of soil organic matter. It has long been recognised that polysaccharides that are
sequestered in plant litter play an important part in stabilising ecosystem processes; for example,
Nielsen (1963) wrote "virtually all [of the polysaccharides] must pass through the bottleneck of
microbial decomposition before recirculation can take place". Some soil animals are able to
digest cellulose. They include gastropods, which are common and may be important cellulose
decomposers in some moist temperate and tropical climates, and a variety of arthropods,
especially termites, of which many species have symbiotic gut-inhabiting protozoa and bacteria
that break down cellulose.
Although seasonal variation is common in the balance between the rates of input and
decomposition of plant litter, it is important for soil fertility that the over all rate of breakdown
balances the rate of input. In the superhumid environment of tropical rainforests in the Solomon
Islands and Vanuatu, soils are often saturated and have few soil macrofauna. Litter breakdown
in most lowland forest is rapid and cellulose decomposition is apparently due largely to bacteria
and/or fungi. The litter of lowland kauri (Agathis) forests commonly has pH <4.0, inhibiting the
activity of cellulose decomposing bacteria; the litter has extensive mats of fungal hyphae, as fungi
can tolerate low pH and are apparently responsible for decomposition of the cellulose content of
the litter. In some montane forest, extremely high rainfall maintains saturated and sometimes
anaerobic conditions, with low pH; litter-decomposing fungi are aerobic, as are soil animals,
while most bacteria are unable to tolerate the low pH, resulting in accumulation of deep peats
with low pH.
Termites, in a number of African and Indian savannas, consume 17-90% of woody litter and up
to 75% of grass and forb litter [various authors, cited by Anderson et al. (1991)]. They are not
only dominant agents of cellulose digestion but many species, sometimes with the help of
symbiotic microorganisms, can digest significant amounts of lignin, the second structural
component of plant tissue, that is otherwise slowly decomposed, largely by basidiomycetes. The
foraging behaviour and social organisation of termite colonies results in a general loss of soil
organic matter from foraging areas, and concentration in nest and gallery systems of the small
amount that is rejected as excreta. This contrasts with the more normal situation, where
bacteria, fungi and soil animals other than termites are all involved in food chains that break
down plant litter and incorporate residues into the soil more or less in situ. The dominance of
termites as primary decomposers in the soils of many tropical savannas may account for the
generally low organic matter content of tropical savanna soils.
It is apparent that there is a diversity of pathways available for cellulose (and lignin)
decomposition in soils. It might be concluded that in most circumstances one pathway is
probably sufficient to ensure that the cellulose in plant litter is broken down, so that land use
practices that lead to the loss of one or more groups of cellulose decomposers are acceptable.
But diversity of groups capable of performing so basic a step in decomposition processes as Ccycling in ecosystems must give some assurance that decomposition will proceed through
changing seasons, drought and other longer term variations in climate, and despite quantitative
and qualitative changes in soil organic matter that follow from changing land use practices.
Opportunism and Scale Effects
Many soil organisms are opportunistic in their feeding and reproductive behaviour, i.e., they
exist for part of the time in resting stages, but are capable of changing quickly to an active
feeding and reproducing mode when suitable food and favourable environmental conditions
become available.
Bacteria are the most successful and biochemically diverse of opportunistic soil biota; they
commonly have the ability to survive as spores or in similar resting stages for long periods, but
respond quickly to the availability of a suitable substrate and have a high intrinsic rate of
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population increase. Jenkinson and Ladd (1981) estimated that in an English soil bacterial cells
divide, on average, once every 2.5 years, spending the remainder of the time in resting stages.
Their activities in soils must be seen as so disjunct in time and space that the concepts of
individuals making up populations of a particular species, or of aggregations of species to form
coherent communities that apply to most organisms can not easily be applied to soil bacteria.
Some bacterial cells have limited motility and may move in water films on soil surfaces over
minute distances, but they can not be said to forage for food as do most groups of soil
organisms. Wider dispersal results largely from passive transport by infiltrating water, or
transport by soil animals, either on the body surfaces or by excretion of viable propagules that
have passed through the gut, or by the mechanical disturbance of soil aggregates during
cultivation.
Coincidences that relate to the size, biochemical nature and physico-chemical state of a particle
of substrate, the time for which the substrate is available, i.e., whether its availability is a unique
event, or whether it may be replenished as in the case of root exudates, and of the biochemical
capabilities of one or more individual cells and species of bacteria that chance to be in contact
with it, determine the pathway of the decomposition process. Very small scale spatial separation
of sites of substrate decomposition provide scope for the successful coexistence of a variety of
species that exploit a common substrate, but whose activities do not overlap. Similarly, there is
scope for species that exploit the same substrate but whose activities are episodic and do not
coincide because they have different temperature, moisture, or other physical environmental
optima that are satisfied at different times. Such mechanisms that separate species in space or
time so that they do not compete directly for a common resource, are well known among many
communities of larger organisms but are not easily recognised among soil microorganisms.
Many bacteria seen by electron microscopy of soil are unknown species, represented by single
cells <1 um in diameter (Lee and Foster 1991). The soil microflora is known very largely from
those organisms that can be isolated and cultured by the established methods of soil
microbiology. These are known to represent only a small proportion, probably <20% of the
total microbial taxa present in soil (Lee and Pankhurst 1992). They may not necessarily be
important, or even significant contributors to decomposition of substrates that are present in the
soil.
Lussenhop (1992) described how soil fungi forage by varying growth patterns from diffuse
perennial networks to short-lived colonies, and by rhizomorphs. The mode of foraging of a
basidiomycete, Steccherinum fimbriatum, was shown by Dowson et al. (1988) to switch from a
slow-diffuse to a fast-effuse growth pattern of its hyphae when it made contact with a suitable
substrate supplied as a bait. Spores and other propagules of fungi are moved passively within
the soil, in infiltrating water and by the soil fauna, as are bacteria, but their ability to modify their
growth patterns and extend their hyphae to follow gradients of nutrient concentration clearly
distinguishes them from bacteria. It is, however, not easy to define an individual in an extensive
network of fungal hyphae, nor to equate the growth and spread of colonies or hyphae with the
dispersal of populations of motile soil organisms.
Plant Nutrient Cycling (10-13 in Fig.1)
Food webs relate to the circulation of energy within ecosystems and are quantified in terms of
carbon fluxes. The flow of energy through the biota is important in soils, since this is what
drives nutrient cycling and all other aspects of biological fertility.
It is important to distinguish between the fast cycling of a small pool of plant nutrients that is
cycled rapidly through food webs among the soil biota and is derived from readily degradable
components of plant tissue, and the slow cycling of a usually much larger pool of nutrients, held
in more recalcitrant organic materials, including humic substances. Nutrients in the fast/active
pool may cycle 8-10 times per year through microbial cells, grazers, predators and plants, while
those in the slow pool may be cycled only once every 10-100 years (Coleman et al. 1983). Most
of the active microbial and grazing faunal biomass operates in the small, fast cycling pool and it
is this pool that supplies much of the nutrient requirements of plants.
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The functional significance of biodiversity in soils is most obvious in relation to the cycling of
plant nutrients and the fixation of atmospheric nitrogen.
Nitrogen Fixation
Relatively few species of bacteria, actinomycetes and cyanobacteria (blue-green algae) are able
to assimilate and fix atmospheric N2. Data of Werner (1980), cited by Mengel (1985), show that
of the 47 families of bacteria, 11 have species capable of N2-fixation, while of eight families of
cyanobacteria, six comprise N2-fixing species. Most N2-fixers arefree-living,while a few live as
symbionts with higher plants; they are predominantly heterotrophs, and include a range from
strictly aerobic to strictly anaerobic forms. Carbon supply is probably the most important
limiting factor for growth and reproduction, and this is probably why many species live on the
surfaces of roots, where they have access to root exudates. From an economic viewpoint the
most significant N2-fixing systems are Rhizobium/Bradyrhizobium-legame symbioses that are
responsible for much N2-fixation in agricultural and pastoral systems, and Actinomyces-Azolla
symbioses that are important for N2-fixation in paddy rice. The most important N2-fixing
cyanobacteria belong to the genera Anabaena, Nostoc, and Rivularia; they are particularly
important in tropical paddy soils (Mengel 1985). Fixation rates listed by Mengel (1985) range
from 7 to 28 kg N2 ha-1 year1 in arable land, up to 865 kg N2 ha-1 year1 in grass-legume pasture,
and up to 99 kg N2 ha-1 year1 in paddy soils. There is a high level of specificity between many
higher plants and strains of N2-fixing organisms, which has enabled symbiont selection and
matching with host plants to greatly enhance plant production, especially in Rhizobium-legume
associations, actmomycete-^zo//a associations, and the association between the actinomycete
Frankia and Casuarina s.1. Legumes alone include about 12,000 species, of which about 200
are now used in agriculture and horticulture (Stewart, cited by Mengel 1985). Possibilities for
future selection and development and use of N2-fixers depend on the preservation of genetic
diversity in host plants and in symbionts.
Nitrogen Cycling
Up to 30-40% of the total input of organic matter to soils is in the form of root exudates and
dead root tissue in the rhizosphere, which makes up only 2-3% of total soil volume (Coleman et
al. 1978), and supports large populations of bacteria. Up to 96% of the biomass of soil
microfauna consists of free-living protozoa and nematodes, and these are concentrated in the
rhizosphere. Clarholm (1983) proposed that plant exudates in the rhizosphere initiate a chain of
events that results in local mineralisation of organic N around the roots, and that most of this N
is taken up by the roots. As a root tip grows near, bacteria become active, using the C-sources,
producing C0 2 , and increasing in number until they become temporarily N-limited. The
presence of C0 2 activates and attracts protozoa, which feed on the bacteria. The C:N ratio of
protozoa is about 5:1, similar to bacteria; when they feed on bacteria about one third of the
ingested N is incorporated into protozoan biomass, about one third is excreted unchanged, and
about one third is excreted as NH4+ (Fenchel 1982, cited by Clarholm 1985). The principal
predators of protozoa in the rhizosphere are nematodes, which also excrete NH4+, and further
NH4+ is excreted by fungal hyphae, which are numerous in the rhizosphere. The NH4+ is
excreted into the rhizosphere, where it is readily available for recycling through bacteria or
plants. Persson (1983) calculated that the soil microfauna and mesofauna in a Swedish pine
forest had a biomass of 1.7g nr2 and contributed only 4% of the total heterotroph respiration,
but consumed 30-60% of the total microbial biomass production and contributed 10-49% (28kg
ha-1 year1) of total N-mineralisation; 70% of this was contributed by nematodes and protozoa.
Soil bacteria live on the surfaces of soil aggregates or roots, and provide the food of many
protozoa and nematodes, as well as that of small species and juveniles of larger species of
microarthropods. Fungi are fed upon and are a major component in the diet of many larger soil
arthropods that are included in the soil mesofauna, as well as of macrofauna, especially
earthworms, Verhoef et al. (1988) fed laboratory-grown hyphae to the collembolan Tomocerus
minor, in laboratory experiments, and estimated that 50% of the dietary N was released as urea,
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while the N-concentration of the fecal pellets was 56% higher than that of the hyphae. The
significance of N-excretion infieldpopulations has not been determined.
Earthworms are responsible for the mineralisation of large quantities of nitrogen (Lee 1983).
Nitrogen enters the soil from earthworms in three ways:
- decomposition of dead earthworms, whose tissues are 60-80% protein, 10-12.5% N (dry
weight). Annual biomass production is generally two to five times mean annual biomass, and for
a wide range of ecosystems inputs of amino-N from dead earthworm tissue must be 25-75kg ha-1
year1;
- in urine, as NH4+ and urea, commonly at rates of 18-50kg ha-1 year1;
- in mucoproteins at rates that are not well quantified, but are probably as great as those from
urine.
Anderson et al. (1991) summarised data from the Netherlands, Poland and New Zealand that
attribute to earthworms up to about 20% of the annual mineral nitrogen flux in pastures and
cropland. Bouché et al. (1987) calculated that, during the spring in a pasture at Citeaux, France,
when earthworm activity and pasture growth were at a maximum, available N from earthworms
would be about 225mg nr2 day1, and this would be sufficient to satisfy >80% of plant
requirements.
Barois et al. (1987) showed that intense microbial activity in the gut of the pantropical
earthworm Pontoscolex corethrurus results in the release from ingested organic matter of
nitrogen compounds that become available to the earthworm and that some N2-fixation may take
place in the gut. The gut contents of P. corethrurus were shown to be microaerophilic or
anaerobic, thus enabling nitrogenases, which were shown to be present in anaerobic cultures of
casts, to promote N,-fixation; the casts were shown to have 2.7 times more NH4+ than the
surrounding soil, so that the nitrogen would be readily accessible to plant roots.
It is apparent that the "nitrogen cycle" is not the rather simple set of nitrification and
denitrification processes, mediated mainly by bacteria, that is depicted in classical textbook
treatments. Rather it is the sum of a number of cycles that operate over short or long time
frames, involving soil animals and/or microorganisms, sometimes in synergistic or symbiotic
associations. Its effectiveness, in terms of the supply of nitrogen for plant growth at an optimal
level, must relate to the availability of the most appropriate pathways, at the appropriate time, in
the appropriate place, and at an appropriate scale. This is a function of biodiversity.
Phosphorus Cycling
Phosphorus is found in soils principally as Ca-phosphates, adsorbed phosphates, occluded
phosphates, and organic phosphates (Mengel 1985). Biological cycling of phosphorus relates to
the solubilisation of primary phosphorus minerals in the soil or from phosphate fertilisers, and to
phosphate in the organic fraction.
Coleman et al. (1983) distinguished a series of processes in phosphorus cycling, as follows.
Phosphate ions, derived from slow solubilisation of primary phosphate minerals by exudates from
microorganisms, enters the labile inorganic P-pool. Some of these phosphate ions are
precipitated as secondary phosphorus minerals and are excluded from further cycling. Some are
taken up by bacteria and fungi, which are in turn grazed upon by the soil fauna. Excretion by
soil animals results in release of the P compounds, that are cycled through plants, and then back
to the soil biota. The total phosphorus involved in this recycling is probably only a minor
proportion of the total pool of extractable P, but it is probably important as a source of readily
available P for plant growth.
The organic fraction of soil phosphates may make up as little as 5% of total soil phosphate in
strongly weathered podsolic soils and as much as 90% of total soil phosphate in humus-rich
alpine soils; about 50% of all soil organic phosphates is in the form of phosphate esters of
inositol, with smaller quantities occurring as nucleotides and phospholipids (Dalai 1977).
Inositol phosphates are not readily available to plants, but enzymes of the phosphatase group are
able to release their phosphate as inorganic phosphate, which can be taken up by plants.
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Many fungi and bacteria produce phosphatase; Mengel (1985) particularly mentions
Aspergillus, Penicillium, Mucor, Rhizopus, Bacillus, Pseudomonas, and the hyphae of
mycorrhizal fungi (see below).
The casts of some species of earthworms are enriched in available P, derived from the organic
fraction of soil P. For example, Satchell (1983) investigated the origin of increased phosphatase
apparently produced in the gut of the earthworms Eisenia fetida, Dendrobaena veneta,
Lumbricus rubellus and Aporrectodea caliginosa. He distinguished two peaks in phosphatase
activity, one at pH 3-5 and the other at pH 9-10. It was concluded that the peak at pH 3-5 was
due to acid phosphatases produced by bacteria, while that at pH 9-10 was due to alkaline
phosphatase, probably produced by the earthworms.
The hyphae of mycorrhizae were shown by Ponge (1991) to grow preferentially in earthworm
casts; it seems likely that a gradient in inorganic-P concentration around the casts could account
for this preference.
There is evidence that other soil animals, or gut-inhabiting bacteria associated with them, also
produce phosphatase, and that the released inorganic P is accessed from their fecal pellets by
plant roots or mycorrhizal hyphae.
Mycorrhizal Fungi
Mycorrhizal fungi are distinguished from the more general group of microbiota in Fig. 1
because of their special relationships with higher plant nutrition. They have a role in the cycling
of nitrogen, but their most striking benefit appears to be in the cycling of phosphorus (Hayman
1982).
Ponge (1991) studied litter consumption in pine litter that included some bracken and moss.
Two mycorrhizal fungi, Cenococcum and Hyphodontia spp, that were particularly common in
the F-layer, were shown to prefer fecal masses of lumbricids and enchytraeids, and cadavers of
soil microarthropods, with their mycelial mats spreading through these. Ponge suggested that
mycorrhizal fungi are obligate partners in tree nutrition when nutrients are largely confined to
decaying organic matter. Coleman et al. (1992) suggest that Hyphodontia sp may take up
organic N from various substrates. They quote several authors, whose work has demonstrated
that small organic-N molecules, such as amino acids, are absorbed by mycorrhizae and
transferred directly to the host plant, and that uptake of N in this way is particularly significant in
soils of low pH. In earlier studies Ponge (1985) showed that some mycorrhizal fungi, including
Verticicladium and Marasmius, can penetrate pine needles in the litter layer, while others,
including Cenococcum and Hyphodontia, can penetrate individual pine needles only through
tunnels burrowed in the needles by soil animals.
Plants can absorb only inorganic P, but much soil P is bound in organic forms. Mycorrhizal
fungi play an important part in the P-nutrition of host plants, through their own ability to take up
P from organic substrates and supply it to the plant in an inorganic, soluble form, or through the
exploitation of sources of inorganic P that have been released from organic substrates by soil
animals, or by interactions between soil animals and the soil microflora.
Jayachandran et al. (1992) examined the potential of the VA mycorrhizal fungus Glomus
etunicatum to mineralise organic P from KHjPO^ and the organic P-containing sources
glycerophosphate, phytic acid, RNA, ATP, AMP and CMP, and so stimulate the growth of
seedlings of big bluestem (Andropogon gerardii). For non-mycorrhizal plants, added KH 2 P0 4 ,
glycerophosphate and AMP increased P uptake, while phytic acid, RNA, ATP and CMP
amendments had no effect. P uptake and growth rates were enhanced in mycorrhizal plants,
compared with non-mycorrhizal plants, by addition of all the sources of P except AMP.
Although much remains to be discovered, it seems that, as for N,-cycling, the soil biota plays
an important part in P-cycling, particularly in supplying plant-available phosphate at plant root
surfaces, and directly to growing plant tissue through mycorrhizal fungi. Diversity of pathways,
dependent on the diversity of the soil biota, is critical.
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Cycling of Other Elements
Not much is known of the effects of the soil biota on the cycling of nutrients other than
nitrogen and phosphorus.
Teuben and Roelofsma (1990) introduced Tomocerus minor and the isopod Philoscia
muscorum to microcosms containing decomposing Pinus nigra litter and measured effects over a
10-week period of these animals on microbial respiration, dehydrogenase and cellulase activity,
and concentrations of exchangeable Ca2+, Mg2+, K+, N03% NH4+, and P0 4 3 \ Respiration
gradually declined in microcosms with and without animals, but the decline was less in those
with animals. Enzyme activity and microbial respiration were enhanced, by up to 50% for
dehydrogenase activity and 45% for cellulase activity, and up to 40% for microbial respiration.
Increases in the concentration of exchangeable nitrate (60%), ammonium (35%) and phosphate
(50%) were associated with the presence of the animals. Exchangeable Ca2+ and Mg2+
concentrations were lower in microcosms containing the animals than in controls. Positive
effects of the animals were found when microbial activities or concentrations of exchangeable
nutrients in control microcosms without animals were low; negative effects were found when
they were relatively high. It was concluded that the activities of soil animals may be seen as
having a buffering effect on nutrient availability in the soil.
Ionic regulatory mechanisms in earthworms involve uptake of Ca2+ from ingesta and its
excretion via calciferous glands as CaC0 3 (Lee 1985), and excretion via the same pathway of
Fe3+, Mn2+ and Na+ (Bouché 1983). Wiececk and Messenger (1972) found white, sand-sized
spheroids of calcite in the Oj and underlying A[ horizons of acidic grey-brown podsols in
northern Illinois. The dominant earthworm in these soils was Lumbricus terrestris and Wiececk
and Messenger showed that the spheroids were physically and mineralogically identical with
spheroliths extracted from the anterior portion of the alimentary canal (containing the calciferous
glands) of L. terrestris from the same sites. Kale and Krishnamoorthy (1980) similarly
concluded that Ca2+ was similarly concentrated in the calciferous glands and excreted by
Pontoscolex corethrurus: casts contained 1.3 times more calcium, and contained 11.8 times
more ionic Ca2+ than did the surrounding soil.
Soil Structure (14-17 in Fig. 1)
Good soil structure for plant growth depends on the presence of water-stable aggregates, 1-10
mm in diameter, including pores of a range of diameters such that they remain aerobic, yet retain
water for plant growth. The pores between the aggregates must be adequate to allow rapid
water infiltration and drainage (Tisdall and Oades 1982).
Lynch and Bragg (1985) attributed the formation of soil aggregates mainly to physical forces,
such as wetting and drying, freezing and thawing, and the compressive and drying action of plant
roots. They attributed the stabilisation of aggregates partly to inorganic cementing agents such
as iron oxides in lateritic soils, but mainly to organic materials, including products of
decomposition of plant, animal and microbial remains, microorganisms themselves, or products
of microbial synthesis. Extracellular polysaccharides, produced by soil microorganisms, were
considered to be important cementing agents; these materials are often themselves easily
decomposed by microorganisms in soils, but may be protected because they are in sub-micron
pores and other spaces, where they are physically inaccessible to microbial attack.
Tisdall and Oades (1982) distinguished micro- and macro-aggregates as those with diameters
<0.25 mm and >0.25 mm respectively, and examined the role of organic matter and fungal
hyphae in their formation. Degraded aromatic humic materials and polysaccharides, derived
from the decomposition of bacteria, fungi and higher plants were shown to be important in
binding micro-aggregates, which have a high level of stability, while fungal hyphae and plant
roots were important in binding macro-aggregates, but these bonds are less stable. The hyphae
of saprophytic fungi in cultures often produce an extracellular mucilage composed of
polysaccharides, polysaccharide-proteins and glycoproteins which, in low concentrations (0.5%
or less) have been shown to sorb strongly to particles of clay and immediately stabilise
aggregates of clay or soil (various authors, cited by Tisdall 1991).
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Increased stability of aggregates adjacent to plant roots has been attributed to stimulation of
fungal growth in the rhizosphere. The roots of perennial ryegrass (Lolium perenne) are
particularly effective in the enhancement of soil aggregation and Tisdall and Oades (1979)
attributed this to the large VA mycorrhizal population that the roots support. Tisdall (1991)
further showed that the hyphae of VA mycorrhizal fungi and the polysaccharides that they
produce are particularly important in stabilising macro-aggregates. She drew attention to the
lack of knowledge of whether some mycorrhizal species, or plant-mycorrhizal associations may
be particularly effective agents of aggregate bonding, and to likely seasonal variation in the
mycorrhizal species that may be most effective.
Soil Animals and Structural Aggregates
The fecal pellets of soil animals are an important class of soil aggregates. Their importance
results from the very large numbers that are produced and from their constant replacement as
they are broken down by physical processes. Commonly, up to 50% of the aggregates in surface
soil horizons are recognisable as earthworm casts and in some forest and savanna soils surface
horizons consist almost entirely of casts (Lee 1985).
Marinissen and Dexter (1990) examined mechanisms of stabilisation of earthworm casts. They
found that moulding of soil during passage through the earthworm gut resulted in low stability of
freshly deposited casts. Subsequent bacterial growth in the casts, probably combined with
effects of drying-rewetting cycles, leads to the formation of microaggregates. Worm casts can
quickly be colonised by fungi, which further bind and stabilise them.
Stewart and Scullion (1988) examined the relative roles of grass roots and earthworms in the
development of favourable soil structure in the reclamation of open-cast coal-mining land. They
concluded that grass roots, without earthworms, even in the presence of added organic matter,
were not able to generate significant soil aggregation in poorly structured soil materials, but that
a combination of earthworms and grass roots would lead to the achievement of soil aggregation
and that the aggregated structure formed was sustained.
A cyclic process underlies the role of earthworm casts and fecal pellets of other soil animals as
soil aggregates. Fungal hyphae, bacterial cells, protozoa and other soil microfauna are the prey
of larger soil animals, and it is the organic residues of these, and of plant tissue, that promote the
proliferation of bacteria and fungi in casts and other fecal pellets. This results in plant nutrients
included in the microbial and plant remains being recirculated and made available to plants, so
allowing a continued supply of food for rhizosphere and other organisms. The whole sequence
of fungi, bacteria and other organisms that make up the initial steps in the food web then become
available as food for the larger soil fauna, whose casts and fecal pellets are available as a new
generation of soil aggregates. The formation of aggregates is incidental to the food web that
underpins it.
It is apparent that soil organisms have an essential role in the creation and stabilisation of soil
aggregates of a size range best suited to plant growth. Beneficial effects are not restricted to
particular species and, in general, appear to result from processes that are incidental to the
activities or survival of the organisms, such as the secretion of mucilage by microorganisms, or
the mechanical connection of soil particles by hyphae, often in aggregates that are initially the
feces of soil animals. Diversity of the soil microflora and fauna provides multiple pathways that
may change in relative importance with seasonal changes in temperature, moisture, and other
environmental parameters.
Conclusions
Much of the complexity of ecological systems results from the interactions of processes, some
intrinsic and some extrinsic, that operate simultaneously at a multiplicity of spatial, temporal and
organisational scales (Levin 1991). Soils must be seen as ecological systems, and their
properties vary greatly in time and space over short or long distances. Patterns that may be
recognisable in ecological systems, that might be extrapolated from experimental results, or from
field experiments, or from observations that derive from investigations over wider areas, are
much affected by scale.
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The extreme variability and diversity of soil, and the problems that its non-uniformity presents
in reaching a clear understanding of soil processes and soil management were discussed by
McBratney (1992). He particularly discussed pedodiversity, the diversity of soils as they really
are in the field. Biodiversity of the soil biota, like most aspects of soil diversity, has received
little attention from soil scientists until recently, but a new emphasis on the need for sustainable
systems of soil use has forced a recognition of the prime significance of biological processes, and
the consequent need for a better understanding of the soil biota.
To quantify diversity it is necessary to have a model that covers all scales, and this is one of the
features of random fractals. McBratney (1992) recognised three types of indeterminacy that
must be considered - stochastic uncertainty, deterministic uncertainty and uncertainty due to
vagueness, or semantic uncertainty. Statistics and probability theory deal with the first, and
these approaches have been widely used by soil biologists. Chaos theory, or non-linear
dynamics, deals with the second; there is sensitive dependence on initial conditions and outcomes
are unpredictable. Soil scientists in general, and soil biologists in particular, have not yet
attempted to come to terms with these aspects of reality. Fuzzy set or possibility theory deals
with the third; it has hardly been considered by soil scientists. McBratney (1992) observed that
models of soil variation may have to combine all three types of indeterminacy, but such synthesis
may prove difficult.
Diversity may be reduced by agricultural use of soils, as may variation in soil chemical and
physical properties. McBratney (1992) demonstrated how pH and hydraulic conductivity of soils
appear to become more uniform under pastoral farming compared with the same soils under
native vegetation, or with minimal tillage compared with traditional tillage practices. A similar
reduction in biodiversity of soil organisms has been recorded, e.g., a small number of species of
European lumbricid earthworms that were spread by European man has replaced a wide variety
of native species in the farmlands of temperate regions of the earth (Lee 1985). It is claimed by
many soil biologists that the reduction in diversity is to be seen as an indication of soil
degradation and loss of sustainability. This claim would seem to be justified when the reduction
in diversity can be directly correlated with chemical or physical degradation of the soil, but it
may legitimately be asked whether, in some cases, we are seeing a change towards a new
ecosystem which is not intrinsically less sustainable and may be more productive than the
previous system. The great and apparently sustained increases in productivity of pasture
ecosystems in New Zealand that have resulted from introduction of one or two selected species
of lumbricid earthworms (see review in Lee 1985), raise the possibility that a better
understanding of the biodiversity of soils might lead to many opportunities to identify the
functional significance of elements of the soil biota and to manipulate biodiversity to increase and
sustain soil fertility.
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Rhizobial biodiversity and population sizes
in East and Southern Africa.
N. Karmijn1 and P. Woomer2. 1.- University of Nairobi MIRCEN, Nairobi Kenya,
2.- Tropical Soil Biology and Fertility Programme, UNESCO-ROSTA, Nairobi Kenya
The nature and size of indigenous rhizobial populations in soils often influences the symbiotic
capacity of host legumes and determines the need for and response applied rhizobial inoculants.
The results of site characterisation and determination of the abundance of indigenous rhizobial
populations from the Rhizobium Ecology Network of East and Southern Africa (RENASA) are
presented. Rhizobial populations were determined at 46 sites in 8 African countries (Ethiopia, Kenya,
Mozambique, Rwanda, Tanzania, Uganda, Zambia and Zimbabwe), the sites include semi-arid moist
tropical lowlands and highlands with annual precipitation ranging from 209-1400 mm/yr and annual
temperatures of 15-29,1°C. The populations were determined by plant infection counts of host
legumes that are representative of different cross-inoculation groups including Gliricidia sepium and
Leucaena leucocephala (Rhizobium loti), Glycine max (Bradyrhizobium japonicum), Pisum satium
(R. leguminosarum by viceae, Phaseolus vulgaris (R. leguminosarum by phaseoli), Trifolium
semipilosium (R. leguminosarum by trifolii), Vigna unguiculata (B. species) and Medicago sativa (R.
meliloti).
These population data were expressed as log,(l g soil' and combines with addtional site
characteristic which included vegetation type, ecological zone, legume coverage (%), mean annual
temperature and moisture, soil total C (%), total N, CEC, pH and sum of the extractable bases
(cmol/kg) and correlations obtained usinf Pearson Pairwise Analysis. Population data were compared
using T-test matrices (Bayes LSD) after sorting by vegetation type or ecological zone. Total
population sizes (log,0 cells g soil"1) were greatest in highland soils (mean = 3.31 sem=0.27) and semiarid lowlands (mean=2.19 sem=0.42) andcovaried significantly with mean annual temperature (r2 = 0.64) and soil clay content (r2=0.60). Bradyrhizobium species were the most frequently observed
species in the wet and semi-arid lowlands (2.37 and 1.84 log,,, cells g soil \repectively), and were
consistently high in the humid areas of Uganda. Rhizobium phaesoli were most numerous in highland
soils (3.011og,0 cells g soil"1), particularly in Kenyan and Rwandan Highlands. Total rhizobia,
Bradyrhizobium species and R. phaseoli population sizes differed significantly between ecological
zones but B. japonicum and R. loti did not. R. leguminosarum were covered in high numbers from
the Ethiopian Highlands (mean= 3.641og10cells g soil1) and in lower densities in Zimbabwe. When
cultivated and natural ecosystems were compared accross all zones, only B. Japonicum population
sizes were significantly different, with greater populations obsserved in cultivated soils. R. meliloti
were recovered in small numbers from Ethiopian soils and R. trifolii were found in Zambian soils
although the presence of neither species was comprehensively tested on a network-wide basis. R. loti
associated with Leucaena leucocephala was recovered in Ethiopia, Kenya and Zambia in small
densities ( < 1.3 log ,0 cells g soil"'). The results of this investigation suggest that rhizobial species
that are associated with host legumes not native to the region are nonetheless widespread throughout
the subregion, particularly R. phaseoli, and to a lesser extent B. japonicum in Zambia and Zimbabwe.
At the same time, the presence of effective rhizobia in sufficient numbers to meet the nodulation
requirements of crop legumes must not be taken for granted. In several natural ecosystems, no or
extremely few rhizobia were recovered, as was the case with sandy soils in coastal Mozambique.
These results may be used by agriculturalists and decision makers to determine which legume
hosts are likely to require rhizobial inoculants in different parts of East and Southern Africa.
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Biodiversity of Microorganisms in Different Soil Types
D.G. Zvyagintsev. Department of Soil Science, Moscow State University,
Moscow 119899, Russia.
Introduction, A number of studies were carried out by Russian
scientists on the definition of
microbial
communities
in
different soil types (2). At the moment, collaborators of the
Department of Soil Bioloey, Moscow State University, work in a
complex proeram for investieatine a distribution of microbial
communities in different terrestrial ecosystems; tundra. forest,
steppe, desert, peat boe (1.3,4,5.6.7). We are lookine at the
distribution of microorganisms not only in soil. but also in all
elements of the ecosystems including plant's layer. litter and
subsoil layers.
Materials and Methods. The number and biomass of bacteria were
determined by
acridine
oranee
staininer
and
fluorescence
microscopy, whilst funei were stained with Calcofluor W in order
to determine total hyphal length and spore number. Funei and
yeasts were normally identified to species and bacteria to eenus
level usingr different manuals. We identified only dominant eenera
and species. Rare species were not identified. We were interested
in ecological dominant forms and it was they that proved to be
different in different soils.
Results and Discussion. Tundra and desert have the most density
of microorganisms (cell per 1 e) in a philoplane. forest and
steppe in a litter and peat boe in peat layers. It was found that
there was wery laree number of microoreanisms in subsoil layers
ot" sediment rocks. In 20 m of subsoil layers the bacterial
biomass was found to be equal to this of the whole soil profile.
Direct microscopic observation shows that in upper soil horizons
funeal biomass usually forms 90-95%, bacterial biomass 5-10%. The
number of microoreanisms as determined by microscopic methods
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reduces with the depth in an ordinary zonal soils. but peat and
black boers contain constant number throughout all layers. The
total microbial biomass in peat boe* contains 40-400 t/ha. in
sod-podzolic soil 20 t/ha. in chestnut soil 30 t/ha. Dominant
genera and species of microorganisms (funeri, yeasts, bacteria and
actinomycetes) are different in various soil types. Biodiversity
of dominant forms is very e*reat in chernozem. not so erreat in
sod-podzolic soils and serozem, and small in tundra soils. There
are correlation between spatial location of microorganisms, their
functions, ecological strategy and taxonomie composition.
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Linkages between soil biodiversity and
above-ground plant performance
A.R. Moldenke*, N. Baumeister, E. Estrada-Venegas, J. Wernz Department of
Entomology, Oregon State University, Corvallis, OR., USA 97330
ABSTRACT
Soil invertebrates engineer the soil environment itself, and determine the structure and abundance of soil
microbial populations. A community of diverse species of mycorrhizae of differing structural types allow plant
roots to compete effectively for mineralized nutrients and prevent natural ecosystems from losing water soluble
ions. Soil invertebrates, in turn, catalyze microbial exoenzymatic nutrient mineralization and increase the rate of
plant growth, both by grazing upon bacteria and fungi and by continual predation upon grazer populations.
Reductionistic approaches to biodiversity reveal the roles of keystone species; species which perform critical
functions that can't be subsumed by other taxa if they are lost. Holistic approaches to biodiversity emphasize the
uniqueness of each species and emphasize that management excels if a suite of similar species is present to
maximize an ecological process through time or over space. The surprising identities of keystone species and the
need to manage for enhanced soil biodiversity and increased complexity of food webs is a challenge being
explored by sustainable agricultural systems. Increased biologic awareness among soil scientists will facilitate
interdisciplinary solutions.

Increased
ecological
awareness
(global
climate
change,
accelerated
soil
erosion),
conservation
policy
(loss
of
biodiversity, habitat protection) and human population growth
(mechanized agriculture, decreased mean standard of living) are
beginning to focus attention in the critical arena of soil science
and agricultural production.
Traditionally, soils have been the
least studied component of ecological systems, and consequently the
interactions between biotic and abiotic
factors are poorly
delineated.
Few people are aware that soils are the most species
rich components of most terrestrial ecosystems, and fewer still
realize how this richness regulates plant performance.
In this
paper we will outline some linkages between soil biodiversity,
plant growth and system stability.
In the late 1960's and 1970's, as exemplified by the International Biological Program, ecological investigations shifted from a
case-history descriptive approach to an attempt to comprehend and
model entire ecosystems, in particular to quantify energy and
biomass fluxes. It was established that the overwhelming majority
of biomass, pooled nutrients and metabolic energy transformations
in the soil were attributable to bacteria and fungi. Invertebrate
biomass was almost negligible compared to that even of protozoa in
many ecosystems, despite the immense diversity of endemic invertebrate species. In most terrestrial ecosystems since invertebrates
directly accounted for far less than 10% of total soil respiration,
emphasis on ecosystem process research (particularly in the USA)
centered upon the role of total bacteria and total fungi (since
there are daunting difficulties in recognition to the species
level) as individual "boxes in the soil food web" -- largely
ignoring the role of invertebrates.
In contrast in European and
Canadian
research,
with
a
strong
natural
history/taxonomy
tradition, researchers tended to inquire as to what all the species
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Fig. 1. Schematic below-ground food web of prairie soils. A: Arrows represent the flow of biomass. All boxes of
equal size, independent of biomass under field conditions (27). B: An energy flux description of the below-ground
Pr
I*"* ^°°d W e b ^ ' T h e S ' ZeS ° f v e c t o r s a n d compartments represent the relative sizes of nitrogen flows (g N
nT yr"1) and compartment biomass (g N m' 2 ). Vectors and compartments are laid out as in Figure A. F =
mineralization by meso- and macro-invertebrates. NOTE that the standing crop biomass of all the faunal groups
other than amoebae and bacterial-feeding nematodes is too small to represent with more than a spot.
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(fungi and arthropods) were "doing" in ecosystems, if they only
accounted for a tiny percentage of total energy flux.,
It is
largely
from the questions
these studies generated
that
our
appreciation of the diversity of invertebrate life in the soil, and
its catalytic regulatory roles, has grown (68).
However, our knowledge of the functional consequences of this
biodiversity remain obscure. For instance:
1) In most of the world (including North America) , the
taxonomie knowledge base of soil invertebrates is very inadequate
(10, 17, 40, 64, 67) .
2) Throughout the world taxonomie categorization of soil
microbes is in its infancy, and species richness (as great as
10,000-40,000 per gram of agricultural soil -- J. Tiedje and M.
Klug, pers. coram. ) is so great as to require new generations of
both identification techniques and ecologie theory.
3) Within most individual experimental sites this diversity, combined with inherent soil variability on many scales,
limits analytic interpretation and the ability to generalize to
additional sites.
4) Ecological distinguishing characteristics and behavior
of most taxa are insufficiently clear to facilitate design and
implementation of manipulative experiments.
Petersen & Luxton (53) have reviewed abundance, diversity and
biomass levels of invertebrates in soils throughout the world.
In
the conifer forests of the northwestern USA, we estimate that there
are a minimum of 200 species of arthropods per square meter (40,
43) and several thousand species in the Andrews Experimental Forest
(64 km2) .
Sohlenius (63) and Bernard (11) have reviewed research
on nematodes.
Hawksworth (23) and Christensen (14) have reviewed
the occurrence of soil fungi.
In response to the enormous level of soil species diversity,
most soil ecologists prefer to quantify a "functional diversity" or
"guild structure".
Generally these units approximate the units in
more
finely
trophic
pyramid
models
(Fig.
1 A ) , occassionally
subdivided into separate broad taxonomie units (for animals) when
taxon-specific predators or food items are known or suspected, and
into
enzymatically-based
units
(for
bacteria
and
fungi)
corresponding to rather distinct substrate utilization patterns.
Typical
examples
would
be:
nitrogen-fixing
bacteria
and
predators/parasitoids of root-feeding insects.
Implicit in the
concept of functional guilds, whether stated or not, is the idea of
"species redundancy".
We will speak to this issue below, but for
now we will define it as the postulated capacity of the ecosystem
to continue to run unaltered after the disappearance of one species
(or many species), since other species may substitute for it (them)
with a similar enough overall ecological processing ability.
Purely taxonomie discrimination of soil fauna would include
all worms into a single functional group, with several potential
"redundant" species. Vertical burrow formation is not a behavioral
feature of most species.
The contrasting presence of horizontal
burrowers and vertical burrowers effects a number of physical soil
properties,
hence
increased
biological
resolution
frequently
invalidates the notion of redundancy.
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INVERTEBRATES AND SOIL STRUCTURE
Since Darwin's (17) classic studies most scientists have been
aware of the immense volume of soil that the earthworm
Lumbricus
terrestris
is capable of moving to the surface as castings.
Numerous
subsequent
studies
have
documented
increased
mineralization in castings, more rapid translocation of nutrients
from litter to depth, and increased aeration and water holding
capacity in the presence of earthworms (9, 19). Less widely known
are the differential effects of differing earthworm species and the
soil genesis roles of other invertebrate groups.
Earthworm ecologists recognize at least three major functional
terrestrial categories (34, 59) : 1) epigeic -- small reddish
species inhabiting compost, litter and wood, poorly adapted for
burrowing;
2)
endogeic/geophagous
-small
to
medium-sized
unpigmented species inhabiting horizontal burrows within the
mineral soil, well-adapted for burrowing and feeding principally on
dead roots; 3) anecic -- medium to large-sized brownish species
inhabiting vertical burrows from the surface of the soil into the
mineral soil, morphologically adapted for burrowing and rapid
movement, nocturnal species feeding principally at the soil
surface. It is difficult to interpret the ecological significance
of any earthworm census that fails to differentiate between these
categories. In many temperate and tropical ecosystems, earthworms
comprise
the
largest
component
of
invertebrate
soil
biota
(excluding protozoa; 53).
Since the vast majority of soilinhabiting invertebrates are not capable of burrowing or actual
soil movement, earthworm density of all types exerts profound
effects both on total ecosystem biodiversity and resultant soil
properties.
Farmers and their advisors tend to overlook the role of
earthworms, in particular, in the granulation of fertile soils.
"Since earthworms are the inevitable concomitant of the conditions
recognized for other reasons to be essential for productive
pasture" Stewart and Scullion (65) their role in structuring the
soil is often confused with other management techniques. Evidence
from both greenhouse studies and field trials suggests that
earthworms may play crucial roles in the rehabilitation of wasted
soils (36, 65) .
The benefits of anecic (vertically burrowing) earthworms in
mediating water infiltration into the soil, especially in droughty
regions characterized by localized heavy rainfall and pronounced
surface flow, are well-documented (19, 35, 36). However, this same
increased permeability can result in serious ground-water pollution
by pesticides and other xenobiotics designed to breakdown either
through bacterial action or ultraviolet irradiation at the soil
surface (69) .
Many natural ecosystems with low endemic populations of anecic
earthworms are characterized by a fine-textured mor type soil. In
the absence of major earthworm mixing, decomposition occurs in
situ.
The structural building blocks of these soils are faecal
pellets of invertebrates, principally enchytraeids, springtails and
oribatid mites (9, 33, 50, 55; Fig. 2 ) . Numerous physical and
chemical properties of soils are determined by the surface/volume
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Fig. 2. Thin sections (32 u thick x 7 cm x 5 cm) of soil under a 40 year old second-growth Douglas-fir stand (A)
and a 400 year old old-growth Douglas-fir stand in Oregon (USA). Soil under the second-growth stand has low
porosity, a thin litter layer, little evidence of soil fauna activity and is low in organic matter content. Soil under
the old-growth has high porosity, a thick litter layer (top half of slide), with evidence of extensive soil fauna
activity throughout the litter and mineral soil (bottom half of slide). F = faecal pellets; P = plant fragments; S =
mineral soil; V = void.

ratios of these biogenic aggregates. Pawluk (50, 51) showed that
invertebrate faecal material was a major component of all the soils
of natural plant communities in Canada.
INVERTEBRATE EFFECTS ON SOIL NUTRIENT, CYCLING
For the majority of the annual cycles in most natural
ecosystems, biogeochemical cycles are extremely efficient at
retaining nutrients. However, during short periods of time (spring
flush, heavy rain during dry season), in localized habitats
(unusual parent material, soil chemistry), or under density
independent
controls
(early
frost,
forest
fire,
landslide)
considerable nutrients or substrate reserves (e.g., litter) may be
lost. Anthropogenic ecosystems are characterized by high levels of
nutrient and/or substrate loss (forestry < grazing < agriculture <
urban) in addition to crop yield per
se.
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Plants need soluble nutrients for growth, however, plant roots
are generally incapable of any true enzymatically mediated
mineralization (transfer of organic substrates into inorganic plant
nutrients).
Fungi and bacteria do transform both organic and
inorganic substrates by means of secreted exoenzymes; but growth
can occur only so long as exploitable resources are present in the
immediate vicinity. Relative to microbes, the surface/volume ratio
for roots is so low that plant roots are extremely poor competitors
for nutrients, since they directly contact only a small percentage
of the soil available. Therefore, in natural ecosystems nearly all
plants have mycorrhizal symbioses equipped with a halo of hyphae to
infiltrate the soil.
But natural systems would become static and most nutrients
immobilized without grazing of above-ground plant parts, litter,
roots and microflora by animals.
Grazing animal life varies in
size from omnipresent protozoa to cows. Grazing animals function
to: 1) drive a process of microbial succession; 2) transport
inocula to unexploited resources; 3) make resources available by
shredding ("comminution"), thereby increasing surface/volume ratios
of particles; and 4) mix and transport resources (5, 60, 61, 72) .
Grazing animals are ecosystem catalysts, composed of relatively
very little biomass and contributing only a minor role in total
soil respiration -- but without them the system would grind to a
halt
and
plants
could
not
grow.
Anthropogenic
systems
(particularly agriculture) have non-equilibrial inputs and outputs,
but basically are regulated by the same invertebrate processes -nutrient retention for long-term productivity is notoriously poor.
It is frequently useful to distinguish the effects of
different invertebrates based on their size; macro-invertebrates
larger than 5 mm; meso-invertebrates (largely springtails, mites
and nematodes); and micro-invertebrates less than 0.5 mm (mostly
protozoans and nematodes) . Experimentally it has been shown that
the effect of meso- and macro-invertebrates on soil processes is
principally indirect; their own metabolic contribution and the
total nutrients within their own waste products is vanishingly
small relative to the quantity of nutrients they cause to be
released through grazing (27; Fig. IB). Anderson & Ineson (7) have
shown that arthropod feeding markedly increases the soil bacterial
respiration rate by stimulating both the facultatively anaerobic
guild (5-fold) within their guts and the aerobic urea-decomposing
guild associated with their faeces (100-fold).
Experiments
involving the temporary removal of only the meso- and macroinvertebrates from either laboratory microcosms or field studies
show that they account for 10-50% of total nitrogen mineralization
(most of the rest being due to protozoal and nematode grazing; 57).
Microbial species succession is driven by an iterative process
of coprophagy (faecal-feeding). For instance, a millipede first
crushes up a leaf into large faecal pellets (ca. 4000 ju).
As the
leaf material passes through the millipede gut an anaerobic
microbial flora extracts highly soluble compounds from it; as a
nascent faecal pellet an aerobic flora attacks the periphery. Then
a mite which grazes the outside for the new flush of bacteria and
fungi subjects the material to additional gut flora.
This newly
reprocessed faecal material (ca. 20jx) is subject to yet again a
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Fig. 3. Cumulative 6 week nitrate losses from leaf litter and humus in microcosms reconstituted to mimic oak
forest soil. Perridge site on left; Stoke Woods site on right. A = arthropod comminutors; R = roots of oak
seedlings. Treatments with arthropods but without roots present significantly increased mineralization. Results
from treatments with both arthropods and seedlings differed in amount of leachate, but in both the seedling grew
significantly faster than in the treatment without arthropods (6).

different microbial flora. After several more passages through the
guts of mesoarthropods, an enchytraeid worm may ingest an array of
small faecal pellets and initiate the cascading process all over
again within its large faeces (1000 ,u).
Anderson has developed a model of animal regulated nitrogen
availability (ANREG) in extensive studies involving oak seedlings
and endemic soil microflora (6, 8). Basically, Anderson sterilized
a series of soil types normally supporting oak forests, and then
reinoculated his sterilized microcosm soils with the usual
components of soil bacteria and fungi (Fig. 3 ) . Such microcosms
(N.B. without any invertebrates!) mineralized nitrogen, but at a
very slow rate. This rate did not change when oak seedlings were
added to the pot.
But when comminuting arthropods were added
(e.g., millipedes), the rate of mineralization significantly
increased. The rate of mineralization was directly correlated with
the biomass of arthropods present, but the mineralization occurred
even if the arthropods were present only at the start of the
experiment.
The arthropods' role was apparently to drive a
microbial succession upon substrates by enhancing availability. If
a seedling was added to the pot with the arthropod treatment, the
additional nitrogen mineralized was incorporated directly into
plant growth (four-fold higher than controls; 6, 8 ) .
INVERTEBRATE GRAZING EFFECTS
AT THE FUNGAL COMMUNITY LEVEL
Since most plants are obligately or facultatively mycorrhizal
(45) , direct hyphal grazing affects plant growth.
It is likely
that Finlay's (20) studies on commercial onion production and the
endomycorrhizal hyphal-feeding
springtail, Folsomia,
represent
universal density-dependent effects (Fig. 4 ) . Without mycorrhizae
the onion is unable to take up phosphorous and cannot grow. With
mycorrhizal symbionts, the rate of phosphorous uptake is dependent
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Fig. 4. The relationship between mean shoot phosphorous content and initial Collembola density for mycorrhizal
( • ) and non-mycorrhizal (A) Allium porrum plants grown with seven densities of Onychiurus ambulans. The
fitted quadratic relationship is shown for mycorrhizal plants (20).

upon the population levels of springtails. Under limited grazing
pressure mycorrhizal activity is enhanced, but under heavy grazing
pressure (i.e., predators eliminated) mycorrhizal activity is
suppressed.
Several authors have shown that continuous grazing
decreases
nitrogen
mineralization,
but
interrupted
grazing
increases mineralization by stimulating hyphal growth.
Numerous laboratory studies have shown that fungivorous
species usually have preferences
for particular
species of
foodstuffs (28) . Selective grazing can regulate the fungal community structure and has the potential to alter soil properties.
In spruce forest soil Newell (48) has shown that by feeding upon
the fast growing fungus Marasmius
androsaceus,
the springtail
Onychiurus
increases the relative abundance and diversity of other
competing fungal taxa. The presence of this springtail can alter
nutrient availability to the spruce, since in its presence the
slow-growing competitor Mycaena galopus
is able to immobilize a
significant amount of Ca + + ,
European oak forests grow rapidly on clay soils, produce a
large annual litterfall and are characterized by a thin rapidly
decomposed litter layer.
Conversely, on sandy soils growth is
slow, annual litterfall is minimal, but the litter layer is deep
because decomposition is very slow.
The phenols in oak leaves
(alive or as litter) polymerize upon cell rupture, causing death of
herbivores and detritivores.
The springtails, Folsomia
and
Tomocerus,
are able to detoxify the phenols by filling their
digestive tracts with inorganic clay particles from the A horizon,
before migrating up into the litter layer to feed on and shred the
oak leaves in the evening. Bacterial development was promoted on
the aggregates during digestion and the bacterial colonies were
surrounded in a mucus layer with the argilic particles.
Through
the activity of these keystone species, nutrients become more
available and oak forests growing on clay soils are able to sustain
far more biomass and are able to efficiently recycle nutrients. On
sandy soils the entire forest ecosystem becomes limited by
nutrients immobilized in inactive (dead) components (70).
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Afforestation programs have often revealed the roles of
keystone species.
New pine plantations on eroded soils in East
Africa grew rapidly for several years, but stopped growing as the
litter layer increased. Subsequently, incidental introduction of a
widespread
"pest"
millipede,
reinitiated
continuous
growth
consequent to comminution of the litter (D. Perry, pers. comm.).
In established natural forests characterized by high levels of
biodiversity, individual species may still assume keystone roles.
In the conifer forests of Oregon (USA) , even with the presence of
hundreds of arthropod species per meter^ of litter, there is only
ONE common widespread macroinvertebrate taxon that comminutes both
deciduous and coniferous litter, the millipede Harpaphe
haydeniana
(40).
Nearly all other soil taxa depend ultimately on the
ingestion of original litterfall by this unique species.
Full
consumption is not necessary, for even if the millipede only takes
a bite out of needle epidermis, the meso-comminuting oribatid mite
fauna will then have access through the resistant epidermis. This
aposematic millipede species is cyanogenic and immune from most
predators
except
a specialist-feeding
beetle
(Promecognathus
laevissimus),
in turn another keystone species by definition. The
effect of a keystone species may be rather localized, because in
the drier forests of northeast California (USA) Harpaphe
is an
infrequent community component.
Its role is assumed by a
spirobolid millipede and its specialist-feeding predator glowworm
(Zarhipis
integripennis;
41) .
MYCORRHIZAL DIVERSITY AND PLANT COMMUNITY FUNCTION
Awareness of mycorrhizae has increased since 193 8, when McComb
demonstrated conclusively that bare-rooted trees could not survive
in prairie soils unless the planting sites were deliberately
inoculated with mycorrhizae (37) . Schramm (58) demonstrated that
not all mycorrhizae are equal, and that attention had to be given
to the specific nature of the symbiosis, since the mycorrhiza from
a nursery
(Thelephora
terrestris)
would not suffice, but a
mycorrhiza
from
the harshest
local
environment
{Pisolithus
tinctorius)
would allow pine to afforest on coal mining wastes.
The introduction of specific mycorrhizae associated with economic
forest trees is well documented, even though the recipient region
may support its own diverse endemic mycoflora (39, 71).
Kowalski (31) demonstrated the same species-level functional
significance of mycorrhizae in reverse.
Kowalski found that
European forest tree species survived acid-rain pollution well,
until their mycorrhizal symbionts were succeeded by species with
weaker sheaths, resulting in rapid decline in growth and vigor of
the forest.
A number of recent authors have established that a mycorrhizal
fungus may be linked to more than one higher plant simultaneously,
depending upon the fungus, perhaps to unrelated species of plants
(1).
Such links permit the flow of nutrients between different
plants, affecting health and even the ability of plant species to
colonize particular locations. In conifer forests of Oregon (USA),
Douglas-fir (Pseudotsuga
menziesii)
normally regenerates in full
sun and bare mineral soil after forest fires.
General silvi-
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cultural knowledge states that Douglas-fir cannot survive under the
shade of a forest canopy. However, Griffith et al (21) have found
that seedlings are not infrequent under canopies, and whenever
present they are joined to the canopy Douglas-fir trees through
mycorrhizal bridges of Gautieria
and
Hysterangium.
An exemplary investigation of the role of mycorrhizal bridges
and higher plant species diversity was carried out in microcosms
planted with grass (Festuca
ovina)
and 16 species of subdominant
forbs (22). Labelling the grass with radioactive CO2 demonstrated
linkages between all 17 species of plant roots via mycorrhizae.
The mycorrhizae increased the competitive ability of the forbs
and facilitated
diversity by
under
undisturbed
conditions
increasing the biomass of the subdominant species. The beneficial
aspects of mycorrhizal presence were augmented in some forb species
when the dominant grass was experimentally "grazed" (22).
Janos (29) demonstrated that tropical forest succession is
driven largely by mycorrhizal relations. The first colonists are
those plants incapable of forming mycorrhizal symbioses, followed
by species facultatively forming mycorrhizae with non-specific
fungal partners (mycorrhizae are necessary on nutrient-poor soils
or for dense plants in competition on fertile soils), and succeeded
Connell and
in turn by obligately mycorrhizal forest trees.
Lowmann (15) discovered that the anomaly of monoculture stands in
tropical forests was likely to be determined by extensive soil
colonization with ectomycorrhizal species which exclude seedlings
of non-partner species.
As an oversimplification, species-rich tropical forests are
associated with non-diverse endomycorrhizae while species-poor
temperate forests are associated with diverse ectomycorrhizae.
Trappe (71) estimates that a single tree species,
Pseudotsuga
menziesii,
is associated
with
2000
different
species of
ectomycorrhizae; both on-site «-diversity is high (100 species per
stand) and regional endemic ƒ3-diversity is high. So what about the
issue of species redundancy? Surely many of these species could be
candidates.
But Molina et al (45) have postulated and have
evidence that not only are different ages of Douglas-fir associated
with different mycorrhizal symbionts, but different species confer
advantage to the tree during different seasons and different
species are mediators of different modes of competitive advantage
(disease resistance, drought resistance, nutrient mobilization);
hence, functional redundancy is significantly less that it might
appear to be.
Localized adaptability and multiple differential advantages
are postulated by Allen and Allen (2) who investigated the 48
species of endomycorrhizal symbionts of the widespread
Artemisia
tridentata.
Transplantation studies (with and without crossinoculation of mycorrhizae) revealed tightly knit mycorrhizal
communities (1-4 species per stand), highly adapted to localized
environments.
Perhaps
the most
thought-provoking
conceptualization of
mycorrhizal functioning at the community level comes from the
conifer forests of southwest Oregon (USA). Molina and Trappe (46)
postulated that stump-sprouting understory shrub species
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Fig. 5. Effect of Australian cow dung on millet growth. Six days before seed was sown a measured amount of
dung and 20 pairs of dung beetles were put in the pot at the left. The second pot contained the same amount of
dung but no beetles. The third temporarily contained dung prior to sowing, but no beetles. The fourth pot (right)
received neither dung nor beetles. The plants with both dung and beetles took up much more nitrogen,
phosphorous, and sulfur than the others and its total yield was significantly greater (74).

(Arctostaphylos
spp.) could maintain ectomycorrhizal inocula in
areas of high forest fire frequency, for the benefit of both germinating hardwoods (Quercus,
Lithocarpus,
Arbutus)
and conifers
(Abies, Pinus,
Pseudotsuga)
following a fire.
Amaranthus
and
Perry (4) found that sites recently cleared of Arctostaphylos
and
any sites inoculated with soil taken from under living
Arbutus,
supported high success rates of bare-rooted Douglas-fir seedlings.
Borchers and Perry (13) documented that conifer seedlings grown
adjacent to the hardwood crowns were twice as heavy and had twice
as many mycorrhizal root-tips as seedlings 4 m distant. Perry et
al (52) describe these ecologically linked trees, shrubs and
mycorrhizal symbionts as a "functional guild". -- "associations for
mutual aid and the promotion of common interests". Thus it appears
that a diversity of mycorrhizae is desirable, if not necessary, to
create, promote or sustain a diverse higher plant community.
THE CHALLENGE OF SOILS BIODIVERSITY MANAGEMENT
Ecosystem management for biodiversity is now a legal mandate
for the US Forest Service.
Although the standard management
practice of clear-cutting does significantly decrease species
richness of soil microflora and fauna (40, 62, & Moldenke unpub.
data), species richness levels remain exceedingly high (41) . Even
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under these conditions of high biodiversity it has proven
economically rewarding to augment soil diversity with selected
mycorrhizal inocula.
Faced with the possibilities of global
climate change, the Forest Service is actively researching the
identity of keystone mycorrhizal taxa adapted for differing age
classes of each important lumber species (R. Molina, pers. comm.).
Australian pasture lands support a rich native soil fauna, but
when cattle were first introduced into Australia, there were no
species
capable
of
effectively
recycling
their
faeces.
Productivity declined, overgrazing ensued and immense populations
of flies plagued the residents (Fig. 5) .
Populations of dung
beetles (Scarabaeinae: Onthophagus
gazella)
, specifically adapted
to the ungulates of southern Africa, were introduced to mix the
faeces into the soil (74) . But in order for the dung beetles to
have competed efficiently against the flies (which grow much faster
than the larval beetles), predaceous maggot-eating gamasid mites
(Macrocheles
peregrinus)
which are carried from patty to patty by
the beetles also had to be separately introduced (32, 73). The cow
dung problem required a novel solution (or rather 2 solutions) to
an altered biological food web; the solutions were biologic and
basic. The Oregon acarologist, G. Krantz, had to travel to South
Africa
to
investigate
which
species
of
mites
occurred
preferentially in cow faeces,, which were efficient fly predators
and, of these, which were phoretic on the beetles and could spread
with their expanding populations.
The mite fauna was totally
unknown at the initiation of the study, requiring the most basic
collections and descriptions of "new species"(32).
Most
agricultural
soil
faunas
are
regrettably
largely
(49) -- references for distinguishing species are
unstudied
infrequent and generally only usable by museum scientists, and
ecological information is lacking entirely (67).
The recent
publication of Dindal (18) provides a bibliography and keys to many
North American soil fauna. However, developing computer software
offers the hope of constructing heuristic parataxonomies both by
and for non-specialists, even in tropical regions (J. Longino,
pers. comm.).
These interactive
"illustrated keys" permit
significant information storage, and retrieval and facilitate
updating as knowledge level increases.
The emphasis of the
computer identification program "Computer Taxonomy and Ecology of
Soil Animals" on functional groupings rather than pure taxonomy
should facilitate studies throughout the temperate zone (44).
Though the reductionist approach of ferreting out keystone
species where they exist is important, so also is uniformly
describing and quantifying system diversity -- often a prerequisite
step in the former process.
Standard ecological measures of
diversity (i.e., Shannon-Weiner, Simpson) lose much of their
discriminatory power as species richness increases to levels
typical of soil invertebrate samples (42). We were faced with this
issue when we were asked to determine if "non-target" soil
biodiversity was adversely affected by forest management practices
(41) . For our Oregon conifer forest system, principal components
analysis best represented complex community phenomena and provided
for additional analytic discoveries (38) ; two PCA programs were
especially useful.
TWINSPAN portrays the respective relatedness
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Fig. 6. Effects of agricultural practices on soil microarthropod diversity (16).

of community samples in a tree-branching pattern; DECORANA arranges
both samples and constituent species as points in three dimensions,
with the distance between points representing the similarity of
relative species abundances.
However, within any ecosystem there are liable to be certain
taxa that have greater effects than others -- "ecosystem engineers"
(67) . Management analysis should start with these groups, proceed
to a census of the entire soil fauna at the taxonomie group level
(to provide a simple indication of the ecological complexity of the
soil community), and thence to the species richness of several
dominant
and
taxonomically
tractable
groups
where
further
discrimination can shed light on ecologie function. For instance,
Lavelle (34) showed that cultivation caused the number of earthworm
guilds to fall from 4 to 1 in Peru. In the temperate zone Rushton
(56) showed that plowing buries leaf litter, removing the food for
anecic species, destroys the habitat for epigeic species, but
increases the food resource for endogeic species.
In the tropics, ant and termite diversity
should be
highlighted.
Redford (54) and Jones (30) have shown in grazing
lands that termites radiate out just under the ground surface from
termitaria (in nearly continuous use for centuries) to harvest 100%
of the intervening space between adjacent mounds. Nutrients become
concentrated within the structure of the termitaria, producing hot
spots for plant growth (of species specially adapted to termite
presence) and vast expanses of nutrient-poor adjacent soils.
In
desert soils of the US, even the "unnoticeable" subterranean
termites account for 50% of litter comminution (57).
Biodiversity concerns are greatest in agriculture, hence the
nascent field of "alternative sustainable agriculture" (Fig. 6 ) .
Human population expansion pressure usually consumes the prime
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Fig. 7. Conceptualization of the major physical and biological differences occurring between conventional and notillage soils. Continuous no-tillage practices stratify the soil, concentrating nutrients and organic matter at and
near the soil surface. Crop residue decomposition occurs almost exclusively through the activity of a diverse
community of soil biota, mimicking the decomposition processes of natural terrestrial ecosystems. Organic
matter breakdown and mineralization in conventionally-tilled soil occurs more rapidly, with fewer steps, fewer
types of organisms (primarily the bacteria), and over a deeper area of soil (26).

agricultural land, with a resulting increasing percentage of
marginal land being converted to crop production.
Under tillage
management soil horizons are mixed, ground cover plummets, soil
species diversity plummets, residues are buried too deeply for
access other than to bacteria, and erosion potential is high.
Under no-tillage the soil is stratified, insulated from erosion,
decomposition is driven primarily by fungi (24) and a diverse
Conservation tillage conditions favor
arthropod fauna (26).
greater nutrient retention and more rapid decomposition (19, 66;
Fig. 7 ) .
The impact of pests and weeds on yield are rather
unpredictable as of yet.
Agricultural practices have to change, and ARE adapting
worldwide (3).
Scant knowledge of soil biological processes is
hindering progress.
For instance, though tillage is known to
generally depress most classes of soil biota (25, 26, 66), the
actual species composition of tilled versus non-tilled treatments
is often very distinct (24). Blumberg & Crossley (12) documented
only a 30% similarity of species between adjacent
paired
treatments. In agriculture, soil fauna assays are usually done at
a broad level of resolution, utilizing categories (i.e., "beetles"
or "worms") that encompass very diverse feeding habits (i.e.,
fungivores,
predators,
root-feeders)
or
diverse
functional
engineering roles (i.e., vertical versus horizontal burrowers).
Time -- it takes time for an experimental agricultural
manipulation to come to equilibrium.
Switching to non-tillage
immobilizes nutrients in the litter, since there is no significant
fauna to mineralize it. Initial colonization of the treatment plot
is by ruderal taxa, many of which may have detrimental effects.
Permanent colonization by a diverse suite of comminutors, fungi and
fungivores is dependent upon distance to source areas.
Are
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deliberate
introductions
a
cost-effective
possibility?
Early
colonization stages may also result in decreased yield, since
predators
can't
reproduce
until
prey
populations
are
well
established.
Management techniques need to take into account the
stage of community structure, but that is seldom appreciated or
reported in the literature.
As arthropod ecologists, we feel that possibly the best use of
time would be to more efficiently train agriculturalists in the
basics of soil biologic processes.
CONCLUSIONS
Of the several million species of organisms that live on the
planet, it has been estimated that 10% or less have been described
and named.
Of that 10%, the number whose life histories and
ecological roles are well understood is vanishingly small.
Biological research has understandably tended to focus on
organisms and systems having a direct and obvious impact on human
activities, especially food and fiber production.
In this context
the
above-ground ' interactions
of
animals,
both
insect
and
mammalian, and plants, both in natural and agricultural ecosystems,
are actively researched.
Below-ground interactions in contrast are
only beginning to be studied and as yet are poorly understood.
We have been fascinated by a number of specific ways that both
the invertebrate and microbial soil biota affect plant growth.
Some of these
(i.e., mycorrhizal symbioses) were unknown and
undreamed of as little as 50 years ago, yet are now major fields.
Surely, there are more surprises to come.
•
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Some Ecological Aspects of the Lithobiomes of the
Roraima Tepui
Fabian A. Michelangeli, Universidad Central de Venezuela, Facultad de
Ciencias, Escuela de Biologia, Caracas.

Introduction
The Tepuis are table form mountains, rising between 300 and
2500 meters above the surrounding forest or savanna, with vertical
scarpments of up to 1200 meters.

All the tepuis are found in the

Guayana shield, south and east of the Orinoco river.
These mountains are formed by sandstone, that lies over a
igneous basement dated about 3.5 billion years before present
(Briceno y Schubert 1992).
Since the first expedition that reached the summit of Roraima
Tepui, guided by Everard Imthurm in 1884, almost all the tops of
this

120 table form mountains that occur in the southern part of

Venezuela, have been visited by botanists, zoologists and other
scientists. However, most of the work produced by these expeditions
has been mainly systematic or taxonomie and little effort has been
made in the ecological aspects of this environment.
Different kinds of vegetal associations occur on the summit of
the tepuis, and those are: riverine forests, crevice and ledge
forests, wet and dry open savannas and lithobiomes (Acevedo 1989,
Huber 1992).
The lithobiomes are open areas of bare rock, scarcely covered
by patches of vegetation that look like "vegetation islands", over
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the rock outcrop. These vegetation islands develop over scarce
soils that are accumulated in the natural depressions of the bare
rock (Huber 1992)
Vareschi

(1992) shows that these lithobiomes

are pioneer

ecosystems, where a primary succession is taking place. Three serai
stages have been described by Vareschi. The first one could be one
of three alternative kinds of vegetation associations. The climax
stage is supposed to be the Bonnetia
shown

that

the

richness

of

the

forest. Vareschi has also

vegetation

increases

as

the

succession develops, but drops when it reaches the climax stage.
Colonnello (1984) and Cuevas (1992), point out that the soils
of

the

tepuis

have

very

low amounts

of nutrients,

specially

The aim of the present work, was to study the

floristic

nitrogen and phosphorus.

composition of the lithobiomes, and to try inferring how different
characteristics of the islands, as maximum and mean soil depth,
soil moisture level and island area, can modify the community.

STUDY SITE AND METHODS
The present study was conducted at the summit of Roraima
Tepuy, Canaima National Park, at the SE of Bolivar State in the
South of Venezuela (fig 1).

Roraima Tepuy is a table mountain,

that raises at 2700 meters above the sea level, with vertical
scarpments between 400 and 1000 meters high.
Although no meteorological reports exists from Roraima Tepuy,
we can assume that it is similar to other tepuis in the SW of
Bolivar State. In Chimanta Tepuy, located 150 Km. West of Roraima,
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the mean annual temperature is 12.1 C and annual precipitation
totals 3351 mm. (Galan 1992).
The study site was located 500 meters NE of the SW rim of the
tepui (5 9,684 N, 60 46,390 W ) .
Thirty

three

islands

were

selected

for

vegetation
2

environmental sampling, with areas ranging between 0.6 m

and

and 100

2

m . Each island was classified according to its soil level of
moisture in three different classes (flooded, humid and dry), and
by

its

form

(elliptical,

or. long) . Soil

depth

was

measured

introducing a metal pin until it touched the underlaying rock.
These measurerments were taken at regular space intervals in two
transects across the widest(W), and longest(L) axis of each island.
The area of the communities was calculated according to their form.
In the elliptical islands: A=(pi L*W)/4, and in the long islands:
A=L*W. The soil volume of the communities was calculated with the
mean soil depth and area.
Within
estimated

30 of the 33 islands, species cover was visually

for all the communities, in 5% cover classes. Those

species that had a cover percentage, less than 5% were assigned a
1% cover value. When
estimation

the islands were

too big making

visual

difficult, they were subdivided in two or tree patches

of the same size where the sampling was made. The overall cover
percentage

represents the mean between all the patches.In the

remaining three islands, only presence-absence of the species was
recorded, due to the fact this islands were the only ones where
trees were found, making the visual estimation very difficult.
The visual estimation method, that would seem imprecise has
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been shown to be accurate enough and its results are not very
different from those obtained with other methods

(Evenly spaced

dots, random dots, etc). This method had the advantage of being
less expensive and needing less time for sampling (Mesee and Tomich
1992) ,

a very convenient feature in this work, due to the fact

that the study site was located two days of trekking away from the
nearest road.
All the sampling was performed during

6-11

October 1992.

During 10-14 December 1992, another visit to the study site was
made,

and no new species nor differences among

species

cover

detected.
Simple linear regressions were calculated with richness or its
loglO transform as the dependent variable, and area, soil max
depth, soil mean depth, soil volume, or their respective loglO
transformation as the independent variable. An F statistic, with n2, 1 degrees of freedom was used to test the significance of the
regressions.

Principle Component Analysis of the species cover,

was performed over a Var-Covar matrix.

RESULTS AND DISCUSSION
Island Features
Twenty six, of the thirty three islands had a long form, and
the other seven had an elliptical form. The- long islands occupy
natural channels, digged by the erosion over small cracks that
naturally occur over the rock, and are mainly orientated east-west.
These last communities had a soil deeper than those of similar
size, but that were elliptical, growing over the flat and bare
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rock.
Most of the natural depressions or channels were filled by
water, rather than filled by vegetation.

However, in those cases

where the vegetation fills the depressions, it is rare when it does
completely, both in depth and length. Soil pH in all the islands
ranged between 3.8 and 4, while the pH of the water stored in the
crevices and other depressions was close to 3.5. The soil in all
the cases was mixture of very thick sand and organic matter almost
not decomposed.

In the deeper islands, organic matter could be the

main component of the soil.
Most of the vegetation patches over the Roraima Tepuy have a
long

form, while the vegetation

islands in the granitic

rock

outcrops in the South Eastern United States, have an elliptical
form

(Houle

1990) .

In the vegetation islands that grow over

granitic substrate the

degradation of the rock that causes the

enlargement of the area and the

increase in soil depth, is due to

the acidification of the soil as it increases in depth, and the
mechanical action of the roots over the rock (Collins et al 1989) .
I believe that this process is not taking place in the communities
of the Roraima Tepuy that grow over sandstone.

Soil pH remains

constant as the area and soil depth increase, and no evidence of
mechanical action of the roots was found. Moreover, the pH of the
water stored in the depressions is lower than soil pH. If the
processes were the same, the rock covered by water would be in a
worse situation than those covered by vegetation. If this were the
case, the way how each community should grow over the sandstone,
occupying the natural depressions that already exists over the
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rock.

In our case the most common depressions are those channels

produced by erosion of the cracks that naturally occur over the
rock.

Species-area relationship
As the area of the vegetation patches increases, the higher
the richness of the communities.

This relationship is not linear,

and the model that fits better is the exponential one, (S vs log of
the

island

transformed

area

r2=0.88 p<0.001, Fig

power

model

(log-log,

1), even more
r2=0.81)

that

than
has

the
been

traditionally used in the species-area and island biogeography
studies.

Log Area (m2)
Fig. 1: Linear Regression between Richness and Log Area.
• dry communities, o humid communities, • flooded communities,
O B o n n e t i a communities. S= 13,16 + 6,43 log Area. p<0,01. r2= 0,88.
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When the islands are discriminated by their level of moisture,
there is no significant difference among the three

regression

lines. This may suggest that water is not a limiting factor for the
assembly of these communities.
A better fitting of the data for one or other model does not
seem to be correlated with the biological causes of the positive
relation between richness and the area of the community (Connor and
McCoy 1979).

A better fitting to the exponential model has also

been found for vegetation islands in the southeastern United States
(Collins et

al

1989, Houle 1990) and for others relatively small

islands environments (Whitehead and Jones 1969, Rydin and Borgegard
1988).
The correlation between the richness and log of the mean soil
depth is not very high (r2=0.31 p<0.01, Fig 2) but the figure has
a conical form and an imaginary line can be drawn as a maximum.

As

soil depth increases, the maximum and the variation of richness
also increases. For two islands of the same depth, the bigger one
will have a higher richness than the smaller one.

The number of

species coexisting in one patch is regulated both by the area and
the soil depth.
The difference in the relationship between the soil depth and
area, which

is linear

in the case of granitic

rock

outcrops

(Collins et al 1989, Houle 1990), but not for the sandstone of
Roraima Tepuy, may be due to the differences of the development of
the soil processes explained above.
Soil volume, which is a parameter that involves soil depth and
island area, is the best predictor for island richness. The data
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Fig 3: Linnear regression between Richness and Log Soil
Volume. • dry communities, D humid communities, • flooded
communities, O Bonnetia
communities. S= -0.64 + 6.43 Log Soil
Volume. p<0.01. r2=0.91.
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fits better the exponential model

(r2=0.91 p<0.001, Fig 3 ) , and

there are no differences between the correlations when the three
levels of moisture are discriminated.

Soil volume could be a

measure of the quality of the environment. As soil volume increase,
we may expect higher amounts of water and nutrients. Since water
seems not to be a main problem, probably the assembly of the
community is regulated by nutrient availability.

The Vegetation
Forty different species were found in the community. Thirty
five of them were higher plants, belonging to 18 families and 27
genera (Table 1). All the species grow in the vegetation islands as
herbs or shrubs, except Bonnetia

roraimae,

which is a tree that

could grow up to four or five meters high. The more represented
families,

were

Orchideaceae

Lentibulariaceae, Bromeliaceae

(6

species),

Xyridaceae,

(3 species each) and Gramineae,

Ciperaceae, Ericaceae, Compositae and Lileaceae (2 species each).

Table 1: List of plant species present in the lithobiomes of the
Roraima Tepuy.
Bromeliaceae

Connelia
Tillandsia

quelchii
Turneri

Bromeliaceae gen.
Cyperaceae

Everardia
angusta
Rynchospora sp
Eriocaulaceae

Paepalanthus

sp

Gramineae

Cortaderia
roraimensis
Panicum cnoodes
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Liliaceae

Nietneria
Tofieldia

corymbosa
schomburkii

Orchidaceae

Epidendrum
Epidendrum
Habenaria

imthurnii
alsum
roraimensis

Octomeria
sp (1)
Octomeria
sp (2)
Orchidaceae gen.
Rapataceae

Stegolepis

sp

Xyridaceae

Orecthante
sceptrum
Xyris
decussata
Xyris
witseniodes
Bonnetiaceae

Bonnetia

roraimae

Compositae

Baccharis
Stomatochaeta

vitis-idaea
condensata

Cyrilaceae

Cyrilla

racemiflora

Droseraceae

Drosera

roraimae

Ericaceae

Ledothamnus
sessiliflorus
Thibaudia
nutans
Lentibulariaceae

Genlisea sp
Utricularia
Utricularia

quelchii
sp

Melastomataceae

Macertia

taxifolia

Myrtaceae

Ugni

myricoides

Ochnaceae

Sauvagesia

imthurnii

Rubiaceae

Maguierothamnus

speciosus

Not identified
one sp

^^

The plant communities of the Roraima Tepui have a floristic
composition similar to that reported for vegetation islands in the
Chimanta Tepui (Vareschi 1992), although some species, particularly
of the genus Chimantea

which is endemic to Chimanta Tepui, are not

present in the Roraima communities. The communities dominated by
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Brochinia
Tepui

reducta,

a ground bromeliad, that occurs on Chimanta

(Vareschi 1992), were also not found in the vegetation

islands of Roraima, although this species was present in pea moors
that were just a hundred meters from the bare rock zone.
The cover and importance of each species vary among the
different islands sizes. In the 10 smaller islands 22 species were
found, where only four of them had a coverage higher than 10%.
These were Everardia

and Orecthante

augusta,

sceptrum.

Nietneria

corymbosa,

Paephalanthus

In the intermediate size islands 28

species were found, where the most abundant were Everardia
Panicum

cnoodes

and Nietneria

corymbosa.

excluding those with Bonnetia
higher

coverage

Stegolepis

were

roraimae,

Panicum

the species that had the

cnoodes,

Everardia

sp, among a total of 34 species.

roraimae,

augusta,

In the biggest islands,

were recorded at the islands where Bonnetia
Bonnetia

sp

augusta

and

All the 40 species

roraimae

was present.

the only tree in this community, can be found in

the islands where the soil depth exceeds 50 cm., despite the size
of the vegetation patch.
The relative importance of some species increase dramatically as
the

size of the island becomes bigger, but none of the species

presented a sharp decrease.

In this sense, we have that Panicum

cnoodes presented a coverage of less than 1% in the small islands,
a coverage of 13% in the intermediate islands, and is the most
common species in the bigger patches with a coverage of 19 %.
Similarly,
taxifolia

Stegolepis
and Ledothamnus

sp,

Stomatochaeta

sessiflorus,

condensata,

Macertia

the last three shrub dicots

species, increase their relative importance as the size of the
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islands becomes bigger. As the area of the island increase, the
amount of woody species and their relative importance also raises.
No species were found unique in small islands; if a species was
present in an island, it could be found also in the bigger ones.
The area covered by one species is not necessarily related to
Drosera

the frequency of islands whre it can be found. For example,
roraimae,

an small

islands

sampled, but

Nietneria

corymbosa

insectivorous plant, occurs
its cover percent never

in all the 33
exceeds

5%, but

a herb of the Lileaceae family, that was found

in 30 of the 33 islands had coverage that range between 1 and 30%,
with a global mean of 5%.
Panicum

cnoodes,

On the other hand, some species like

can only be found in a few islands, but when

present its cover almost all of the island.
The increase in the amount and importance of shrub and woody
species, as the island becomes bigger has also been found in the
vegetation patches of granitic outcrops (Burbank and Piatt 1964,
Phillips
change

1981, Burbank and Phillips 1983) .

has been

correlated

with

This successional

the development

of

the

soil

(Burbank and Piatt 1964, McCornick et al 1974).
Phenotypic plasticity is a common feature among the dicot
plants;

The plants of the genera, Bacharis,

Maguierothamnus

Sauvagesia,

and

have a shrub appearance 40 cm tall or less, in the

lithobiomes, but can reach 1 or 2 meters when growing in the
riverine or ledge forests, or up to 4 meters as in the case of

Bacharis.
This plasticity may be a product of a significant difference
in the amount of nutrients between the soils of the lithobiomes and
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the forest.

If the soils of the forest are a more

suitable

environment, they could afford a larger development of the plants.
An alternative explanation is that the root system could develop
further in the deeper soils of the forest than in the shallower
soils of the vegetation islands, giving in this way a better
support against the highwinds existing in these mountains.
The PCA had an explained variance of 69% for the three first
components.

The horseshoe pattern for the plotted data, described

by Pielou (1984) for successional systems was not found, and the
disposition of the points does not follow any pattern, neither with
the area nor with soil depth or soil moisture level.

This may be

due to the fact that we are not in presence of a real succession,
but what is taking place is a enlargement of the communities with
a continuous recruitment of new species, without the exclusion of
the pioneer ones.

This also shows that there are no differences in

the floristic composition of the different types of islands when
they are discriminated by their level of moisture.
Another data that suggest that nutrients are a limiting factor
in the assembly of this communities, is that in almost all the
vegetation islands up to four different species of carnivorous
plants, can be found. These plants belong to two different families
(Droseraceae and Lentiburaliaceae) with two different prey catching
strategies.

CONCLUSIONS AND FINAL COMMENTS
Even thought no direct evidence about a primary succession
was found, the similarities between the vegetation islands of the
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Roraima Tepui and those studied in the southeastern United States
(Burbank and Piatt 1964, Burbank and Phillips 1983), and in lava
flows in Hawaii

(Egler 1971), lead us to think that a growing

process of the communities is happening. The results suggest that
we are not in presence of a real succession, but the continuous
recruitment of

new species without the exclusion of the pioneers,

as the island area becomes larger.

The growth of these islands

occur through the accumulation of soil in the natural depressions
of the rock, instead of the acceleration of the degradation of the
rock, as it has been reported for granitic substrates (Collins et
al 1989).
The

main

limiting

factor,

for

the

development

of

these

communities seems to be the low depth of the soil, and the scarcity
of nutrients, rather than the avaibility of water.
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Abstract. In connection with ecosystem function, and biogeochemical cycles in particular,
diversity of soil fauna and soil microorganisms are increasingly becoming of interest. Microsite
patterns of vegetation and soil were found to have great effect on the biodiversity of soil
organisms at tundra sites in the Subarctic. The study site (on a low alpine heath) in Northern
Finland is characterized by Spodosols and a vegetation mosaic of dwarf shrub and lichens,
which is believed to be induced by reindeer grazing.
The different plant cover has a great influence on microclimate and biomass production, and
therefore, on biogeochemical processes and pedogenesis. In particular, differences in the
humus profile development and nitrogen cycle are considered. Lichen sites are characterized
by N input by fixation, for example, and N output by grazing. Mineralization of nitrogen from
the lichen covered soils produced only low levels ammonium, and very low levels nitrate, while
no mineralization was detected in the shrub-covered soils. The lichen vegetation is likely one
source of nitrogen for the dwarf shrubs since the shrubs' roots and mycorrhiza extend to the
relatively moist B horizons of the lichen-covered microsites.
At low alpine heath sites in the Subarctic, vegetation and soil mosaic influence not only
diversity and activity of soil microorganisms. Also, soil fauna are affected by the variations in
plant cover and soil, in particular the interrelationship between mesofauna and mycorrhiza
plays an important role.
Introduction. Biodiversity studies are becoming more important in connection with recent
increasing interest in ecosystem function and nature conservation (5). Moreover, biodiversity
and ecosystem function are of particular interest in view of the potential effects of a changing
global climate (43). Diversity of plants and animals has intensively been studied (15),
unfortunately, soil fauna and soil microorganisms are usually not taken into account (30, 42).
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Soil organisms diversity depends on soil physical and chemical conditions, furthermore on
vegetation, climate and relief. More attention has to be paid to the interactions between
vegetation, soil and soil organisms (6, 34). The microsite pattern of vegetation and soil (e.g.
depending on microrelief) may play a major role in promoting a diverse soil microorganism
community by creating different habitats (37, 47).
Generally, the disturbance of such heterogeneous sites in man-made ecosytems leads to loss
of diversity (10). On the other hand, other ecosystems occur where the impact of agricultural
use is necessary in order to form such habitat patchiness. This holds true also for subarctic
tundra sites overgrazed by reindeer (4, 16). At subarctic heath sites in Fennoscandia selective
grazing of lichens causes a peculiar mosaic of moist dwarf shrub sites and dry lichen sites,
which in turn influences pedogenesis, soil organisms habitats, and interactions between them
(48, 49).
Objectives of the present study are
- to describe the microsite variation in vegetation at tundra sites in the Subarctic, as
influenced by grazing by reindeer,
- to investigate the interrelationships between vegetation, soil and soil organisms,
- to discuss the effects of the patchy vegetation on different ecological processes during
pedogenesis,
- and to investigate the diversity of soil fauna and microorganisms. Therefore, microbial
activity, especially potential nitrogen mineralization, was measured. A companion paper
(27) will present the soil fauna research.
Material and Methods. The low alpine heath study area is located on a mountain in northern
Finland, close to the upper limit of the subarctic birch forest (Tab. 1). The site is exposed to
winds from all directions, and thus, winter snow cover is very thin, and soil freezes deeply.
Soils were described according to the US taxonomy (41). Data are based on twelve profiles,
six of them under dwarf shrub cover and six under lichen cover. Soil samples were analyzed
by standard methods for texture, pH value (soil/solution ratio 1:2,5) and pedogenic oxides (33,
40). Iron and aluminum were extracted with dithionite-citrate, oxalate, and pyrophosphate.
Atomic absorption (AAS Perkin Elmer 1100) was used to measure Fe, and Al in the extracts.
Carbon and nitrogen were measured with an elemental analyzer (Carlo Erba NA 1500).
The mineralizable nitrogen, as an index of nitrogen availability, was determined according to
the method of Bremner (2). Air-dried soil samples were mixed with sand, moistened, and
incubated at 30°C for two weeks under aerobic conditions. The amount of ammonium and
nitrate was estimated by extracting the sample with 2N KC1 followed by steam distillation and
titration with 0.005 N sulfuric acid.
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Tab. 1: Site characteristics (sources of data: 3, 11, 14, 16, 21, 22, 23, 36, 39)
location

69°46'N

26° 5 7 ' E

elevation a.s.1.

331 m

topography

flat, at the mountain crest

bedrock

Precambrian Baltic Shield

parent material

granite gneiss

soil type

Spodosol

climate

slightly continental
high wind velocity
mean annual air temp.: -3,5°C
mean annual precipitation: 420 mm
mean annual soil temp. (5 cm depth): - 2,8°C

vegetation

oligotrophic alpine heath with a few scattered
mountain birches
dwarf shrub
- Empetrum hermaphroditum (dominant)
- Loiseleuria procumbens
- Vaccinium vitis-idaea
- Arctostaphylos alpina
lichens (dominant), grasses
- Cetraria nivalis
- Cladina stellaris
- Stereocaulon paschale
- Juncus trifidus

Results and Discussion. On mountains in northern Fennoscandia, only shallow soils develop,
and are characterized by a high percentage of skeletal material. Although located at a
relatively high northern latitude, permafrost does not occur at the investigated sites. There is
no visible evidence of cryoturbation, presumably since these soils have a sandy texture. This
is in contrast to the nearby soils that occur on glacial till and display pronounced
cryoturbation.
The study site is characterized by Spodosols with a loamy sand texture in most cases.
Distribution of iron, and aluminum indicate podzolization processes (Fig. 1). Illuviation of
carbon is mostly restricted to small pockets between boulders and stones. Apparently, a
continuous Bh horizon does not exist. Also, eluviation is confined to discontinuous E horizons
of varying depths developed along boulders. It is apparent, that leaching processes are most
intensive adjacent to boulders. The temperature regime is pergelic, therefore these soils
classified into the Cryod suborder.
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In northern Scandinavia, Spodosols are common on both Precambrian bedrock (e.g. 31) and
glacial till (e.g. 35). Probably, also contemporary podzolization processes play a role in
Scandinavian tundra ecosystems that may be compared to some Alaskan or Greenland sites
(e.g. 19, 29, 45). Investigations of soils at the study site, been carried out during the
International Biological Programme about 25 years ago, also classify the soil as podzols. The
influence of the plant cover on pedogenesis was not reported. However, it can be concluded
from those data that soil samples were taken under dwarf shrub vegetation because a thick
humus layer was described (18).
Distinct differences are evident due to pedogenesis influenced either by lichen or by dwarf
shrub vegetation. Also, the microrelief is an important factor, as shrubs grow much better in
little, windsheltered depressions. The eluviated mineral horizons show pH values (CaCl2) of
about 3, whereas the illuviated horizons are characterized by pH of about 4 (Fig. 2). A thick
O layer only developed under shrub vegetation. The humus layer has the same pH as the
eluviated horizons. Dwarf shrub heaths may produce greater acidification, and complexing
organic ligands, thus enhancing leaching processes. Obviously, the production of proton donors
by various plant cover must be considered in particular at these sites (44).
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Figure 2:

pH in different horizons under lichen cover (left) and dwarf shrub vegetation
(right)
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The most obvious difference between the microsites is the carbon content (Fig. 3). The
organic carbon contents of the very thick O and A horizons under shrub vegetation are higher
than under lichen cover. At these sites only thin litter and O layers were mapped. Also, the A
horizon is thinner than under the Empetrum sites. At both microsites the nitrogen content in
all organic rich horizons is relatively high, which is typical for tundra ecosystems (9). The C/N
ratio of the shrub litter is wider than the ratio of the lichen litter. The high C/N ratio, along
with the higher lignin content of Empetrum, may lead to slow decomposition and therefore
greater accumulation of organic matter. Because of the high humus content also in the spodic
horizons, dwarf shrub sites should be classified as Humicryods at the great group level and
soils under the lichen sites should be classified as Haplocryods. At the subgroup level in both
cases "pergelic" must be added because of the low mean annual soil temperature.
Very likely, the vegetation and soil mosaic described above influences the N cycling at these
heath sites (Fig. 4). In arctic and subarctic habitats, nitrogen fixation by lichens is an important
source of this nutrient. Nitrogen fixation by lichens, especially Stereocaulon paschale (26), and
by free-living microorganisms (24) are common at the study sites presented. However, the
amount of fixed nitrogen is comparatively low because of the acid soil and dry conditions at
this windswept alpine tundra site. Nitrogen fixation is not restricted to the lichen microsite.
Also, in the O layers under dwarf shrub increase of nitrogen indicates this kind of N
accumulation (Fig. 3). Additionally, nitrogen input by precipitation should be considered (25,
32). At lichen sites, N fluxes occur primarily between the atmosphere, the living vegetation,
and consumers (20, 23) whereas under shrubs the organic layers and the humus-rich mineral
horizons are also involved. In the latter case, the rhizosphere and therefore rhizosphere
microorganisms are more important (9).
The consumption of organic nitrogen by reindeer is, of course, typical of lichen sites, e.g. with
Cetraria nivalis, Cladina stellaris. On the other hand, reindeer avoid nitrogen fixing lichens such
as Stereocaulon paschale (23, 26). Because of the consumption of this special food, very little
organic matter is left for decomposition. Decomposition of nitrogen fixing lichens seems to be
necessary for N uptake by the non-nitrogen fixing lichens, grasses etc. (Fig. 4). Also, the C/N
ratio is narrower than the one under Empetrum (Fig. 3). Thus, low level of nitrogen
mineralization could be measured under lichen sites. On the other hand, no N mineralization
was detected in O and A horizons under dwarf shrub. The amount of potentially mineralizable
nitrogen at the lichen sites is max. lOppm, about 80-90% ammonium and 10-20% nitrate. Low
N mineralization rates are typical for this subarctic tundra sites (46), since, generally,
decomposition is very slow due to the low temperatures (17, 38).
The high percentage of ammonium as first product of nitrogen mineralization is typical for
such acid tundra sites with a wide C/N ratio of the litter (9, 13). Because of the low pH
autotrophic nitrification is hampered. Thus, very little amounts of nitrate seem to have
originated from heterotrophic nitrification. In particular, evergreen dwarf shrubs are adapted
to utilizing nitrogen supplies as ammonium. In combination with ericoid mycorrhiza, many
species of Ericaceae (e.g. Vaccinium vitis-idaea) and also of the related family Empetraceae
(e.g. Empetrum hermaphroditum) are able to tolerate low available nutrient contents in soil (1,
28). Also, nutrient translocation within the plants has to be considered (9). Roots covered with
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mycorrhizal hyphae penetrate deep into the soil directly under the shrubs (Fig. 1 and 2). Thus,
at our study sites mites are more common under Empetrum than under lichen cover (27). Soil
mesofauna prefer, for example, mycorrhizal hyphae as food (12). Additionally, the roots of the
shrubs grow in the B horizon under the lichen microsites, avoiding the relatively dry upper
parts of the soil. In this case, the roots of dwarf shrub vegetation are able to use the low
amount of nitrogen mineralized above (7).
Nutrient leaching from humus-rich horizons of the lichen sites to the roots of the neighboured
shrubs is enhanced by the well-drained site with relatively low clay content. On the other hand,
adsorption of ammonium cations at humic substances could be high. Despite low precipitation,
leaching is obvious because of podzolization features in the soil profile. Thus, percolation and
therefore leaching after snow melt play a great role. However, nutrient loss below the roots
probably is negligible. Since percolation takes place mainly near boulders and stones, these
surfaces are often covered with many fine roots. The space between stones and soil is
enhanced by freezing of the soil. Nitrogen losses by denitrification are probably also negligible
because of minimal nitrate concentration and dry conditions in the soil.
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e.g. nitrogen fixation
precipitation
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Selected processes of the nitrogen cycle at the study sites in the European
Subarctic characterized by a mosaic of dwarf shrub and lichens.
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Conclusions. Soil ecological processes at heath sites in the Subarctic are very complex. The
regulation of this tundra ecosystem is highly dependent on the diversity of soil organisms. The
typical vegetation mosaic of lichens and shrubs is caused by reindeer grazing (16, 50), and by
competition between plants for e.g. soil moisture. In addition allelopathic effects between
lichens and dwarf shrubs may occur (8).
The patchiness of plant cover influences soil physical and chemical properties, and
microclimate. Thus, number and activity of soil organisms vary between microsites. Organisms
differ also with respect to the structural units of ecosystems, e.g. litter or roots. In particular,
in the rhizosphere the interactions between soil fauna and microorganisms are important for
the biogeochemical cycles at the shrub sites. With respect to further research on biodiversity
of soil organisms in this harsh environment, the processes connected with the food web need
to be studied in greater detail.
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Soil Biodiversity and Land Management in the Tropics.
The Case of Ants and Earthworms.
Carlos Fragoso* and Patricia Rojas-Ferna'ndez. Instituto de Ecologia. A.C. A.P.
63, C.P. 91000, Xalapa, Ver. Mexico
Introduction. In the near future one of the major challenges that must be faced by conservation
research is the cuantification of soil biodiversity. Intimately linked to soil practices, this
challenge is specially relevant because their fail or success will affect the survival of hundreds of
thousands (if not millions) of species. The problem is not exclusively of soil systems, and has
raised the question of what is the real possibility of a complet inventory of species. In this
regard some authors consider that we must select only a few species and sites, relevant by some
determined characteristic (May, 1990; Vane-Wright et al, 1991). The studies carried away on
the entomofaune of canopy of tropical forests suggest that total diversity has been
understimated; accordingly the total number of species must be in the rank of 30-80 millions
(Erwin, 1982, 1983, 1988; Stork, 1988). In another series of studies (in the same system but
with a different taxonomical approach), the evidences suggest that this constitues an
overstimation (Gaston, 1991; Hodkinson and Casson, 1991; Hodkinson, 1992).
The loss of biodiversity is the other side of the coin. Not only we dont know the total
number of species, but species are disappearing at high rates. Disturbance of natural
environments is the major cause of this problem. The destruction of tropical forests for
agricultural practices, for example, has reached an unprecedent level (Jones, 1988, quoted in
Mackay et al, 1991) and shows little promise of being reduced in the future (Mackay et al,
1991).
The destruction of overground vegetation it is also affecting the underground living
biota. Having this in mind, we consider that conservancy experts should put in the table the role
of the soil system in the biodiversity crisis. To properly known the dimensions and effects of
this crisis over the soil system, the following questions should be considered as soon as possible:
How many species depend for its survival on the soil system?, to what extent soil destruction
affects the loss of total biodiversity? and what kind of conservancy strategies would be necessary
to mantain this soil-linked biodiversity?
In this study we addresed the problem of soil biodiversity conservancy, by focusing on
the impact of perturbation over two of the most important soil-macrofaunal groups: earthworms
and ants (Lavelle et al, in press; Lavelle and Fragoso, in press). The study is centrated in the
coastal plains of east Mexico.
Disturbance in the tropics of east Mexico. Current state.
The region of tropical east Mexico is situated between the paralels 22° 45'N and 15°
00'N, as a part of the gulf lowland plains. The climate is tropical with an average annual
temperature of 19-26 °C and an annual rainfall ranging from 916 to 4752 mm.
The natural vegetation of this region has been managed by man during the last 2000
years. Most of this time, however, the impact on regeneration rates was low and vegetation
mantained as a heterogenous landscape of scacerly disturbed sites and tropical forests. This
picture dramatically changed during the last century. The high rates of human population growth
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that ocurred in this century, diminished in a great extent the area covered by natural vegetation.
By now tropical east México comprises 87 million of hectares and more than 50% of this
surface it is considered disturbed, in some or another way (Flores y Gerez, 1988).
Of the remaining natural vegetation, tropical rain forests are the most important vegetation type
followed by oak forests. The disturbed area is dominated by pastures which covered 40% of the
region.
Importance of earthworms and ants in the soil: are they critical to the soil system?
Considered in the group of soil macro fauna (sensu Bachelier, 1971, quoted in Lavelle,
1983) earthworms and ants often constitute the predominant soil organisms of several
ecosystems (Lee and Wood, 1971; Holdobler and Wilson, 1990; Lavelle and Fragoso, in press).
As has been mentioned by Lee and Foster (1991), the species of these groups have the adequate
size to remove large soil particles, contributing with this action to the formation of soil profiles
and soil aggregates.
Earthworms have a deep effect on soil properties because its activities influence both soil
structure and the processes of decomposition and nutrient fluxes. Cast production, mixing of
different soil strates and leaf removal are some of their activities that directly or indirectly affect
soil porosity, soil areation, root penetration, water retention and decomposer bacterial activity
(Lee, 1985).
Ants, nothwistanding that have been few studied from the point of view of soil, are very
important as efficient agents in the removal and areation of soil. Some species of Alia,
Acromyrmex and Myrmecocyslus, for example, dig soil galleries of more than 3.5 m depth
(Moser, 1963; Snelling, 1976). A single colony of ants, on the other hand, can contain millions
of individuals. Levieux (1982), recorded in the savannas of Ivory Coast 7,000 colonies of ants
and densities of 20 millions ind/ha.
Some investigations have revealed that in the soil from ant nests, the nutrients demanded
by plants are higher than in the adjacent soil (Haines, 1978; King, 1977; Petal, 1978); also
interesting has been the founding in tropical rain forests of the role of ants (genus Atta) as
important stimulators of root growth (Haines, 1978).
In summary it is clear that ants and earthworms are important as far as soil health and
function is considered. The following section will consider the impact of disturbance over these
two groups, and in which manner this repercutes on soil function.
Regional and local effects of disturbance over earthworms and ants in the mexican east
tropics.
In a series of studies carried away by Fragoso (1993), Fragoso el a!. (1993), Rojas and
Cartas (1992), Cartas (1993) and Rojas el al. (en prep.) the communities of earthworms and
ants were compared, at the regional and local scale, in natural and disturbed ecosystems.
Following we will present the main results obtained in these studies. Although not mentioned in
detail, we will also present a summary of the methods used.
The total amount of sampled localities were 54. In 29 localities the invertebrates were
sampled by quantitative methods, whereas in 25 sites the sampling was qualitative. Qualitative
sampling was made in 10 natural and 15 disturbed sites by direct handly collection and without
a defined area or time of collection; for ants this method also included bait traps. Quantitative
sampling of earthworms was realized in 12 natural and 17 disturbed sites, by handsorting
extraction from monolytes of varying size (0.06, 0.25 and 0.5 m2). Ants were quantitative
sampled with pitfall traps in 8 natural and 5 disturbed sites.
233

Natural sites included tropical rain forests , tropical subdeciduous forests , tropical
deciduous forests , cloud forests , oak forests, pine forests , dunes and riparian vegetation .
Disturbed sites included crops, fallows , pastures , tree plantations , and human environments
(houses, yards, etc).
Species and genera richness.
In the area of study we found 98 species of earthworms, 71 natives and 27 exotics. The
most widespread exotic species were P. corethrurus, Dichogaster bolaui, D. saliens, D. affinis,
Annul has gracilis and Polypheretima elongata. Regarding natives Balan'.eodrilus pearsei,
Notiodrilus salvadorensis and Lavcllodrilus parvus presented the greatest geographic range. In
these species the geographic range was related to the epigeic-polihumic way of life.
The ant fauna was composed by 56 genera and more than 150 spp placed in 6
subfamilies. Most of these genera were neotropical and cosmopolitan. The richest genera were
Pheidole (25 spp), Pseudomyrmex (13), Camponotus (9), Zacryptocerus (8) and Pachycondyla
(8).
There was a greater amount of native earthworm species in natural ecosystems (3.6 spp ±
0.61) than in disturbed ones (0.96 spp± 0.32); exotic worms, on the other hand, did not show
differences (1 spp ). Tropical rain forests presented the larger amount of species (x=10spp)
whereas crops had the lower values (x=4 spp).
Ants did not presented differences in the amount of genera and subfamilies in disturbed
and natural ecosystems (50 and 53 genera and 6 subfamilies). At a more local level this trend
was mantained at the genera level, but changed at the species level. In the zone of Pajapan, Ver,
for example, the % of common genera between both systems was quite high (82% of
simmilarity). The analysis at the species level revealed lower simmilarity between both systems
(62 % of simmilarity). The greater amount of genera and species was found in fallows, and
subdeciduous forests, whereas crops and dunes presented the lower values. In another local
study, at La Mancha, Ver. the tropical subdeciduous and deciduous forests presented 47 and 32
spp, respectively, whereas the induced pasture presented 26 spp. The simmilarity between
subdeciduous forests and induced pastures reached 55%, with 16 species being sharing
between the two ecosystems.
Abundance and biomass.
Earthworms were more abundant in disturbed zones than in natural ones. Abundances and
biomasses were higher in pastures (224 ind m'2 and 43 g m"2 respectively), whereas the lowest
values were found in crops and tropical rain forests. The community structure was dominated by
endogeics, both in natural and disturbed ecosystems.
In the zones of Pajapan and La Mancha, Veracruz, ants followed the same pattern than
earthworms, with the greatest densities and biomasses in disturbed ecosystems (2220 ind m'2 in
pastures).
Conclusions. The results presented in this paper show that native earthworms have been greatly
affected by the disturbance of natural systems in tropical east México. This trend has been
commonly reported in other studies ((Kalisz and Kalisz, 1989; Dotson and Kalisz 1989). Most
of the studies, however, have been focused to exotic species (Lee, 1987). with few directly
addressing native populations (Senapati, 1980 and Dash and Patra, 1977, 1979).
When tropical forests are replaced by pastures and croplands, microclimatic conditions,
energy and soil nutrient status soon shift to savanna like conditions, with the subsequent
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disappearence of native earthworms. These species are then replaced by allien species. Empty
niches, open by local extinctions, are soon recolonizated by a few generalists species (e.g. the
pantropical earthworm P. corethrurus). Free from competitors, these populations greately
increase its densities. This is particularly true in the case of pastures that resembled the optimal
"savanna-like" environment.
Regarding ants, the amount of species considerably decreases in very disturbed
ecosystems (pastures and crops), if they are compared with tropical forests. Therefore we can
conclude that for ants and earthworms crops appears as the most unsuitable environment.
Another important aspect refers to the specificity of ants by certain kinds of microhabitats. This
occurs with litter-nesting ants that, once the forests is removed, are prived from their only
possible habitat {e.g. several species of Dacetini and Basicerotini).
Considering a conservative 8.3% annual rate of deforestation in the Mexican tropics
(Dirzo and Garcia, 1992) only 45% of tropical natural ecosystems (20 millions of ha) will
remain at the end of the century. For ants and earthworms this will be traduced in a loss of
significative diversity. The effect of this diversity diminution could be traduced in important
changes in tropical soil fertility.
Pimentel et al (1992) indicates that the greater biodiversity of the planet its found in
agroforestry systems, because they account for more than 90% of the actual terrestrial biomes.
Thus we must begin to think, as far as soil biota is concerned, in that management of future
biodiversity will take place in these systems. Modification of agriculture practices must be
encouraged, specially the kind of tillage and the use of pesticides and fertilizers. Only if this is
accomplished, the survival of thousands of soil species could be guaranteed..
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Role of Biological Nitrogen Fixation in Sustainable
Agriculture
J. K. Ladha. The International Rice Research Institute, P. O. Box 933,
Manila, Philippines.
Nitrogen is the most important nutrient input required for crop production. Soil
and biological nitrogen fixation (BNF) and chemical sources supply most of that
N. Soil organic N in natural or man-made ecosystems is continually lost through
plant removal and loss processes such as leaching, denitrification, and ammonia
volatilization. Biological nitrogen fixation—the microbial conversion of
atmospheric N to a plant-usable form-helps replenish the soil N pool.
The subsistence agriculture of the pre-chemical era efficiently sustained the N
status of soils by maintaining a balance between N loss and N gain from BNF.
This was possible with less intensive cropping, adoption of rational crop rotations
and intercropping schemes, and use of legumes as green manure. The agriculture
of the modern chemical era concentrates on maximum output but overlooks input
efficiency; it has not been sustainable. Intensive monocropping with no or
inadequate crop rotations or green manuring and excessive use of chemical N
fertilizers results in an imbalance between N gains and N losses. The losses are
often larger than the gains, and soil N status goes to a lower level. Agricultural
systems, however, differ in levels of N sustainability. An irrigated double rice
cropping system, for example, can be sustained at a higher level than can a rainfed
single rice cropping system. The challenge is to sustain soil N fertility in cropping
systems operating at high productivity levels. This requires judicious integration
of BNF components, which keeps a good balance between N losses and gains.
Sustainability of N cannot be considered in isolation; it must be considered
holistically within the framework of system sustainability. A BNF technology
must be economically viable, ecologically sound, and socially acceptable to be
successful. Although all of these aspects are important, economics often
determine the value of a technology. There are frequent conflicts between
economy and ecology: a technology that is more sound ecologically may not be
viable economically. Rhizobium inoculation and green manuring are examples of
sound BNF technology but farmers' adoption of them has been disappointing to
scientists, extension workers, and policymakers. Inoculating rhizobium into
legumes mostly results in increased biological yield, except for soybean where
economic yield is often increased. Although higher biological yield improves
long-term soil fertility, it does not provide immediate cash benefits to farmers. The
result is nonadoption. Likewise, green manuring has tremendous potential as a
substitute for chemical fertilizers but is often found to be uneconomical because
governments commonly subsidize fertilizer. Many resource management
technologies face a similar dilemma. Our research needs to take a holistic rather
than a reductionist approach. Admittedly, a holistic approach is more expensive.

239

A single technology-improved crop genotypes—has contributed the most to
productivity increase in modern agriculture. The adoption of a new genotype by
farmers is usually very high because no additional cost is involved and existing
cropping systems and soil and water management practices are not affected.
Although the goal to make cereals fix their own nitrogen is of long-term nature
and the funding for research is greatly constrained by concerns of failure, if
achieved, would have a significant impact on agriculture world-wide.
This symposium will be devoted to discussions on the role of BNF in
agricultural sustainability. Papers presented on BNF in major crops and cropping
systems will be augmented with discussions on integrated cropping systems
involving BNF, soil and N management, and recycling of crop residues. Attempts
to transform cereals into nodulating plants will be critically reviewed. Advances
in the development of novel methodologies to understand symbiotic interactions
and to assess N2 fixation in the field will be discussed. Problems encountered in
exploiting BNF under farmers' field conditions and promising approaches to
improve BNF exploitation will be examined.
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Biological Nitrogen Fixation: An Efficient Source of
Nitrogen for Sustainable Agricultural Production
M.B.Peoples, D.F.Herridge and J.K.Ladha. CSIRO Division of Plant Industry,
Canberra, ACT 2601, Australia; NSW Agriculture, Tamworth, NSW 2340,
Australia; International Rice Research Institute, Manila, Philippines
Introduction. Most agricultural systems have a high demand for nitrogen (N). Cereals such as
rice or wheat for example require 20 to 40 kgN/ha for each tonne of grain produced, and
pastures commonly assimilate >100 kgN/ha in forage for livestock consumption each annum. One
of the major factors limiting yield potential in these systems is the ability of soil to supply N in a
plant-available form. Biological N 2 fixation has been an important source of N for agricultural
production since ancient times, but in the past few decades there has been a shift towards the use
of fertilizer N to support plant growth. Particularly in developing countries (14).
Although there are wide differences in the extent of use of N-fertilizer for individual crops or
forage systems between countries, a high proportion (>50%) of the World's major food crops and
cash crops such as sugar cane and cotton are routinely fertilized (commonly at rates >100
kgN/ha) to promote growth (3). Unfortunately, fertilizer sources are not utilized efficiently and
plant uptake and assimilation of fertilizer N seldom exceeds 50% of the N applied. One of the
principal reasons for the poor efficiency in fertilizer use is that a proportion of the N applied (up
to 90%) can be lost from the plant-soil system (14).
The rate of application of fertilizer N is largely regulated by economic considerations and the
availability of effective infrastructures for fertilizer production and distribution. The extent of the
contribution of fixed N to the N-cycle on the other hand is controlled by many physical,
environmental, nutritional and biological factors, and is open to manipulation through relatively
simple management protocols. With increasing international emphasis on the use of renewable
resources, and concern about the environmental effects of N lost from fertilizers as leached
nitrate, or as volatile N-gases (14), it is likely that there will be a resurgence in the utilization of
biologically fixed N to complement or replace fertilizer inputs and for the development of more
sustainable agricultural systems. Most attention in the following discussion will be directed
towards N2 fixation by legumes because of their proven ability to contribute N and their wide
integration in many of the farming systems in both tropical and temperate environments.
Discussion concerning the potential role of non-legume N2-fixing associations will be restricted
to the aquatic fern Azolla. Associative N 2 fixation with rice and C4 grasses such as sugarcane
will be covered later in the proceedings.
Inputs of Fixed N.
Food legumes. Estimates of the proportion of plant N derived from N 2 fixation (Pfix) and the
amounts of N 2 fixed by important tropical and cool season crop legumes have been found to
range from 6 to 98% and 12 to >250 kg N/ha/crop, respectively (2,5,12,13). The amounts of N 2
fixed are mediated by both Pfix and crop N yield. Management which influences either Pfix (soil
N status, cropping system, intercropping) or crop biomass (cultivar, plant nutrition) or change
both parameter (environment, water supply) affects inputs of fixed N (2,6,12,17).
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At maturity, crop N is partitioned either into seed, or the vegetative parts which remain as crop
residues. Therefore, the contribution of fixed N to the soil following harvest is the difference
between the amount of N2 fixed and seed N removed. When the quantities of N involved in plant
growth, in N 2 fixation, and in the seed are calculated, it appears that levels of fixation achieved by
many crops might not always sufficient to offset the N removed with the harvested seed
(2,12,13). Nonetheless, one of the most consistent effects of legume cropping is to increase
plant-available (nitrate) soil N. Higher levels of soil nitrate result from conservative use of nitrate
be the preceding legume crop ("nitrate-sparing") coupled with release of fixed N from shoot
residues and nodulated roots (5,13). This might explain in part why the benefits of crop legumes
to subsequent non-legume crops can be considerable despite apparent modest returns of fixed N
in vegetative residues.
Multipurpose tree and shrub legumes, forages and green manures. Far fewer investigations
have been undertaken with woody legumes, cover crops, green manures, and forage legumes than
with crop legumes. However, the data available indicate that levels of N 2 fixation can be similar
to crop legumes (9,10,11,12,15). Levels of Pfix >60% have often been reported and amounts of
N 2 fixed can be considerable (eg. 120-290 kgN/ha in 45-55 days by shrub legumes; >350 kg
N/ha/yr by alfalfa). As with crop legumes, inputs of fixed N will be influenced by factors which
affect Pfix and legume N-yield (eg. soil N status, soil acidity, plant nutrition, environmental
variables, pasture composition (10,15)). One of the advantages of using trees, forages, or green
manures as a N source is that larger amounts of legume N are generally available for return to the
soil because much less N is removed from the system than by crop legumes.
Azolla. Because of its rapid growth and high N content (4-6%N in dried material), Azolla has
long been used both as a weed suppressant and green manure in conjunction with labourintensive lowland rice cultivation in Asia. Under optimal cultural conditions, Azolla doubles its
biomass every 2 to 3 days and one crop can accumulate between 20 and 146 kg N/ha. This might
represent an annual N production of 450-840 kg N/ha. With values of Pfix commonly >70%,
this represents a potentially large contribution to the N-economy of rice-based agriculture. The
growth and N2-fixing capacity of Azolla however, can be affected by many environmental
variables, mineral nutrition (particularly phosphorus), insect predation and pathogens, so it is
uncertain whether this potential is ever realised in farmers' paddies (12).
Utilization of Fertilizer or Organic Sources of N in Agricultural Systems. Maximizing N
gains through the use of legumes or Azolla not only entails maximizing N 2 fixation, but also
requires that recovery of N is optimized. The N transformations occurring during breakdown of
leguminous or Azolla material are influenced by residue management and soil physical or
chemical properties. In rice cropping systems, this will be depend on whether soils are flooded
immediately or remain aerobic (4). Decomposition may be modified by lignin and polyphenol
content, or soil pH but it is the tissue N concentration, C:N ratio, soil temperature and water
status which are the primary factors influencing the rate of mineralization and availability of
legume N to a subsequent crop (13,18).
Cropping Systems. In a study in Indonesia, 28% of cowpea N was recovered by a following crop
of upland rice and a further 45% was recovered by 5 successive crops over a 2-year period (18).
This compared with a 19% recovery of urea N in the rice and only another 4% in the following
crops. Utilization of fertiliser by upland crops elsewhere in the tropics have ranged from 12 to
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74%, with poor recoveries reportedly occurring under both dry and very wet conditions.
Far more modest recoveries of N from crop legume residues (6-19%) have been reported in
temperate environments, although contributions to the N-economy of the following crop may still
be high (eg. providing up to 33% of a cereal's N requirements; (1)). A comparison of recoveries
of pasture legume residues and fertilizer N under Mediterranean climatic conditions (ie. wet cool
winter, hot dry summer) in southern Australia (8) indicated that the first crop of wheat utilized
more fertiliser N (41-50%) than legume N (16-19%). However, despite smaller uptake of legume
N in the following crop (typically <20%), large quantities of the applied legume N are
immobilised in the microbial biomass and semi stable organic materials in soil so that total
recoveries from plant and soil pools (between 80 and 100%) are generally greater than fertilizer
sources (from 50 to 90% of the N applied).
When green manure is grown, either the entire crop is returned, or quantities of green leaf mulch
are applied to soil. The amount of N and the N concentration in green manure material is
generally high and rates of decomposition can be very rapid following incorporation in tropical
flooded soils. Substantial increases in rice yield can follow incorporation of green manures.
Studies using 15N-labelled legume material indicate recoveries of between 21 and 33% of green
manure N by a following rice crop (16); however, the organic-N of green manure appears less
subject to loss than urea-N (losses of 7-16% cf 35-39% of the N applied, respectively).
Decomposition of Azolla is rapid and recoveries ofAzolla-N by subsequent rice crops can range
from 39 to 63% depending upon the method and time of incorporation, and the amount oiAzolla
applied. Uptake of N derived from Azolla (39-63%) was greater than fertilizer (27-48%) because
of reduced losses of Azolla-N in some experiments (0-11% cf 30-32%, respectively, (19)), but
recoveries of N from both sources by rice were found to be similar in other studies (40-48% cf
36-58%, (7)).
Several field experiments have shown that adding leguminous or Azolla green manure with urea
to flooded rice can enhance grain yield and reduce, but not eliminate, loss of urea N (7).
Application of green manure reduced floodwater pH and partial pressure of NH3, and
consequently reduced the potential for NH3 volatilization (14). The lower floodwater pH was
attributed to production of C0 2 during decomposition of organic matter.
Forage Systems. Legumes improve forage quality and intake and increase overall productivity of
pastures. Pasture legumes can contribute substantial amounts of N (up to 130 kg N/ha in
ryegrass/white clover swards, (10)) to associated grasses through decomposition and release of
legume N into soil, or by cycling through animals. One season's growth of a vigorous legume
sward can increase soil nitrate levels by 100 to 175 kgN/ha.
Conclusions. Options are available in both tropical and temperate agriculture to manipulate N
inputs via biological N 2 fixation and to utilise organic sources of N to minimise N losses from the
plant-soil system The nitrate "spared" and N released from crop legume residues and short
duration green manures may be capable of meeting only part of the N demand of high-yielding
cereal crops. However, the amount of N accrued in soil under pasture-ley systems, or where
perennial legume cover-crops and tree legume leaf mulch are used may be sufficient to satisfy
subsequent crop requirements. Therefore, it should be possible to manage biological N 2 fixation
to provide a realistic alternative to fertilizer N sources, and to allow the development of
productive and sustainable agricultural systems.
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BNF Technology for Sustainable Agriculture in the SemiArid Tropics
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Abstract. Biological nitrogen fixation plays an important role in maintaining soil fertility.
However, as BNF is dependent upon physical, environmental, nutritional and biological factors,
mere inclusion of any N2-fixing system does not guarantee contributions to soil N pool. In the
SAT in situations where plant stover is also removed to feed animals, most legumes deplete soil
N. Beneficial effects of legumes in terms of increased yields of succeeding cereal crops have
been reported. Such benefits are due to N contribution from legumes through BNF and soil N
saving effect In addition, other non-N rotational benefits for eg. improved nutrient availability,
improved soil structure, reduced pests and diseases, hormonal effects are also responsible. For
exploiting BNF technology for developing sustainable cropping systems in the SAT, we need to
take holistic approach involving plant host, bacterium, and environment Selection of the
appropriate host types and genotypes which fix larger proportion of their N requirement under
adverse conditions through BNF is needed. Along with this optimum management practices must
be provided to ensure maximum contribution from the BNF. For success of inoculation
technology in the SAT, concerted efforts right from production, demonstration to distribution will
be needed.
Introduction. Sustainable agriculture involves the successful management of resources for
agriculture to satisfy changing human needs while maintaining or enhancing the quality of the
environment and conserving natural resources [59]. Intensive agricultural systems are
characteristically expanded nutrient cycles involving export of crops from a farm and require
continued import of nutrients to the farm. Nitrogen is the most limiting nutrient for increasing
crop productivity. The continued and unabated use of N fertilizers would further deplete stocks
of nonrenewable fossil fuels used in fertilizer production.
Sustainable agriculture relies greatly on renewable resources and on-farm nitrogen contributions
are achieved through biological nitrogen fixation (BNF). Biological nitrogen fixation helps in
maintaining and or improving soil fertility by using N2 which is in abundance in the atmosphere.
Annually, BNF is estimated to be around 175 million tones of which close to 79% is accounted
for by terrestrial fixation (Fig. 1) which is indicative of the importance of BNF in the context of
the global N cycle. The BNF offer an economically attractive and ecologically sound means of
reducing external inputs. In this paper we deal with the BNF systems involving the upland
legume crops grown in the semi-arid tropics (SAT).
Nitrogen contributions through legumes. Symbiotic N2-fixation by Rhizobium with legumes
contribute substantially to total BNF [47, 64]. Nitrogen fixation is dependent upon physical
environmental, nutritional and biological factors [39, 47] and it can not be assumed mat any N2fixing system will automatically make large contributions to the N cycle. In most of the studies
while estimating BNF, plant roots and fallen leaf material is not taken into account which results
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in underestimation of quantity of N2 fixed. It is essential that BNF in roots and fallen leaves
should be considered to accurately estimate contribution of N2 fixed by legumes.

Permanent
Grasslands
32.3 %

Forests &
Woodlands
28.8 %

Figure 1. Distribution of 139 million tonnes of N2 estimated to be biologically fixed in various terrestrial
systems. Source: Bums and Hardy (1975).
Legumes are important component of agriculture since ancient times. It is widely believed that
legumes improve soil fertility because of their N2-fixing ability. In support of this argument
always amounts of N2 fixed by legumes are cited. However, in order to assess the role of BNF
in sustainability of different cropping systems in the SAT, not only the amount of nitrogen fixed
by the legume component crop in the system is important but overall nitrogen balance of the
system need to be considered. The SAT is characterized by a harsh environment with erratic
seasonal rainfall and dense human and animal population and it has unique problems in
agriculture also. It is a common practice to remove plant material also from the field for feeding
the animals. In such a case only nodulated roots and fallen leaves go back to the soil.
Different maturity groups of pigeonpeacultivars grown at Patancheru, India fixed4-53 kg N ha'
season"1 [28] and also depleted 20-49 kg N ha'1 from soil. In case of chickpea, different cultivars
fixed 23-40 kg N ha'l season"1 (O.P. Rupela, personal communication) and removed 63-77 kg N
ha"1 season"1 from soil (Table 1). Groundnut fixed 190 kg N ha ! season-1 when pod yields are
around 3.5 t ha'1 at Patancheru [38], however, groundnut relied for its 20-40% (47-127 kg N ha'1
season"1) of the N requirement on soil or from fertilizer [17], obviously resulting into negative
N balance. Positive net N balances up to 136 kg ha"1 for several legume crops following seed
harvest have been shown [47]. However, if crop residues are removed from the field then net N
balances for groundnut workout to be -27 to -95 for soybean -28 to -104, common bean -28,
greengram -24 to -65 and cowpea -25 to -69 kg ha"1. Similarly, for soybean. N balances with
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seed and stover removed ranged from -12 to -35 kg ha"1 in northern Thailand [22]. For different
cropping systems where pigeonpea and groundnut were grown as intercrops nitrogen balances
worked out negative [32]. In case of sole pigeonpea grown in rotation with sole castor a positive
balance of 18 kg N ha"1 during two years crop rotation was observed at Patancheru. At
Patancheru, without any N fertilizer application, sorghum and millet cultivars removed 22-34 kg
N ha"1 y"1. These results show that legumes also mine soil N as cereals do. However, total plant
N yields from legumes are far higher than the cereal plant N yields. We reach to the conclusion
that in general legumes slow the decline of, rather than enhance, the N fertility of the soil in
comparison with cereal systems.
Table 1. Net nitrogen balances for pigeonpea and chickpea cultivars grown at Patancheru, India.

Cultivar

Total plant
N uptake
(kg ha"1)

Plant N derived from
fixation (kg ha"1)

Net N
balance
(kg ha"1)*

Pigeon peab
Prabhat
UPAS 120
T 21
BDN 1
Bhedaghat
JA275
Bhandara
NP(WR) 15

4
27
43
53
36
13
43
50

69
92
108
118
101
78
108
114

-49
-39
-39
-32
-20
-33
-22
-27

Chickpea"
Annigeri
110
31
-77
G 130
104
26
-75
102
-72
ICC 435
29
-64
ICCC 42
88
23
ICCV6
107
30
-76
104
K850
40
-63
Source: Derived from Kumar Kao and Dart [28J, Kupela, O.P. (personal communication).
a.

Net N balance calculated as Total plant N uptake - (N derived from BNF + N derived
from fertilizer + N added to soil through plant roots and fallen plant parts).

b.

N derived from fixation calculated for roots also.

c.

N derived from fixation calculated for above ground plant parts only.
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Beneficial effects of legumes. Despite the negative N balances for the legume crops grown in
rotation or as intercrops reported benefits of legumes to succeeding non-legume crops have been
observed consistently (Table 2). Improvement in cereal yield following monocropped legumes
lie mainly in the 0.5 to 3 t ha"1 range, representing around 30 to 350% increase over yields in
cereal-cereal cropping sequences [47]. Such increased cereal yields following legume crops
attributed to the N contribution from legumes in crop rotation [13, 39]. This opinion is not held
by all [10, 11,54,66].
Table 2. Residual effect of preceding legume on cereal yield in terms of fertilizer N equivalents.

Preceding legume

Following cereal

Berseem
Sweet clover
Winged bean
Blackgram
Greengram
Greengram (monocrop)
Chickpea
Cowpea
Groundnut
Cowpea
Chickpea
Lentil
Peas
Pigeonpea
Cowpea
Latyrus
Lablab bean
Pigeonpea
Greengram
Groundnut (monocrop)
Pigeonpea
Peas
Lentil
Greengram (intercrop)
Cowpea (intecrop)
Groundnut (intercrop)
Groundnut
Soybean

Maize
Maize
Maize
Sorghum
Sorghum
Wheat
Maize
Maize
Pearl millet
Pearl millet
Pearl millet
Pearl millet
Pearl millet
Wheat
Monocrop
Maize
Maize
Pearl millet
Pearl millet
Wheat
Maize
Maize
Maize
Wheat
Wheat
Wheat
Maize
Maize

Source: Wani et al. [68].
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Fertilizer N equivalent
(kg ha"1)
123
83
70
68
68
68
60-70
60
60
60
40
40
40
40
38
36-48
33
30
30
28
20-67
20-32
18-30
16
13
12
9-60
7

Nitrogen effect. Terms like "N residual effect" [13] and "Fertilizer N replacement value (FRV)"
or N equivalent [20] are used to describe the role of legumes in crop rotations. This concept
does not distinguish between biological N2 fixation and the "N-conserving effect" which results
from substitution by legumes of biologically fixed N for soil N. The N contribution estimated
by FRV method from hairy vetch and big flower vetch was almost doubled (135 vs. 75 kg N ha"
') using grain sorghum as test crop instead of maize [3]. Recently, "N methodology has been
used to measure the residual effects of legumes to circumvent problems with non-isotopic
methods [11, 55, 66]. Based on estimates obtained via l5N methodology, Hesterman et al. [20]
argued that the amount of N credited to legumes in a crop rotation in the north-central U.S. may
be inflated by as much as 123% due to the use of fertilizer replacement value method. Based
on 15N methodology it is reported that only 7.3 to 28% of the 15N in legume crops is taken up
by a following grain crop [29, 63]
Growing legumes in rotation does improve mineral N content in soil as that of the non-legume
crops. At ICRISAT Center, Patancheru, near Hyderabad, a long-term rotation experiment is
being conducted since 1983 using two-year crop rotation treatments. The surface soil (0-20 cm)
samples collected after harvest of 9th season crop, showed higher amounts of mineral N contents
in soil under legume-based cropping system than the non-legume based cropping system (Fig.
2). Inclusion of greengram in cropping sequence increased the available nitrogen in soil to the
extent of 12.6% in non-fertilized control plot [49].
In addition to mineral N content in soil from the long-term rotation experiment, N mineralization
potential (N„) of the soils under pigeonpea(pp)-based cropping systems was almost two times
higher than that of the fallow-sorghum treatment. Such increased N„ values at Patancheru were
not associated with chickpea(cp) which is grown during postrainy season on residual soil
moisture. The "active N fraction" the quotient of N„ and Ntottl and expressed as percentage varied
between 9-17 % with higher values reported for the soil under pigeonpea-based cropping systems
(Wani et al. unpublished data). Using N0 and K (N mineralization rate constant) values derived
through exponential model, time required to mineralize 25 mg N kg'1 soil was less in case of
pigeonpea-based systems (1.5-13.8 wk) than that of cropping systems which contained chickpea
or no legume or which was left fallow during rainy season (19.6-21.4 wk). Analysis of field
soil samples collected prior to start of the experiment in 1983 and later in 1993 showed that in
case of Fallow+Sorghum (F+S) system total soil N content was decreased by 72 ug g"1 soil
during ten years period. Similarly, S+CP-S+SF and S+SF-S+SF plots also recorded decrease in
total soil N. The continuous greengram + sorghum maintained the soil N while substantial
increase in total N was observed in S/PP-S+SF (70 ug g1) and cowpea(COP)/PP-S+SF (102 pg
g"1) (Wani et al. 1994a). These results demonstrated that pigeonpea-based cropping systems
increased total soil N substantially during ten years.
Sorghum was grown in the greenhouse using surface soil samples collected from field plots
which are under different cropping systems since last 9 years. Sorghum grown in soil from
COP/PP-S+SF plots yielded 63% and in other pigeonpea-based systems yielded 36-56% higher
as that of sorghum grown in soil from S+SF-S+SF plots. In case of chickpea-based cropping
systems, sorghum yields were lowered by 18-24.5% over S+SF-S+SF plot yields (Wani et al.
unpublished results). Using 15N methodology and sorghum grown in S+SF-S+SF soil as check
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Figure 2. Mineral N content in surface soil samples (0-20 cm) from plots under different cropping
systems since last nine years.
it was estimated that 8.4 to 20% of total sorghum plant N in case of pigeonpea-based cropping
systems was derived from N that was either fixed previously and had accumulated, or soil N that
was made more available due to the presence of pigeonpea in the rotation. The 'A' values for
soil from pigeonpea-based cropping system plots were higher by 25.6 to 76.3 mg pot"1 (4.5-13.3
kg N ha"' equivalent) than that of the S+SF-S+SF treatment. The fertilizer N replacement values
calculated for these treatments using soil from S+SF-S+SF treatment ranged from 65-161 mg N
pot' (24-28 kg N ha"1 equivalent). All these results indicate that increased sorghum yields from
pigeonpea-based cropping systems are partly due to increased soil N availability and all the
benefits can not be explained in terms of N effects (Wani et al. unpublished results). Similarly,
non-N rotational benefits of legumes towards yield of subsequent crop have been observed by
many researchers [10, 11, 47, 22, 66, 67].
Non-N rotational effects. If the benefits of crop legumes in rotations cannot be solely explained
in terms of residual fixed N, then what are the sources of the benefits demonstrated in Table 2?
Several factors can be involved, the relative importance of each dictated by site, season, and crop
sequences. Crop rotations increased availability of nutrients other than N through increased soil
microbial activity [30, 66, 67]. Further, through positive relationships between levels of
mycorrhizal colonization and K, Ca, Mg, Zn, S, and Fe accumulations and barley yields it was
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inferred that increased mycorrhizae acted as agents to mediate enhanced soil fertility in the
legume-based rotations over that of continuous barley [67]. Improvements in soil structure
following legumes mainly improved soil aggregate formation after three years of alfalfa, clover
and hairy vetch mixture [31] or with numerous years of a Sod pasture, or hay crop [46] have
been observed. Incorporation of legume residues improved soil water-holding [70] and buffering
capacity [6]. Ries et al. [50] suggested that growth promoting substances in legume residues are
responsible for the rotation effect Crop rotations break cycles of cereal pests and diseases, and
phytotoxic and allelopathic effects of different crop residues [14]. Crop rotation is an effective
tool against certain pests and diseases, and that efficacy may contribute to the rotation effect [10],
but rotation does not control all diseases [67].
Ways for exploiting BNF technology in the SAT
Host variability for nodulation and nitrogen fixation. Presence of a large genotypic variability
for BNF traits like nodule number, nodule mass and acetylene reduction activity (ARA) has been
known since early eighties for chickpea, groundnut and pigeonpea [39]. Genotypes with high Infixing ability for various legumes have been identified, however, efforts to use this variability in
breeding for improved BNF has been limited or non existent in all these legumes.
Large plant to plant variability for nodulation and ARA observed in different legume cultivars
was investigated in chickpea and pigeonpea. It was observed that not only consistent low and
high nodulating plants were present within chickpea cultivars [52], even nonnodulating (Nod)
plants occurred in normal cultivars or landraces [51]. Consistent variability for nodulation extent
was subsequently detected within pigeonpea cultivars also. Unlike in chickpea, however,
nonnodulating plants in pigeonpea were found in segregating populations at F2 [52]. Using
appropriate screening procedures, low- and high-nodulation types under low- and high-soil N
conditions have been identified within several chickpea cultivars since 1985 at ICRISAT.
Preliminary studies of Venkateswarlu and Katyal [64] also indicate plant to plant variability
within cultivars of groundnut. Intracultivaral variability for nodulation may be present in other
legumes also. The natural occurrence of Nod" and the low-nodulating plants in different cultivars
is undesirable. Appropriate checks should be built in legume breeding programs to ensure that
such plants are eliminated in early stages of development of cultivars. High nodulating selections
are expected to improve yield under low N conditions. In our screening studies the highnodulating selection generally grew better than non-nodulating and low nodulating selections of
a given cultivar. In large plot yield trials with low- and high-nodulating selections of chickpea
cv. ICC 4948 and cv. ICC 5003, the high nodulating (HN) selection of cultivar ICC 4948
produced 31% higher grains than its low nodulating (LN) selection at low N fertility. The HN
selection of ICC 4948 yielded superior even at high N fertility. But the LN and HN selections
of another cultivar ICC 5003 yielded similarly. In a previous pot trial the root length density of
low-nodulating ICC 5003 was 32 m plant"1 which was 2-times greater than that of the lownodulating ICC 4948. Perhaps the cultivar ICC 5003 could scavenge the soil N more efficiently
than that of ICC 4948 due to its high root length density and as a result both the high and low
nodulating lines of ICC 5003 yielded similarly.
Similarly, sufficient variation for BNF in presence of high mineral N in soil between different
legume types [74] and also amongst genotypes of a given legume have been observed [19].
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Management practices. Legumes are generally grown as intercrops with cereals or other
nonlegumes in the SAT [73] and application of N to cereal crop reduced N2 fixation by the
component legume crop [36, 43]. To improve BNF contribution from legumes under such
circumstances soil N must be managed through inclusion of appropriate nitrate tolerant legume
crop or genotype of a given crop (as mentioned earlier) and/or appropriate cropping and
management practices.
In intercropping, shading by associated cereals reduced BNF by component legumes [36]. Strip
cropping of cereals and legumes can overcome both these problems and improve the systems
productivity without reducing BNF contributions in the system from associated legumes.
Indeterminate legumes fix more N than determinate types in intercropping [16]. BNF in climbing
bean [18], cowpea [44] and Serratro [45] was unaffected by intercropping with cereals. In cases
where strip cropping is not possible, climbing type legumes can be used to overcome shading
effect of component cereal crop.
Nodulation and N2 fixation in soybean grown in sub-tropical Australia were substantially
improved under no tillage with N balance of 80 kg N ha"1, compared with the cultivated system
with 30 kg N ha'1 N balance. Increased N2 fixation resulted mainly from the higher proportion
of plant N derived from fixation since yields were unaffected by tillage practice [47]. Clean
cultivation accelerates the oxidation of organic matter in soils and generally results in higher
nitrate-N in the profile [62] which would affect BNF in legumes.
It should be realized however, that poor N2 fixation can be due to poor plant growth resulting
from pests, diseases, and nutrient deficiencies. In Karnataka, India, trials on farmer's fields with
pigeonpea showed dramatic increase in nodulation due to application of diammonium phosphate
(DAP) alone than to inoculation with Rhizobium alone. The plots receiving DAP and Rhizobium
yielded 100% more than the control plots [9]. Field-grown soybean had a higher P requirement
when it was dependent on BNF for its N supply as compared to mineral N dependency [8].
Based on the results from 140 on-farm demonstration plots with soybean in Uganda it was
observed that on an average 300 kg ha"1 yield increase was obtained with 40 kg P 2 0 5 ha'1
application and further increase of 300 kg ha"1 was obtained through inoculation with Rhizobium
[25].
In groundnut, fertilization with B, Co, Mo and Zn in a medium caleareous soil, with and without
Rhizobium inoculation significantly increased nodulation, percentage of effective nodules and
plant dry matter [23]. It has been reported that Fe deficiency specifically limits nodule
development in groundnut grown in the calcareous soils of Thailand [42]. Soil acidity along with
Mn and aluminium (Al) toxicities can also restrict N2 fixation in groundnut Excess Mn was
detrimental to plant growth per se rather than to nodulation, but nitrogenase activity was more
affected by Al than plant growth [34]. Application of Co and Mo significantly increased
nodulation and grain yield of pigeonpea [26, 48]. Similarly, soil application of 1 kg cobalt
chloride ha"1, 1 kg ha'1 sodium molybdate and 25 kg ZnS0 4 ha"1 increased chickpea grain yield
by 10, 7 and 4% respectively over control. Inoculation with Rhizobium increased chickpea yield
by 26% over uninoculated control however, inoculation along with Co, Mo and Zn application
increased yield by 41, 39 and 28% respectively over control [41].
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Extensive nodule damage to pigeonpea by a Dipteran larva, Rivellia angulata in farmers' fields
reduced yields significantly. The extent of nodule damage was greater in pigeonpea grown in
Vertisols (up to 86%) as compared to 20% in Alfisols [39]. Possible solution is to select
pigeonpea genotypes that can resist or tolerate attack by nodule damaging insects.
Deep sowing of groundnut results in the development of an elongated hypocotyl, poor rooting,
poor nodulation and nitrogen fixation, notably in Spanish types. Virginia types have considerable
nitrogenase activity even when sown deep because of their ability to nodulate on the hypocotyl
[39]. Farmers tend to sow chickpea at a sufficient depth to ensure good crop stand as it is
generally grown on residual moisture. Deep sown chickpea crop in heavy black soils suffer a
substantial reduction in nodulation and N2 fixation [53]. In lighter soils chickpea have been found
to nodulate at depth. Greengram, pigeonpea and soybean grown on broad bed and furrows (BBF)
on Vertisol improved nodulation than when grown on flat surface. However, improved
nitrogenase activity on BBF was recorded with greengram and pigeonpea only [68].
Use of Inoculants. Much of the applied research efforts in studying BNF have gone into
identifying efficient strains of bacteria as inoculants. Before inoculation with appropriate strains
to be used, it needs to be determined whether inoculation is needed?
Need for Inoculation. The need to inoculate the legumes grown on cultivated soils must be
assessed by considering the interacting factors between the soil, the host plant and Rhizobium.
Most cultivated tropical soils are assumed to have relatively large populations (> 100 g"1 dry soil)
of rhizobia capable of nodulating the legumes grown in such soils [39]. The results of surveys
of farmers' grain and fodder legume crops however, revealed poor nodulation in large areas and
good nodulation only in a few pockets [21, 24, 27]. In a similar survey conducted for 43-47
villages from three districts of Madhya Pradesh, India for nodulation of pigeonpea, black gram,
green gram and lentil showed poor nodulation (0-10 nodules plant'1) in 64 to 100% of the
surveyed area [41].
Presence of nodules on plant roots does not necessarily mean that sufficient N2 is being fixed
for maximum benefit to the host plant. In a survey of groundnut grown on farmers' fields in
southern India, 52 out of 95 fields showed inadequate nodulation with less than 10 per cent N2fixing (acetylene reducing) activity of what can be obtained under reasonable field conditions
[35]. Although adequate nodulation was observed in some parts, ineffective nodules exceeded the
number of effective nodules. Out of 87 groundnut rhizobial strains isolated from different parts
of India, only 5 were found to be effective [27]. However, the ability to fix high amounts of N
(efficiency) is governed by the symbiotic capability between Rhizobium and the host plant.
Hence, it may be necessary to introduce superior (more competitive and efficient) strains of
Rhizobium to ensure adequate N2 fixation for maximum growth and yield of the host plant.
Thies et al. [61] developed mathematical model using native rhizobia numbers (estimated by
most probable number method) and soil mineral N data as inputs to predict the inoculation
responses at different sites. This approach accounted 83% of the variation observed in
inoculation. These models have been incorporated into interactive computer program called
"RESPONSE" which reduces the need for costly, site-specific field inoculation trials to determine
the need for inoculation with Rhizobium. However, Nambiar [33] reported significant yield
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increases from Cameroon, India, and China in case of groundnut due to inoculation with NC 92
strain from the soils having large populations of native rhizobia. These results indicate that
simulation model using MPN data and mineral N data cannot provide reliable answers in all the
cases and this approach need to be followed cautiously.
Competitiveness and Effectiveness of Strains. For effective nodulation of legumes by rhizobia
the introduced strains should be competitive and efficient. The degree of establishment and
persistence of an inoculant strain generally decreased with increase in population density of the
native rhizobia [33]. However, some inoculant strains have succeeded in forming more nodules
even in the presence of active indigenous competing rhizobia eg. NC 92 on groundnut [37]. Little
is known of the factors controlling competitiveness but host cultivar, soil properties, soil
microflora, environmental factors and the nature of the competing strains influence the success
of inoculant strains in nodule formation [2]. The success of introduced strains in terms of nodule
formation increased with repeated inoculation [71], and with higher inoculum rate [37].
Competition between Rhizobium strains and inoculation response was less pronounced in the
presence of soil mineral N than under conditions where such N was immobilized and unavailable
[56].
Factors Affecting Performance of Inoculant Strains. Crop responses to inoculation with
biofertilisers are not as dramatic as those with fertilizer N. Being biological agents, these are
subjected to range of hostile environments and their survival and efficiency is governed by
several factors [65]. Generally, there is a decline in the rhizobial population on seeds but
conventional wisdom is that multiplication should occur as the rhizosphere forms, so that
accelerated germination can also assist in ensuring an adequate population. In case of crops
grown on residual moisture, such as chickpea, the inoculated rhizobia cannot move downwards
with the growing root from the top soil where inoculated resulting in poor nodulation. Secondly,
deep sowing results in good crop stand but affects nodulation adversely [39].
Carrier-based inoculants are usually coated on seeds for the introduction of bacterial strains into
the soil. However, alternative inoculation methods are necessary where seed treatment with
fungicides and insecticides is needed or where seed of crops such as groundnut and soybean can
be damaged when inoculated with an adhesive. Increased groundnut yields were obtained when
inoculation was done by applying a slurry of peat-based inoculation in the seed furrow (Table
3). The normal carrier-based inocula can be successfully applied separately from the seed [4,
7]. While all methods of inoculation were successful under favorable conditions, "liquid" and
"solid" methods were superior to seed inoculation under adverse conditions [5].
Soil properties can also affect the survival of inoculated rhizobia. For example, out of 11
locations tested for response of groundnut cv Robut 33-1 inoculation with strain NC 92 failed
to increase yields at two locations, namely Timpathi and Kadiri, India [1]. Subsequent analysis
of soil samples from Tirupathi revealed a high (150 ppm) available manganese content [33].
Manganese and aluminum can be toxic to symbiotic N2 fixation even if they are not at a level
high enough to affect plant growth [15]. Soil acidity and alkalinity can also pose problems for
symbiotic N2 fixation. For such problem areas, specific strains with the ability to overcome such
adverse conditions need to be selected as inoculants. Significant differences were observed
among pigeonpea rhizobial strains for their ability to nodule and fix N2 under saline conditions
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[59]. Nambiar et al. [40] reported reduced nodule damage by 50% due to inoculation of
pigeonpea with engineered Bradyrhizobium carrying insecticide gene (Bacillus thuringiensis
subsp. israelensis) in the presence of Rivellia angulata larvae under greenhouse conditions.
Table 3. Persistence of inoculum strain NC92 over two seasons on groundnut
% nodules formed on groundnut plants
Season
1st
Uninoculated
Uninoculated
Inoculated
Inoculated
SE

2nd
Uninoculated
Inoculated
Uninoculated
Inoculated

72 days
after sowing

116 days after
sowing

9 (5)*
31 (27)
28 (25)
39 (41)
+ 2.5

11 (8)
27 (25)
42 (32)
75 (54)
+ 5.4

* Data analysed after arsine transformation: original means in parenthesis.
Source: Nambiar [33].

Yield Response to Inoculation. The field performance of inoculation is variable. For example,
with chickpea significant improvement in grain yield was reported from 7 out of 16 [57] and 6
out of 12 locations [58], predominantly in central and northern India with yield increases varying
from -14 to 30% over the control plots. In pigeonpea significant increases in early nodulation
due to inoculation were not always well correlated with the final grain yields. Increase in grain
yield of the pigeonpea inoculated with effective Rhizobium ranged from 19 to 68% over
uninoculated controls [39]. In groundnut, inoculation responses varied from decreased yields to
significant increased yields over uninoculated controls [27, 39, 57]. Using network approach
Niftal initiated Worldwide Rhizobial Ecology Network (WREN) and conducted standardized
inoculation trials with extensive environmental data. Over 228 inoculation trials were conducted
under the International Network of Legumes Inoculation Trials (INLIT) by cooperating scientists
in 28 countries over the years. In approximately 52% of the cases, inoculation resulted in
significant yield increases [12]. In summary, yield responses to inoculation were site specific,
depending on location, species, fertility, and other factors.
Sometimes, legumes yields are not increased by inoculation but N concentration in grains or
plant parts is increased over the uninoculated control. In cases where both types of responses
are not observed, it might simply result in a saving of soil N which might be useful for the
succeeding crop.
Strategy for improving BNF contribution in the SAT. Biological nitrogen fixation plays an
important role in sustaining productivity of the soils in the SAT. Although, legumes fix
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substantial amounts of nitrogen through BNF, net N balances for legumes or legume-based
cropping systems in the SAT indicated that such balances are negative and legumes also deplete
soil N in the situations where plant residues are removed from the field. However, total plant
N yields are far higher than the cereal yields and legumes slow the decline of, rather than
enhance, the N fertility of the soil in comparison with cereal systems. The important issue is
how best we can exploit BNF technology for developing sustainable cropping systems in the
SAT?
There is need to understand BNF system by taking holistic approach which includes host,
bacterium and environment and ensure that all the partners involved work in harmony to deliver
maximum benefit Accurate quantification of N2 fixed by legumes will help us to identify the
systems which really maintain or improve the soil N status. Host controlled factors play an
important role in regulating BNF but have not received its due share by researchers. We need
to identify type of legume and also genotype of a given legume which yields more and also
derive larger part of its N requirement from fixation in a particular cropping system. For
example, we need to identify crops and genotypes of legumes which can fix more N2 under sole
cropping and intercropping situations without being affected by high mineral N contents in soil.
There is a need to identify host genotypes which can fix well under adverse soil conditions like
soil acidity, Al & Mn toxicity, alkalinity, water logging, etc.
At ICRISAT non-nodulating lines of chickpea, pigeonpea and groundnut have been developed
from the existing cultivars and/or segregating populations. Natural occurrence of nonnodulating
plants ranged from 120 to 490 per million plants and efforts are required to see that occurrence
of such plants do not increase. Most of the breeding and testing work is done at the research
stations where mineral N contents are far higher than observed on the farmers fields. There is
every likely hood that low- or non-nodulating plants may not be identified as they will grow
normally using soil N. To avoid this, appropriate checks during breeding and testing for
discarding low-nodulating plants must be built in the breeding programs.
Along with the appropriate host types and genotypes, optimum management practices must be
provided to ensure maximum contribution from the BNF. In intercropping situations where
application of fertilizer N is essential to obtain higher cereal yields, appropriate form of fertilizer
eg. slow releasing formulations, organic N and suitable method of application eg. placement
between cereal rows than broadcasting and mixing in soil must be worked out. Appropriate
amendments with nutrients other than N which might limit the plant growth should be done.
Application of farm yard manure and other organic amendments improved BNF in legumes.
Suitable land management practices which can improve water storage capacity of soils or which
can drain excess water away from the plant depending on the situation need to be used to harness
maximum benefits from BNF. For eg. pigeonpea grown on Vertisols fixed more nitrogen when
grown on BBF than the one grown on flat surface, whereas it was reverse for chickpea.
Efforts for selection of efficient strains of bacteria for using as inoculants and identification of
specific host-bacteria combinations must go on. Situations which need inoculation should be
identified and efforts for success to inoculation in such areas must be concentrated. For
increasing crop yields through biofertilizers, the following strategy is suggested. Most important
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constraints to effective exploitation of BNF technology in the SAT are:
o
o
o
o

the quality of the inoculants
lack of knowledge about inoculation technology for the extension personnel and the
farmers,
effective inoculant delivery system
formulation of the policy dictating the desire to exploit BNF successfully.

For success of biofertilizers in the SAT, concerted efforts right from production, demonstration
to distribution will be required. Biofertilizers should be used or considered as an insurance for
harnessing BNF to its maximum potential taking systems approach. As discussed earlier in
chickpea, the non-nodulating or low nodulated plants look similar in appearance to well nodulated
plants but this is at the cost of soil or fertilizer N. We must take the view that in the end we
may derive benefit in terms of maintaining or improving the productivity of our soils. We should
not be disappointed by not seeing the direct benefits in some cases. A holistic approach to
improve production of legumes is needed and we must ensure that all the constraints for good
plant growth other than N nutrition are alleviated and suitable management practices are
provided for better performance of BNF technology.
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Harnessing Legume-fixed Nitrogen in Tropical Cropping
Systems: Upland vs. Lowland Strategies
Thomas George 1,2 , P.W. Singleton 1 , and K.G. Cassman 2 . 'Nitrogen Fixation
by Tropical Agricultural Legumes Center (NifTAL), Paia, Hawaii, USA and
the International Rice Research Institute (IRRI), Manila, Philippines.
Abstract. Nitrogen (N) inputs to cropping systems from legume biological nitrogen
fixation (BNF) is dependent on how the factors limiting legume growth and the soil N
supply to the legume are managed. The BNF-N input increase in tandem with greater
legume N demand that results from alleviation of constraints to legume growth. In highly
weathered tropical soils, potential BNF-N inputs largely depend on soil P supply to the
legume. Exploiting the synergy between legume BNF-N and soil P is probably imperative
to maximize N output from the low P, acid uplands. With P inputs to the system, cereallegume rotations can provide important transition cropping systems for the transition from
subsistence to more stable, higher value upland systems. By contrast, in tropical rainfed
lowlands where rice is grown during the wet season, soil nitrate accumulation during the
dry season decreases BNF-N input from legumes grown during the dry season and the prerice transition period at the beginning of the wet season. Nitrate accumulates in these
soils in varying amounts and is affected by soil management. Legumes assimilate soil
nitrate with consequent decrease in BNF. However, because soil nitrate will be lost
following flooding for rice production, decreased BNF due to increased nitrate uptake is
not necessarily a disadvantage. In fact, a pre-rice legume crop can serve as a 'nitrate
catch' crop that capture soil nitrate. This N can then be harvested in legume pods or
recycled to a subsequent rice crop. Recycling excessive amounts of legume N to rice,
however, results in N loss during the flooded rice crop.
Introduction.
Biological nitrogen fixation inputs to a cropping system by an effectively nodulated
legume can be considered a renewable N resource. The magnitude of BNF-N contribution
is determined by the i) legume genetic yield potential and N assimilation traits, ii) limiting
growth factors that diminish yield, and iii) soil mineral N that contributes to the legume
N requirement and substitutes for BNF (1, 2). The yield potential and the N assimilation
traits of a given genotype in a given environment are not amenable to management.
Therefore, BNF-N inputs will depend on the management of the limiting growth factors
and the mineral N supply from native and applied N sources.
The expected impact of BNF-N input on the nitrogen economy of a crop system
and system performance must be considered in relation to the relatively small investment
required to inoculate legumes for effective nodulation (3). The BNF-N supply is enhanced
by increased legume N demand that results from alleviation of constraints to growth. In
highly weathered tropical soils, potential BNF-N inputs largely depend on soil P supply to
the legume (4). By contrast, in tropical rice lowlands, the quantity of soil nitrate
accumulation during the dry season has a dominant effect on legume BNF-N input (5).
In this paper, we attempt to contrast high soil nitrate that often characterize rice
lowlands with low soil P that is typical of most acid infertile uplands in terms of
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management strategies to increase BNF benefits to system performance. In both cases,
the emphasis is on managing the nutrient dynamics of the system to increase the BNF
contribution.
Low phosphorus upland soils.
Many highly weathered upland soils in the tropics are inherently low in P and are
acidic (6, 7). Insufficient supply of P limit production even when management targets to
overcome acidity problems through calcium amendments and the use of acid tolerant crop
genotypes. Soil fixation of P, a major cause of P deficiency, is a serious problem because
large amounts of P are required to obtain good crop growth. Low P, acid uplands in
tropical Asia are usually characterized by subsistence food production systems which are
based on crops such as rice, grain legumes, cassava and other tubers. With increasing
population pressure, subsistence agriculture in the acid upland agroecosystems may not be
sustainable without P inputs from outside the soil-plant system (8, 9). With P imported
into the system, cereal-legume rotations can provide important transition cropping systems
for the transition from subsistence to more stable, higher value upland systems that include
perennial crops and justify farmer investments in soil conservation measures.
Input efficiency and soil supply of P may be improved overtime by repeated
applications of moderate P amounts, a justifiable investment if benefits accrue overtime.
Most soils, even those initially deficient in P, accumulate P when applications exceed
removal and use efficiency may improve with time (3, 10).
Legume growth is restricted when conditions are unfavorable for an effective
symbiosis (1, 2). In the low P-acid uplands, inoculation with superior nitrogen-fixing
rhizobia frequently fail to provide a yield response (3,11) and the performance of legumes
in these uplands is often primarily limited by P supply. Low P supply greatly diminishes
the likelihood of a response to rhizobia by reducing legume growth (11, 12). Enhanced
legume growth from increased P supply can increase N input to the crop system by legume
BNF (4, 11). Exploiting this synergy between legume BNF-N and soil P is crucial to
maximize N output from the low P, acid uplands .
On low P soils with a strong P-fixation character, returns on investment in P
fertilizer can increase greatly with time when external inputs of P exceed crop needs in
legume-nonlegume cropping systems. This prospect is possible because of the
complementary effects of increased supply of P on legume BNF, and on N, P, and C
cycling in the soil-plant system. When P inputs are greater than removal, increased
efficiency in P uptake and yield per unit of P applied can occur in subsequent soybean
crops (4). A three fold increase in soybean yield per unit of P applied was obtained in a
fourth crop compared to the first.
High nitrate lowland soils.
Favorable rainfed rice lowland soils are often cropped with upland crops during the
dry season. Nitrate accumulates in these soils during the dry season in varying amounts,
depending on the intensity of soil and crop management (13, 14). If remained in soil, this
nitrate-N subsequently gets lost during the dry-to-wet season transition period or upon
intentional soil flooding for rice production (5, 14).
Legumes assimilate soil nitrate with consequent decrease in BNF. However, since
soil nitrate will be lost following flooding for rice production, decreased BNF due to
increased nitrate uptake is not necessarily a disadvantage. Therefore, legume management
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in rice lowlands should aim to optimize legume yield potential to maximize plant demand
for N. As soil nitrate supply increases, a net BNF-N gain cannot be expected with grain
or forage legumes, since N removed in pods or forage is likely to exceed N derived from
BNF. But, accounting for potential soil nitrate loss in the absence of a crop or a native
weed cover during the pre-rice dry-to-wet transition niche (5), N gain still can be positive.
When the legume is used for green manuring of rice, N gains can be positive only if N recycled does not greatly exceed the demand of the rice crop and the pattern of in-season
N mineralization from the incorporated green manure is synchronous with the N uptake
requirements of rice.
Conclusions.
Soil degradation and declining productivity is common to both rice lowlands and
low P, acid uplands. Therefore, targeting management towards conservation and effective
use of natural and applied inputs become increasingly important as we strive towards
higher productivity from existing farm lands and greater profitability for farmers. Legumefixed N, if effectively managed, can greatly contribute to achieving this objective. There
is prospect for exploiting the synergistic relationship between P supply and BNF in the low
P, acid uplands. Similarly, in the high nitrate rice lowlands, legumes, when used
appropriately, can recycle native nitrate and additionally contribute BNF-N in the form
of harvestable grains or by contributing N to a succeeding rice crop.
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Abstract. A growing concern about the sustainability of tropical agricultural system
stands in striking contrast to a world-wide decline in the use of soil-improving legumes. It
is time to thoroughly assess the future role that soil-improving legumes may play in
agricultural systems. This paper reviews recent progress, potential, and limitations of
green manure technology, using lowland rice cropping systems as an example.
Only few legume species are currently used as green manures in lowland rice.
Sesbania cannabina is the most widely used green manure for rice in the warm tropics of
Africa and Asia. Astragalus sinicus is the prototype green manure species for the cool
tropics. Stem-nodulating 5. rostrata has been most prominent in recent research. Pre-rice
green manure legumes show a high N accumulation (80-100 kg N ha-1 in 45-60 days of
growth) of which the major portion (about 80%) is derived from biological N2 fixation.
The average amounts of N accumulated by these green manures can entirely substitute for
mineral fertilizer N at current average application rates. With similar N use efficiencies,
green manure N is less prone to loss mechanisms than mineral N fertilizers and may
therefore contribute to long-term residual effects on soil productivity.
Despite a high N2-fixing potential, and positive effects on soil physical and chemical
parameters, the use of green manure legumes for lowland rice production has been
dramatically declining over the last 30 years. A relatively low price of urea N is probably
the main determining factor for this long-term reduction. Unreliability of green manure
performance, non-availability of seeds, and labor intensive operations are the major
agronomic constraints. A better identification and extrapolation of niches where green
manures have a comparative advantage over mineral N fertilizer may improve an often
unfavorable economic comparison of green manure with mineral fertilizer N. Hydrology
and soil texture determine the agronomic competitiveness of a green manure with mineral N
fertilizers. In general, the niches for pre-rice green manure use seem to be characterized by
a relatively short time span available for green manure growth and a moisture regime that is
unfavorable for cash crop growth (rainfed lowlands with coarse-textured soils).
Socioeconomic factors like the cost of labor and the mineral N fertilizer price trend are seen
to ultimately determine the cost-effectiveness and thereby farmers adoption of sustainable
pre-rice green manure technology.
Introduction. The use of soil-improving legumes in agriculture is a topic for debate
since many years. There is a spectrum of opinions ranging from the conclusion that green
manures will never be a significant factor (9), to the viewpoint that in the future agronomic
exploitation of biological nitrogen fixation, including green manure use, will become much
more important than it is now (11). With growing sustainability concerns, it is time to
thoroughly assess the future role that soil-improving legumes may play in agricultural
systems. For reasons of comprehensiveness and scale of this paper, we will focus on the
role of flood-tolerant green manure species using lowland rice-based cropping systems as
an example. General conclusions, however, should be applicable to a wider range of crops
and ecosystems.
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Sustainability concerns are present throughout tropical rice farming systems as most
countries have moved into a post green revolution phase (10). Farmers and researchers
have historically dealt with sustainability issues such as crop yield decline through crop
diversity, crop rotation, and inserting green manures into cropping systems (6). Legumes
can in many instances be used as green manures in rice. For all their diversity in terms of
species and farming systems, soil improving legumes may be defined as either pre-rice or
post-rice green manures. Post-rice green manures have historically played a greater role in
tropical agriculture than pre-rice species and are exemplified by Astragalus sinicus for the
cool tropics (5) and Indigofera tinctoria for the warm tropics (2). Prototype species for the
pre-rice niche include flood-tolerant legume crop such as Sesbania and Aeschynomene or
the more or less drought-tolerant legumes Crotalaria and Tephrosia. Flood-tolerant
legumes have been most prominent in recent research, a development that was triggered by
the recognition of their high N2-fixing capacity and the world-wide spread of the stemnodulating Sesbania rostrata (3).
Numerous papers have studied growth and nitrogen fixation of legumes and the
effects of green manure on soils and on the succeeding rice crops, indicating that pre-rice
green manures can add large quantities of biologically fixed N to lowland rice cropping
systems and improve the soil productivity. However, the adoption of sustainable green
manure technology in tropical lowland rice farming systems is limited and further
declining. Have green manures loomed larger in the agronomists mind than in the farmers?
To answer this question, a critical analysis of the potential and the limiting factors of green
manure technology is needed in order to assess the future potential of soil-improving
legumes in tropical agriculture. Such analysis may help the scientific community to target
future green manure research activities and funding agencies to justify further investments
in research on soil-improving legumes.
Potential and Benefits from Green Manure Use
Only few legume species are currently used as flood-tolerant green manures in the prerice niche in lowlands. S. cannabina is the most widely used green manure for rice in the
warm tropics of Africa and Asia. S. sesban, S. speciosa, and A. indica are more rarely
found but can be locally important. Since its introduction into the continent of Asia some
10 years ago, the stem-nodulating legume S. rostrata (origin: West Africa) has been most
prominent in recent research. It is widely recommended as green manure in both Asia and
Africa and is currently grown on about 500,000 hectares in the Delta and the Central Plain
of Myanmar (8). Stem-nodulating A. afraspera and>4. nilotica were only recently
domesticated (1) and their use is largely limited to research farms and extension
demonstration trials.
Nitrogen accumulation by green manure legumes in tropical rice-based cropping
systems is influenced by water regime, soil fertility, photoperiod, inoculation, and legume
growth duration (7). Numerous papers (more than 200 observations) report N yield and
N2 fixation in flood-tolerant legumes. The N accumulation in a 45-60-day-old green
manure crop varies with species, season, and site from as low as 7 kg N ha"* to more than
300 kg N ha 1 . The average N accumulation of 80-100 kg N ha~l corresponds to the
average amount of mineral fertilizer N applied to lowland rice (World Rice Statistics,
1992). A survey of the literature indicates that the major portion of the N accumulated in
flood-tolerant legumes comes from the biological N2 fixation. In average, 75-80% of the
legume N are derived from the atmosphere.
Many studies have shown that flood-tolerant pre-rice green manure legumes increase
the yield of a subsequent lowland rice crop and reduce the requirements of industrial N
fertilizer (4). Rice grain yield increases over unfertilized control treatments due to green
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manuring range from 0.5-3.3 Mg grain ha-1 with an average of 1.7 Mg ha-1. Assuming an
average application rates of 80 kg N/ha green manure N shows an agronomic N use
efficiency (kg rice grain increase over unfertilized control/kg N applied) of about 20. This
figure is similar to the average N use efficiency of mineral N fertilizer. Consequently,
lowland rice seems to be using organic amended N as efficiently as mineral fertilizer N.
However, at application rates of less than 80 kg N/ha, lowland rice tends to use green
manure N more efficiently than urea N. On the other hand, when green manure is applied
in excess of 100 kg N/ha organic fertilizer use efficiency declines more rapidly than that of
urea.
Leguminous green manures incorporated before cropping with lowland rice were
shown to increase grain yield of a following wheat or rice crop (4). Many authors,
however, detected only little or no residual response to green manure N (7). The review of
16 published studies indicates an average residual effect of green manuring on the grain
yield of a subsequent unfertilized rice crop of about 10%. This may appear little but might
in the long-run substantially contribute to the restoration of degraded soils and the
sustainability of rice-based cropping systems.
Green manures frequently have positive effects on a following rice crop that result
from factors other than supplying N (rotation effects). Incorporation of legume biomass
can improve soil physical parameters (soft puddle). Green manure can increase the cation
exchange capacity, improve soil buffering capacity, and mobilize P, Si, Zn, Cu, Mn, and
other nutrient elements as a result of increased CO2 formation (microbial activity), a
decrease in pH and Eh, and the microbial reduction of pedogenus iron (FelH) oxides and
hydroxides [reviewed in (7)].
The Environment for Green Manure
A low price and the ease in handling of mineral fertilizer N are the main arguments
against green manure. The finding of niches where green manures fit in rice-based
cropping systems should, therefore, aim at the recognition and identification of economic
and biophysical factor combinations within which green manures have a comparative
advantage over other non-rice crops and mineral fertilizers.
The socioeconomic environment determines the impact of any attempt to introduce
changes in existing cropping patterns or to identify agronomic niches and biophysical
parameters that favor green manure use. Beside the scarcity of land area and labor, the
ready availability and relatively low cost of mineral N fertilizer was the main determinant
for the dramatic decline in green manure use in rice production systems over the last 30
years (12,13). Since the manufacturing of N fertilizers requires energy, their cost will be
closely related to the oil price trend or the future exploitation of new energy sources. At the
country or regional level, national policy decisions vis-a-vis green manures (or for that
matter vis-a-vis mineral fertilizers) will affect the environment for green manure adoption.
Socioeconomic conditions at the farm-level further refine this general pattern for potential
green manure adoption. The distance from the local market may determine farmers access
to mineral fertilizers. Sufficient high-quality seeds of appropriate legume species is crucial
for green manure use. Labor availability and time allocation during the transition between
two main crops has to be adequate for green manure seeding and incorporation operations.
Finally, the incorporation of a relatively large biomass into the soil requires suitable
implements and/or animal or mechanical traction.
In the biophysical environment, major agroecological zones set the general framework
for the suitability of a given green manure measure. Within a given agroecological zone,
we considered soils and hydrology as the dominant spatial factors determining niches for
green manure use. An analysis of 38 published references from the literature attempted the
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recognition, holistic evaluation, and extrapolation of the biophysical niches where green
manures have a comparative advantage over mineral N fertilizer use. Legume N
accumulation and mineral fertilizer equivalence of the green manure seem to be generally
higher in light-textured than in heavy soils. Review of published data revealed that N use
efficiency tended to be higher at all levels of urea application under irrigated compared to
rainfed conditions. However, when nitrogen was supplied by green manure, N use
efficiency was very similar between irrigated and rainfed conditions. Consequently, green
manure use may be preferable over mineral N fertilizers in many unfavorable rainfed
situations.
Prognosis and Research Needs
What is the future of green manures? The cost of labor and the mineral N fertilizer
price trend will ultimately determine the cost-effectiveness and thereby the large-scale
adoption of sustainable pre-rice green manure technology. In the meantime green manures
will continue to play a limited role in tropical agriculture. Two trajectories may largely
determine the scale of farmers future acceptance of soil-improving legumes:
(1) Rice production systems have commercialized and intensified in the last couple
of decades. Since farmers are looking for multiple benefits for their investments, green
manure species and systems will have to provide multiple use solutions to be acceptable.
In these situations the green manure performs additional functions beside being an N
source: it provides food, fodder, fuel, or industrial products. Green manures with direct
economic functions will be the key in most situations. However, very little is known about
the potential additional uses of current pre-rice green manure species.
(2) Green manure systems must increasingly adapt to specific production systems.
This requires a high specificity of green manure species to well define niches within the
cropping system. The niches where single-purpose green manures fit will be limited to
conditions where alternative crops are not competitive or where green manure provides
more than just N (e.g. increased soil water-holding capacity, alleviation of toxicities).
Target environments for green manure use appear to be in many instances marginal for
lowland rice production. However, with growing pressure on the tropical worlds land for
food production, marginal areas are increasingly taken into cultivation. They represent an
environment that has received the least research attention in the past but that cannot be
ignored any longer. Green manure legumes may be a vital component in the sustainable
agricultural use of these unfavorable environments. In this context soil-improving legumes
may well have toreceiveincreasingresearchattention in the near future.
A break-through in the adoption of soil-improving legumes in a wider range of
environments than presently will be one step forward towards an increased sustainability of
tropical agricultural systems. The following areas will have to receive increased research
attention:
*
Species selection for crop adaptation, seed production, pest management, and
multi-purpose uses. As of now, most current and prospective green manure legumes have
not received any formal plant improvement. Many of the recently introduced species are
actually undomesticated. Other than ad hoc efforts by farmers who have cultivated green
manures, plant improvement has been totally neglected. The future involvement of plant
breeders in species selection is highly desirable.
*
The importance of agronomic management issues like green manure crop
establishment and incorporation stands in striking contrast to the large gaps in knowledge
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and technology. Particularly alternative crop establishment practices may improve the
economics of green manure production and need further evaluation.
*
Since green manure use is in many instances not economical at the current low
mineral N fertilizer prices and the relatively high cost of labor, multi-purpose legumes need
to be identified and targeted for environments where they have a comparative advantage
over other non-rice crops and mineral N fertilizer use. Recognition of these niches allows
the identification of extrapolation domains and may accelerate the limited progress in
adapting green manures to the changing rice production systems.
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l^N isotope and N balance studies performed over the last few
years have shown that several Brazilian varieties of sugarcane are
capable of obtaining over 60% of their nitrogen (>150 kg N ha - 1
year -1 ) from biological nitrogen fixation (BNF). This may be due to
the fact that this crop in Brazil has been systematically bred for
high yields with low fertilizer N inputs. In the case of wetland
rice, N balance experiments performed both in the field and in pots
may be obtained from plantsuggest that 30 to 60 N ha - 1 crop -1
associated BNF and that different varieties have different
capacities to obtain N from this source. 1 5 N2 incorporation studies
have proved that wetland rice can obtain at least some N from BNF
and acetylene reduction (AR) assays also indicate differences in
No-fixing ability between different rice varieties. However in
situ
AR field estimates suggest plant-associated BNF inputs to be less
than 8 kg N h a - 1 crop -1 . The problems associated with the use of
the 1 5 N dilution technigue for BNF quantification are discussed and
illustrated with data from a recent study performed on wetland rice
at EMBRAPA-CNPAB.
Although many species of diazotrophs have been isolated from the
rhizosphere of both sugarcane and wetland rice, the recent
discovery of endophytic ^-fixing bacteria within roots, shoots and
leaves of both crops suggests, at least in the case of sugarcane,
that these bacteria may the most important contributors to the
observed
BNF
contributions.
In
sugarcane
both
Acetobacter
diazotrophicus
and Herbaspirillum
spp. have been found within roots
and aerial tissues and these micoorganisms, unlike
Azospirillum
spp. and other rhizospheric diazotrophs, have been shown to survive
spp. are found in many graminaceous
poorly in soil. Herbaspirillum
crops, including rice (in roots and aerial tissue), and are able to
survive and pass from crop to crop in the seeds. The physiology,
ecology and infection of plants by these endophytes are fully
discussed in this paper.
The sugarcane/endophytic diazotroph association is the first
efficient No-fixing system to be discovered associated with any
member of the gramineae. As yet the individual roles of the
different diazotrophs in this system has not been elucidated and
far more work on the physiology and anatomy of this system is
required. However, the understanding gained in these studies should
serve as a foundation for the improvement/development of similar
N2-fixing systems in wetland rice and other cereal crops.
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Xn troduct i on
The "green revolution" in agriculture of the developing world
which resulted in large increases in cereal grain production since
the 1960s, has been a result of the development of plant genotypes
highly responsive to chemical fertilizers, particularly nitrogen.
It requires approximately 18.5 Meal of fossil energy to produce one
kg of
fertilizer
nitrogen
and
even
though, unlike
other
fertilizers, there is unlimited supplies of this element in the air
this is more than 6 times the energy required to produce either P
or K fertilizers(21). Over the next few decades it is inevitable
that the price of fossil fuels will rise because of the depletion
of petroleum reserves and increased production costs of other fuels
(not to mention proposed carbon taxes). For this reason, now is the
time that alternative strategies for nitrogen supply should be
developed before these increased costs force farmers to cut N
inputs which will result in drastic yield reductions in the staple
cereal crops which feed the burgeoning human population of the
Third World.
In traditional wetland rice culture yields of 2,000 to 3,000 kg
grain h a - 1 (either one or two crops year -1 ) seem to be sustainable
indefinitely, even where no N fertilizer is applied, if flood water
is well controlled. For such yields to be sustained between 60 and
80kg of nitrogen are required for each crop(ll), and while some of
this input may be supplied in rainfall and irrigation water,
several field N balance studies suggest that N supplied in part by
nitrogen fixing organisms(29,38,65).
Virtually all of the varieties of sugar cane planted in Brazil
were bred under conditions of low N fertilizer inputs. Probably for
this
reason,
the
plant-crop
rarely
responds
to
nitrogen
fertilizer3, and while ratoon crops do often respond to N
application, quantities applied rarely exceed 100 kg N h a - 1 and
fertilizer use efficency is usually less than 35% (46,57). A sugar
cane crop yielding 100 t cane h a - 1 accumulates between 180 and 250
kg N h a - 1 (57,59). The mean Brazilian yield is 65 to 70 t cane h a - 1
and average whole crop N accumulation is between 100 to 120 kg N.
Of this, approximately two thirds is transported to the mill in the
cane stems, and a further 25% is in the senescent leaves (trash),
which in Brazil, as in most countries, is burned off before harvest
(46). Less than 10% of the N in the form of flag leaves remains in
the field. It is apparent from these data that continuous cropping
of sugar cane should deplete soil N reserves such that cane yields
eventually decline. However, such decline in yields or soil N
reserves are not normally observed even after many decades of cane
cropping. Such observations have led several authors to suggest
that sugar cane may benefit significantly from inputs from
biological nitrogen fixation (BNF) (23,50).Quantification of Biological Nitrogen Fixation.
Sugar Cane
Only a few studies have been published on the
quantification of the BNF contribution to sugar cane
and all of
them were performed in Brazil. Experiments using 1 5 N labelled N2
gas conducted at the Centro de Energia Nuclear na Agricultura
(CENA) in Piracicaba (Sao Paulo) showed that 90 day-old sugar cane
plants obtained considerable N from BNF (56). However, because of
the difficulties of exposing plants grown in the field to
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controlled atmospheres, the agronomic significance
of these N
inputs could not be evaluated. In a subsequent 15N-aided N balance
study performed at CNPAB, sugar cane was grown
in pots containing
64 kg soil (42). Both the N balance and 1 5 N enrichment data
indicated that between 40 and 60% of plant N was derived from
plant-associated
BNF and extrapolation to the field (15,000 plants
ha - 1 ) suggested inputs of over 150 kg N ha - 1 year -1 .
Our group has recently completed a three-year 1 5 N isotope
dilution and N balance study on 10 sugar cane varieties grown in a
concrete tank (20 x 6 x 0.8m) filled with soil amended with 1 5 N labelled organic matter, and using Brachiaria
arrecta
as a non-Nofixing control plant (62). The soil had a low N content (0.108% N)
and was fertilized with phosphorus, potassium and micronutrients
and well irrigated throughout the experiment, but no type of N
fertilizer was added. In the first year yields of fresh cane of the
Table 1.

15

N enrichment and total nitrogen accumulation of sugar
cane and Brachiaria
arrecta
and estimates
of nitrogen
15
derived from BNF using
N
balance
and
N
isotope
dilution
techniques (g N m - 2 ) . Means of 4 replicates. After
al.(62).
Urquiaga et

Variety/
Species

Weighted Final
N
mean
N
accum.
atom% content whole
15
N
of
plant
excess
soil 3 years

Estimates of BNF contribution
All three years
N balance1
M

CB 47-89
CB 45-3
NA 56-79
IAC 52-150
SP 70-1143
SP 71-799
SP 79-2312
Chunee
Caiana
Krakatau

B.
CV

arrecta
(%)

0.191bcd
0.166cde
0.198bc
0.188bcd
0.146de
0.183bcd
0.198bc
0.227b
0.190bcd
0.133e
0.443a
13.6

835
864
884
924
852
860
845
826
857
857
830

61.4bc
84.3ab
57.8c
59.6bc
77.5bc
56.9c
63.6c
33.0d
11.6d
102.8a
24.9

15

7K—

N 2 N balance

_
34.8c
52.6b
32.6c
33.8c
51.9b
33.3c
35.4c
16. 9d
6.7d
71.8a

15

N

>w--2

39.7
62.6
36.1
37.9
55.8
35.2
41.9
11.3
-10.1
81.1
3.2
29.2

5. 1 25.0

Annual mean

7~7Ë-Ö

-

13.2
20.9
12.0
12.6
18.6
11.7
14.0
3.8
-3.4
27.0
1.1

11.6
17.5
10.9
11.3
17.3
11.1
11.8
5.6
2.2
23.9

-

29.2

1
N balance estimate of BNF contribution = total N accumulated by
crop + mean total N content of soil in tank at emergence - mean
total N content of soil in tank at final harvest. Mean change in
soil N content from emergence until final harvest = 27.1 g N m - 2
with- 2 a standard error of the difference between
the means of 22,0 g
N m . N balances greater than 37.7 g N m~ 2 (12.4 g N m~ 2 year 1)
were significantly greater than zero (P=0.05, Student t test).
2
15
N isotope dilution estimate of BNF contribution =1 5(total N
accumulated by the crop) x (1 - (weighted
mean atom % N excess of
sugar cane)/(weighted mean atom % 1 5 N excess of B.
arrecta).
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commercial varieties were high, ranging from the equivalent of 175
to 230 t ha - 1 , and in the varieties CB 45-3 and SP 70-1143 these
high yields were maintained during the subsequent two ratoon crops.
In these same varieties and the Saccharum
spontaneum
variety,
Krakatau, the nitrogen accumulation also continued high and stable
over the three years. However, other varieties (eg CB 47-89, NA 5679, SP 71-799, Chunee) showed a decline in total N content after
the first year as would be expected from the observed decline in
the availability of soil N. Over the whole three years, the
weighted mean ^ N enrichments of all of the sugar cane varieties
were much lower than that of the non-N2~fixing B. arrecta
control,
indicating large contributions of plant associated BNF (Table 1 ) .
At the second and third annual harvests (first and second
ratoon crops) there were only small differences in the 1 5 N
enrichments between the different varieties and that of the control
crop; which was due to the carry-over of labelled nitrogen from one
harvest to the next in the stem bases and roots of cane varieties,
which did not occur in the case of the B.
arrecta.
The
interpretation of the 1 5 N data was further complicated by the fact
that the uptake of soil N by the B. arrecta
was almost certainly
inhibited towards the end of each growing season due to shading of
this crop by the tall sugar cane plants, and this probably resulted
in a somewhat higher " 5 N enrichment in the control crop than
otherwise would have occurred.
These difficulties are fully discussed in the original paper
(62), and because of them it was decided to perform a total N
balance on the whole tank by the careful analysis of the N content
of soil samples taken at plant emergence in the first year in
comparison with samples taken at the final harvest. These data
showed that there were significantly (P<0.05) positive N balances
associated with the varieties CB 45-3, SP 70-1143, SP 79-2312 and
Krakatau, and that there was a good agreement between the 1 5 N
dilution and the total N balance estimates of the contributions of
BNF to the sugar cane varieties (Table 1 ) .
These results were recently confirmed in a long-term nitrogen
balance experiment conducted on a sugar cane plantation in
Pernambuco, NE Brazil (46). In this experiment the effect of preharvest burning of the cane (to remove the senescent leaves) on the
yield and N accumulation of the crop, and N balance of the cropping
system, were investigated. At the end of the 9 year study the total
N accumulated in the system was found to be between 300 and 620 kg
ha - 1 greater than the initial N, and this balance was statistically
greater than zero (Table 2 ) . This extra N was attributed to a mean
annual BNF input to the crop of between 38 and 77 kg N ha - 1 , this
being a minimum estimate as gaseous or leaching losses were not
quantified.
Wetland Rice
Several field N balance studies on lowland rice have
been reported from studies in Thailand(29,65), Japan(38) and at the
experimental fields of the International Rice Research Institute in
the Philippines(64). All studies report a positive balance even
when N from rainfall and irrigation water were discounted,
indicating inputs of between 30 and 60 kg N h a - 1 crop -1 , but in
these studies no data are available to determine what proportion of
this N may be derived from free-living N2~fixing cyanobacteria in
the flood water, heterotrophic N2 fixers in the soil or those
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Table 2. Effect of pre-harvest burning on total nitrogen balance (g
N m - 2 ) of the soil/plant system of field grown sugar cane
over a sequence of the plant crop follwed by 7 ratoon
crops. Means of 16 replicates.

N
accumulated
by crop in
Treatment over 8 cuts
1983-1992

Total N in soil/plant system
Considering soil N content in the layer:
0-20cm
N1
N2
Initial Final

0-60cm
Balance
g N m-2

N1
Initial

N2
Final Balance

Burned

58.3

365.9

354.1

-11.8

789.0

744.6 -44.4

Unburned

73.6

369.1

400.6

+31.5

774.3

828.7 +54.4

HSD 3
P=0.05.
CV (%) 4

7.0

24.2

29.7

30.6

74.5

64.1

14.2

8.9

10.6

(10.3)5

12.8

11.0

1
2
3
4
5

61.9
(20.9)5

Initial N in soil plant/system = total N in soil at planting +
added fertilizer N.
Final N in soil/plant system = total N in soil at final harvest +
N accumulated by crop over 8 harvests (1983 to 1992).
Honest significant difference (Tukey).
Coefficient of variation.
Value in italics
= Standard error of mean.

associated with the plant.
Various nitrogen balance experiments have been performed in pots
which indicate that the plant/soil system can benefit from
biological
N2
fixation
(BNF) even
when
the
activity
of
cyanobacteria on the soil surface is inhibited by shading(69). In a
very careful N balance study performed in pots by App et al.(l) on
4 to 6 consecutive crops, the contribution of plant-associated BNF
was estimated to be equivalent to 18 % of plant N. In a further N
balance study on 83 wild and cultivated rice cultivars (in 6
separate experiments each with 3 consecutive crops) reported by App
et al.
(2), large and significant differences between cultivars
were found. The positive N balances were equivalent to between 16
and 70 kg N h a - 1 crop -1 assuming 25 plants m - 2 and, although in all
6 experiments there were significant correlations between N balance
and plant N uptake. Because of the nature of this technique, it
cannot necessarily be assumed that the N was fixed and immediately
incorporated into the plants.
Direct evidence that heterotrophic diazotrophs can contribute
significant quantities of N to rice plants was obtained by the
short-term exposure of individual plants to 1 5 N enriched N2
gas(28,43,72), but most of the labelled nitrogen fixed remains in
the rhizosphere soil. However, these data do not permit estimation
of BNF contributions over the entire plant growth cycle.
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There are many studies which have used the acetylene reduction
(AR) assay to study BNF associated with rice. The early
studies(54,71) utilized an assay on excised roots. Later studies on
rice and other grasses and cereals suggested that these techniques
were unreliable and perhaps overestimated
actual N 2 fixing
activity(8,37),
and
subsequently
in
situ
assays
were
developed(66,67). The use of these in situ
techniques in the field
showed considerable AR activity associated with field grown
plants(14,66) but this technigue suffers from several disadvantages
for the estimation of actual BNF contributions to the plants:
Firstly, the AR technique measures nitrogenase activity and not
incorporation of fixed N into the plant, secondly much of the
evolved ethylene may be retained in the waterlogged soil and not
diffuse into the atmosphere which is sampled, and finally the
measure is instantaneous and requires many assays thoughout the
growing season if overall contributions of BNF to the crop are to
be assessed(13,55). In studies where many in situ
AR assays were
taken, the estimates of total "acetylene reduced" thoughout the
whole crop cycle were approximately 40 to 60 m mol ethylene m~*
which extrapolate to only 5 to 8 kg N 2 fixed h a - 1 (14,67).
It seems therefore that there is a considerable disparity
between the N balance and AR estimates of plant-associated BNF to
wetland rice. Some of the field and pot N balance studies suggest
contributions of more than 30 kg N ha - 1 crop -1 whereas the
acetylene reduction studies suggest inputs not higher than 8 kg
n a

•

i*

The J-^N isotope dilution technigue has the potential to
estimate contributions of BNF to the plants over the whole growth
season and unlike the N balance and acetylene reduction techniques,
it estimates fixed N actually incorporated
into the plant
tissue(20). The main problem with this technique lies in labelling
the soil with 1 5 N . If the enrichment varies with area, depth or
time, different plants (the control and different rice varieties)
may have different N uptake patterns and do not obtain the same l 5 N
enrichment in the soil derived N, an assumption essential to the
application of the technique(13,70). In the studies reported so far
the soil N was not stable with time and no suitable non-No-fixing
control plant was found that would grow in waterlogged soil(43,63).
A recent study was conducted at our institute (CNPAB) near Rio
de Janeiro (Oliveira et al.
in preparation) and at the first
planting 40 rice varieties were planted in a tank (20 x 6 x 0.6m)
filled with waterlogged soil amended with 1 5 N labelled compost(62)
and inoculated with soil taken from a long-established rice paddy
in the Paraiba valley of Sao Paulo State. Analyses of leaf samples
showed that there was a considerable decline in 15JJ enrichment in
the plant tissue during plant growth and earlier maturing varieties
It
showed
higher 1 5 N enrichments than later maturing varieties (Table
) There were considerable differences in total N accumulation and
N
enrichment
between
different
varieties
but
higher
N
accumulation was not well correlated with lower 1 5 N enrichment even
within each maturity group (Table 4 ) .
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Table

3.

Grain production, N accumulation and 1 5 N enrichment of
leaf samples at 40 days after emergence (DAE) and of
whole plant at final harvest of 5 rice varieties from
each of 3 maturity groups. Plants grown in tank of soil
labelled with 1 5 N . Means of 4 replicates. After Oliveira
et al.
(in preparation).
N
Grain yield 1 accumulation

Rice
Variety

(kg.ha - 1 )

15JJ enrichment
Atom % 1 5 N excess

(kg.ha" 1 )

40 DAE

Final 2
Harvest

73.7
92.8
85.5
92.5
105.4

0.2905
0.3776
0.3105
0.2644
0.2276

0.2074
0.2305
0.1984
0.2301
0.2134

Maturity group 1 (60-85 DAE)
Labelle
CNA 6837
Bluebelle
BR-IRGA-410
BR-IRGA-409
C.V.(%)

3960
8140
6330
7660
7590

d
ab
c
ab
ab

10 .3

Mean for whole group
7 varieties
7114

d
be
cd
be
ab

—

9.0
94.9

a
a
a
a
a

11.7

0.3022

0.2160

0.3069
0.3107
0.3145
0.4221
0.3834

0.1475
0.1559
0.1586
0.1618
0.1822

Maturity group 2 (80-110 DAE)
IR 4432-28-5
MG-1
IR-841
CICA-9
CNA 4215
C.V.

(%)

b
a
c
b
c

178.2
158.3
114.6
144.3
88.7

11.0

11.0

9420
10970
7010
9300
6980

Mean for whole group
9056
18 varieties

a
ab
c
b
d

c
be
be
be
ab

11.2

132.5

0.3662

0.1608

0.3511
0.3667
0.3372
0.4204
0.3068

0.1557
0.1451
0.1973
0.1758
0.1388

Maturity group 3 (110-140 DAE)
Metica-1
De-Abril
IAC-4440
CICA-8
IR-42
C.V.

(%)

11300
10700
11000
10700
7990

10.8

Mean for whole group
15 varieties
10597
1
2

ab
ab
ab
ab
c

161.9
221.8
153.0
143.2
156.8

b
a
b
b
b

10.5

12.0
150.0

0.3400

Grain at 14% humidity
Weighted mean 1 5 N enrichment of whole plant.

279

0.1621

Cd
d
a
abc
d

Table 4. Regressions of total nitrogen accumulation ana 1 5 N
enrichment at final harvest of 40 rice varieties divided
into 3 maturity groups planted in waterlogged 15Nlabelled soil. First crop (1989/90). After Oliveira et
al. (in preparation).
Maturity
group

Correlation
coefficient
(r)
+ 0.281
- 0.320
- 0.201

Days after
emergence

1.
2.
3.

60-85
85-110
110-140

Probabil: ty

No. of
data points

0.147
0.006
0.124

28
72
60

Subsequently 20 of these rice cultivars were replanted in the
same tank. Again 1 5 N enrichment in plant tissue decreased with time
and
the varieties IR 42 and IR 4432-28-5 showed significantly lower
15
N enrichment and higher N accumulation than the variety IAC 4440
and the non-No-fixing control plant, Brachiaria
arrecta
(data not
shown). Results from the third planting of this experiment were
lost due to a fire in the drying oven but at the fourth planting
just these 3 varieties were planted with the same control plant and
harvests were taken at six times during plant growth (Table 5 ) .
Table 5. Total nitrogen accumulation and 1 5 N enrichment of 3 rice
varieties
and Brachiaria
arrecta
planted in waterlogged
15
N labelled soil during the plant growth
cycle. Fourth
crop (1992/3). Harvested area 0.5 m 2 . Means of 4
replicates. After Oliveira et al. (in preparation).
VARIETY

36

DAYS AFTER EMERGENCE OF RICE
52
86
94
108

130

Total N accumulation
IR 42
IAC 4440
IR 4432-28-5
B. arrecta
C.V. (%)
15

0.728ab
0.902a
0.792a
0.166b
41.37

0.692ab
0.767a
0.774a
0.321b
27.61

1.951ab
3.101a
2.013ab
0.867b
44.61

2.389a
3.299a
2.476a
0.601b
54.5

3.837a
4.093a
3.757a
1.609b
27.01

4.449a
4.799a
4.055a
1.009b
18.63

N enrichment

IR 42
IAC 4440
IR 4432-28-5
B. arrecta

0.0549c
0.0680a
0.0643ab
0.0582bc

0.0558a
0.0558a
0.0561a
0.0549a

C.V.

5.69

9.36

(%)

0.0552a
0.0482a
0.0552a
0.0517a
10.9

0.0527a
0.0553a
0.0553a
0.0482a
8.38

0.0536a
0.0497a
0.0484a
0.0428a
16.11

0.0553ab
0.0606a
0.0484bc
0.0419c
8.65

Means in the same column followed by the same letter are not
significantly different at P=0.05 (Tukey).
The acetylene reduction activity of the 4 crops was evaluated
by incubating the plant/soil system at constant temperature in the
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dark as described by Barraquio et al.(10).
No significant
differences were found between varieties but the rice varieties
were far higher in AR activity than the B. arrecta
control (data
not shown). After the 3rd harvest (86 DAE) the 1 5 N enrichment of
the B. arrecta
control was lower than that of the rice varieties
(significantly so at the final harvest) but this result could not
be due to a soil N uptake pattern different from the rice varieties
as the data indicate that the 15N enrichment of the soil mineral N
was virtually stable during crop growth. Furthermore, while the
variety IR 4432-28-5 had a lower 1 5 N enrichment than the other two
rice varieties the total N accumulation of this cultivar showed a
tendency to be lower.
Hence, the data obtained in this study do not confirm
significant BNF contributions to any of the 3 varieties of wetland
rice even though two of them were pre-selected for high N
accumulation and low 15N enrichment. Whether this is due to adverse
soil fertility factors or indicates that BNF input are generally
very low requires further investigation. The results illustrate the
difficulties involved in the application of this technique for
quantifying BNF contributions to wetLand rice and the necessity to
use soil with a uniform and stable 1 5 N enrichment.
Plant-associated ^-fixing Bacteria
Sugar Cane
In the 1950s Döbereiner(23) found ^-fixing bacteria of the
genus Beijerinckia
in high numbers in sugar cane fields, with
selective enrichment in the rhizosphere and especially on the root
surface. At the same time a new species of Beijerinckia
was
discovered
(B. fluminense)
associated
with
this
crop(24).
Subsequently, other authors(33,50) isolated a wide range of N2fixing bacteria from the roots, stems and even leaves of sugar cane
including species of Erwinia,
Azotobacter,
Derxia,
Azospirillum
and
Enterobacter.
None of these bacteria seemed to occur in large
enough numbers to account for the extremely high rates of N 2
fixation reported above.
More recently, a new species of N2~fixing bacteria,
Acetobacter
diazotrophicus,
was found to occur in large numbers in the roots
and stems of sugar cane(19,25,31). This diazotroph was originally
isolated from semi-solid sugar cane juice inoculated with dilutions
of sugar cane roots and stems which showed -acetylene
reduction
(nitrogenase) activity in dilutions up to 1 0 6 to 10"'. A more
specific medium (LGIP) has now been developed(53).
The bacteria is a small, Gram-negative, aerobic rod showing
pellicle formation (microaerobic aerotaxis) in N-free semi-solid
medium with 10% sucrose, forming a thick surface pellicle after 5
days.
Best
growth
occurs
with
high
sucrose
or
glucose
concentrations (10%) and strong acid production results in a final
pH of 3.0, or ..less. Growth and N 2 fixation (more than 100 n moles
C2H2. ml - ± .h - 1 ) continues at this pH for several days(60). Ethanol
is also used as a C source for growth and is oxidized to CO2 and
H2O. Dark brown colonies form on potato agar with 10% sucrose, and
dark orange colonies on N-poor (0.005% yeast extract) mineral agar
medium with 10% sucrose and bromothymol blue. The bacterium
ossesses no nitrate reductase and No fixation
is not affected by
igh levels (25mM) of NC>3~. Also NH4 + causes only partial

P
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inhibition of nitrogenase (16,61).
Experiments on mixed cultures of A. diazotrophicus
with an
used as a model system
amylolytic yeast (Lypomyces
kononenkoae),
for plant/bacteria interactions, showed that 48% of the total
nitrogen fixed by the bacteria was transferred to the yeast,
transfer starting right from the beginning of the culture (18).
These results are important in that until now the lack of evidence
for efficient transfer of fixed N from diazotrophs to plants has
been a source of scepticism that such associations could be of
agronomic importance.
Another interesting aspect is that A. diazotrophicus
growing in
10% sucrose showed an optimum dissolved oxygen concentration for
acetylene reduction in equilibrium with 0.2 kPa 03 in the
atmosphere, but continued to fix N2 up to 4.0 kPa, showing a much
spp.(52).
higher O2 tolerance than Azospirillum
The bacterium has been found in many sugar cane varieties in
several
regions
of
Brazil
as well
as Mexico, Cuba
and
Australia( 30,41) and numbers were in the range of 10 3 to 10 7 in
roots, basal and apical stems, leaves and in sugar cane trash (25).
It was not found in soil between rows of sugar cane plants or roots
from 12 different weed species taken from cane fields. It was also
not found in grain or sugar sorghum, but was isolated from a few
samples of washed roots and aerial parts of Pennisetum
purpureum cv
Cameroon, and from sweet potatoes (25,47).
Sterile micropropagated sugar cane seedlings were not infected
by A. diazotrophicus
by traditional root inoculation methods, and
generally infection of cane plants by this bacterium is rare except
"in vitro"
in sugar-rich medium. However, under these conditions A.
diazotrophicus
was found to colonize extensively the exterior and
interior of the shoot and root(35). This study was performed using
immuno-gold labelling with both optical and electron microscopic
techniques. On the root surface the bacteria was found especially
in cavities in lateral root junctions and these junctions and the
root tips appeared to be preferred sites of bacterial entry. Within
the roots A. diazotrophicus
was observed in apparently intact,
enlarged epidermal cells, and at the base of the stem within xylem
vessels through which the bacteria appear to migrate upwards in the
transpiration stream so that all shoot tissues become infected. The
difficulty of infection of plants grown in soil or vermiculite can
be overcome by co-inoculation with VA mycorrhizal fungi, especially
originating from fungal spores infected by the bacteria (48). This
technique of introduction of a ^-fixing bacteria into sugar cane
plants may be important for introducing selected, or genetically
improved, strains into plants for further propagation in the field
via stem cuttings.
Bacterial taxonomists working in Belgium found that the bacteria
known as Pseudomonas
rubrisubalbicans,
a sugar cane endophyte which
causes mottled stripe disease in some varieties from the USA and
other countries, but not in Brazilian varieties, was closely
related genetically to a N2~fixing bacterium called
Herbaspirillum
seropedicae
(32). Herbaspirillum
was first isolated from the roots
of maize and other cereals at our Centre (5). Most of the isolates
of P. rubrisubalbicans
were found to be able to fix nitrogen and
were identical in most other respects to Herbaspirillum
(49).
Recently results from DNA/rRNA hybridization and computer-assisted
auxanographic tests have established that this generically-misnamed
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plant endophyte, "Pseudomonas"
rubrisubalbicans,
must now be
(32).
included in the genus Herbaspirillum
Recently a more specific culture medium (JNFb) for this
organism has been developed and 15 N? gas incorporation confirmed,
not only in strains of the original H. seropedicae,
but also in
isolates from different culture collections of H.
rubrisubalbicans
identified as the causitive organism of the plant disease mottled
stripe disease (6). Herbaspirillum
spp. have been isolated from
sugarcane leaves, stems and roots and are other No-fixing bacteria
which do not survive well in the soil but only within jplants. When
non-sterile soil was inoculated with 10° cells g - r of either
species of Herbaspirillum,
the number of viable cells decreased
until the bacteria was undetectable after 21 days with H.
(44). However, 50
rubrisubalbicans
and 28 days with H. seropedicae
days after Herbaspirillum
were undetectable, surface-sterilized
sorghum seeds were planted in these pots and Herbaspirillum
spp.
were detected (104 cells g fresh weight -1 ) in the roots and
rhizosphere soil when the plants were 30 days old.
In both monoxenic sugarcane and sorghum plants inoculated with
Herbaspirillum
spp. the bacteria have been localized, using the
immunogold technique and both electron and optical microscopy,
within the meta and protoxylem (Olivares et aJ. in preparation). In
the case of a sugarane variety (B-4362) susceptible to mottled
stripe disease, H. rubrisubalbicans
was found to completely block
some of the xylem vessels, whereas in a resistant variety the
bacteria were encapsulated by membranes probably of plant origin.
Wetland Rice
As long ago as 1929, an Indian research worker
suggested that Wetland rice plants were able to obtain some
contribution of nitrogen from ^-fixing bacteria associated with
the plant roots (58). His evidence was based on the isolation of
Azotobacter
spp. from with rice roots. Since this time many
diazotrophs have been isolated from the rhizosphere and roots of

rice including species of Beijerinckia,
Pseudomonas,
Klebsiella,
Enterobacter,

Azospirillum,
Alicagenes,
Flavobacterium,
and

Agromonas
(55). However, the presence of N 2 fixing bacteria
associated with rice roots does not necessarily mean that the
plants obtain significant contributions from biological nitrogen
fixation (BNF).
Azospirillum
spp. have been isolated in considerable numbers
from the rhizosphere and histosphere of wetland rice (4,39) and a
new species of Pseudomonas
(P. diazotrophicus)
was reported to
dominate the rhizosphere bacterial population (9,68). However, as
has been pointed out by several authors, N2-fixing bacteria in the
rhizosphere are are distant from the main sources of carbon
substrates in the root (the vascular tissue) and are in competition
with other soil microorganisms for these substrates (12,36). On the
other hand N2-fixing bacteria found within rice roots or aerial
tissue are unlikely to suffer from these disadvantages, and in view
of the discovery of endophytic diazotrophs in sugar cane, research
at our Centre has focussed on the search for such bacteria in
lowland rice.
In the first report of the discovery of
Herbaspirillum
seropedicae,
this No-fixing bacteria was isolated from washed roots
of upland rice as well as from those of maize and sorghum (5).
Further studies have shown that this bacteria can be found in
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Figure 1. Counts of Herbaspirillum
spp. in roots, stems and leaves,
and acetylene reduction activity (plant soil
system)(10). of the wetland rice variety IR 42 grown in
a tank of 1%-labelled waterlogged soil (Oliveira et
al.,
in preparation).
seeds, stems and leaves of rice as well as roots. Roots, stems and
leaves of rice plants grown from seeds which were surface
sterilized
using
hydrogen
peroxide
followed
by
acidified
hypochlorite, were found to be infected with H. seropedicae
and
only careful surface sterilization of dehulled seeds prevented this
(7).
In
the
experiment
described
above
to
quantify
BNF
contributions to rice plants grown in the tank of 1 5 N labelled soil
(Olivares et al.,
in preparation) counts of Herbaspirillum
spp.
were made using the selective. medium described by Baldani et al.
(6). The results showed that numbers of Herbaspirillum
in washed
roots, shoots and leaves were as high as 10 6 , 10 5 and 10 4 ,
respectively, and the ontogenic variation in numbers was similar to
that of the acetylene reduction activity associated with the plants
(Figure 1 ) .
A further No-fixing bacteria has been found to be present in
rice roots, shoots and leaves in numbers similar to those reported
in Figure 1. As was suggested before, for the first attempts to
isolate N2~fixing bacteria from plants it is desirable to base
isolation media on the carbon substrates known to be available
within the plants (15). This was why malate was chosen for the
semi-solid media first used to isolate Azospirillum
as it was
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known to be an important constituent of maize sap. For the same
reason cane juice was used for the first attempts to isolate
diazotrophs from sugar cane (19). Boreau (17) investigated the root
exudates of 20 day-old sterile rice plants and discovered that
glucose was the single most important carbon source and that in the
organic acid fraction oxalate and citrate were guantitatively most
important. Based on these results, a N-free semi-solid medium
containing glucose, oxalate and citrate (medium 'M') was inoculated
with dilutions of washed rice roots and rice stems (0 - 5cm). Slow
but significant growth with initial acid production was observed,
indicating the consumption of glucose (45). The medium was later
alkalinized, indicating subsequent use of the dicarboxylic acids.
Maximal AR activity was observed after 10 days incubation in N-free
medium and AR activity continued until the 18th day of growth. The
bacteria are small motile rods, but have not yet been identified as
any of the known diazotrophs. The isolates grow best at pH between
5 and 6 and growth is very slow at pH 7. They use glucose,
mannitol, celobiose, maltose, sucrose or trealose as sole carbon
sources and will hydrolyse Tween 80. This bacteria is most closely
related phenotypically
to Herbaspirillum
seropedicae
and
H.
rubrisubalbicans
but whether it is a member of this genus awaits
further investigation using DNA/rRNA homology tests etc.
A further possible candidate for an endophytic diazotroph which
will infect rice plants are bacteria of the newly denominated genus
Azoarcus
(51). The bacteria (labelled with the beta-glucuronidase
reporter gene) were found to be able to penetrate rice roots,
forming large inter- and intra-cellular colonies in the root
cortex, and just occasionally within the stele, and were also found
within the stem bases and shoots (34).
Prospects for the future
Brazilian sugar cane varieties are known to be capable of
obtaining very considerable contributions of biologically fixed N
under field conditions. Recent data suggest that water supply is
critical to the maintenance of high BNF activity. A recent trial
(16 areas totalling 900 ha) at a sugar cane plantation in Campos
(NE Rio de Janeiro State) showed that where year round irrigation
was used there was no response of ratoon cane to 200 kg h a - 1 of
urea fertilizer and yields of ratoon crop cane averaged 95 t ha - 1 .
As a result of this trial the plantation managers abandoned N
fertilization on 4000 ha of irrigated cane making an annual economy
of US$ 250,000. All attempts to isolate Acetobacter
diazotrophicus
from sugar cane from anywhere in the World have been successful
except where high N fertilizer additions have been made (J.
Caballero Mellado pers. c o n . ) . Apart from Brazil no data are yet
available for the occurrence of Herbaspirillum
spp. in this crop.
The complete absence of A. diazotrophicus
in soil and the
restricted occurrence of Herbaspirillum
spp., suggest that once
selected (or even genetically manipulated) strains of these
bacteria are established in cane plants in the field, the chances
are slight that wild type strains will contaminate the plants to
compete with them. For phytosanitary reasons the use of direct
planting of monoxenic micropropagated cane plantlets is being
tested at several cane plantations in Sao Paulo state and this may
soon offer an economically viable opportunity to propagate cane
plants infected by superior strains of endophytic diazotrophs.
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With regard to wetland rice it is evident that for BNF to
contribute to high rice yields a great improvement in its
efficiency is required. A meeting held at IRRI (Philippines) last
year was dedicated solely to this subject. Three possible
strategies to increase BNF contributions to wetland rice were
discussed (11):
1. Induction of "nodulation" of rice roots using hydrolytic
enzymes, 2,4-D or other means and subsequent infection with
Rhizobium,
Azospirillum
or other diazotrophs (36). True N2-fixing
legume nodules are complicated structures equipped with vascular
tissue to supply C substrate and export fixed N. They possess a
sophisticated oxygen protection mechanism with leghaemoglobin and
both fixed and variable physical barriers to 0 2 diffusion, and an
array of specific enzyme systems and feedback controls. The
induction of deformations on the root to house bacteria only
constitutes a tiny fraction of the symbiotic system and the
remaining parameters are dictated pricipally by the plant genome,
the Rhizobium being mainly responsible for "switching on" the plant
nodulation program (22). It thus seems that the induced nodulation
strategy has little chance of success especially as true legume
nodules serve to protect the nitrogenase system from external
oxygen flux from the soil and in wetland rice the soil is anaerobic
and oxygen flow to the root is via the aerenchyma (expanded cortex)
from the shoot.
2. Direct integration of nif genes into the plant genome. Attempts
to introduce just 2 of these genes into tobacco chloroplasts has
met with some success although expression was found to be at
extremely low levels (27). So far it is not known exactly how many,
or which, Rhizobium
genes will be necessary to make an active N 2 fixing system nor what levels of activity could be achieved.
3. Improvement/modification of existing associations of N2-fixing
bacteria with rice plants. Little enthusiasm has been expressed for
this strategy as almost all attention has been focussed on
diazotrophs found in the rice rhizosphere (36). However, the recent
discovery that some sugarcane varieties can obtain very large
contributions of BNF under field conditions, and the existence of
abundant populations of endophytic diazotrophs (A.
diazotrophicus
and Herbaspirillum
spp.) in this crop which are probably
responsible for this activity, opens up entirely new avenues for
developing a similar system for rice or other cereal crops. Already
some of these endophytic diazotrophs, Herbaspirillum
spp., have
been isolated in moderately high numbers from within roots and
aerial tissue of rice, although evidence is lacking that these
organisms contribute any significant quantities fixed N to the
plants. However, when more knowledge is accumulated concerning how
the N2-fixing system in sugarcane functions, it should be a much
smaller step to try to introduce this system into plants which
already can be infected by similar diazotrophs, than to try to
build a whole N2-fixing system from scratch.
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Potential and Pitfalls of Trying to Extend Symbiotic
Interactions of Nitrogen-Fixing Organisms to Presently
Non-nodulated Plants, such as Rice
F.J. de Bruijn- MSU-DOE Plant Research Laboratory, Department of
Microbiology and NSF Center for Microbial Ecology, Michigan State University,
E. Lansing, MI 48824, USA.
Introduction. In modern agriculture, the replenishment of soil-nitrogen most commonly
involves the extensive use of chemical fertilizers, an approach which suffers from several
serious drawbacks, including high costs and a severe negative environmental impact. These
considerations have stimulated research on alternatives, such as biological nitrogen-fixation.
Biological nitrogen fixation contributes more than 120 million tons of fixed nitrogen to the
biosphere. Eighty percent of the stable biologically fixed nitrogen is a direct result of the
symbiotic interaction of members of the Rhizobiaceae and some actinomycetes with
leguminous, as well as selected non-leguminous plants. The relatively high efficiency of
symbiotically nitrogen-fixing organisms is due to the fact that in the nodules induced on the
roots and stems of the host plant, the nitrogen fixed by the rhizobia or actinomycetes is directly
incorporated into plant amino acids and proteins. This is in contrast to the case of strictly freeliving or associative diazotrophs, where fixed nitrogen can be rapidly lost by denitrification
reactions in the biosphere (rhizosphere). Therefore, a considerable amount of research effort
has been invested in the elucidation of the molecular basis of symbiotic plant-microbe
interactions. Two of the long term objectives of these studies have been to further improve the
efficiency of symbiotic nitrogen fixation and to investigate the potential of extending this
beneficial process to presently non-nodulated plants, especially cereals. Recently, a number of
claims have been made with regard to the latter, some of which may have been somewhat
overstated (1). In fact, several of the reports on the supposed induction of (root-) nodules on
nonlegumes, including rice, have been controversial, albeit their enthusiastic endorsement in
the (popular) scientific press. This has led to concern among scientists in the field of symbiotic
nitrogen fixation not to be unrealistic and repeat the mistakes of the early nineteen seventees,
when the transfer of the entire package of nitrogen-fixation (nif) genes from a free-living
diazotroph into plants was widely claimed as "within reach". It also led to the organization of a
small international conference on the potential and prospects of nodulation and nitrogen
fixation in cereals such as rice (2).
In this paper, the present state of knowledge about plant-microbe signalling and the
induction of nitrogen-fixing stem- and root nodules on legume plants will be briefly reviewed.
Secondly, some of the crucial biological "problems" that would need to be overcome to
establish the process of symbiotic (endophytic) nitrogen fixation in plants such as cereals will
be summarized. Thirdly, some of the published reports about "nodulation" of cereals will be
critically reviewed and the need for the induction of proper nodule structures on presently nonnodulated plants for the purpose of nitrogen fixation cereals will be questioned. Fourthly, some
recent preliminary results will be discussed from experiments designed to (re)examine a
previous report (3) describing the formation of hypertrophies and nodule-like structures by
selected microbes on rice roots, and the presence of microbes in these structures.
Plant-microbe signalling, nodulation and symbiotic nitrogen fixation. The induction of
nitrogen-fixing root and stem nodules on leguminous plants by soil bacteria belonging to the
Rhizobiaceae involves the fine-tuned interaction between the two symbiotic partners, including
multiple (regulatory) signals that go back and forth between the bacterium and the plant to
coordinate expression of gene sets in both partners. These signals include plant factors which
induce rhizobial nodulation (nod) genes, rhizobial Nod factors that are essential for early stages
of nodule ontogenesis, hormones and other regulatory factors involved in symbiotic nitrogen
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fixation (see 4.5). We have been interested in studying the unusual symbiotic interaction
between the diazotrophic, stem-nodulating bacterium Azorhizobium caulinodans and its host,
the tropical leguminous shrub Sesbania rostrata. This symbiotic system was chosen for
molecular genetic analyses for several basic and applied reasons, including the unique
characteristics of stem nodules and the complex regulatory circuits controlling the nitrogen
fixation genes in the bacterial symbiont both in the free-living and symbiotic state, as well as
the use of nodulated Sesbania rostrata plants as efficient green manure for rice cultivation
(6,7). The nature of plant and rhizobial signals involved in nodulation and symbiotic nitrogen
fixation in this system are beginning to be understood and it is evident from these and other
studies that it is imperative to develop a clear, basic understanding of the nature and expression
of rhizobial and plant genes involved in the nodulation and symbiotic nitrogen fixation process,
before attempting to design experiments to extend the symbiotic interaction to presently nonnodulated plants (see 4).
The oxygen paradox and other potential problems related to microbial nitrogen fixation
in novel physiological environments. The reduction of dinitrogen to ammonia catalyzed by
the enzyme nitrogenase requires large amounts of ATP (up to 40 ATP'S/NT reduced). Rhizobia
generate this ATP via respiration, requiring a constant O2 supply. However, nitrogenase is
irreversibly denatured at O2 concentrations exceeding 10 nM. This "oxygen paradox"
represents an important biological problem when considering the extension of symbiotic
interactions to presently non-nodulated plants. In legume nodules, several mechanisms have
evolved to deal with the oxygen problem, including the creation of an apparent "oxygen
barrier" in the nodule parenchyma and the high level synthesis of the "oxygen carrier" protein
leghemoglobin (5.8). Although some evidence exists for the presence of hemoglobin-type
genes in non-legumes (see 9). it nevertheless remains unclear whether or how the proper
physiological conditions for nitrogen fixation can be created in plant tissues not (normally)
infected by nitrogen-fixing organisms. The same uncertainty applies to other physiological
requirements for endosymbiotic or endophytic nitrogen fixation, such as high levels of
energy/reducing equivalents, mechanisms to rapidly assimilate the ammonia produced by
dinitrogen reduction and ways to avoid the plant defence response. Again, it appears to be
imperative to carry out extensive basic physiological studies on these processes before
attempting to introduce nitrogen fixing organisms into novel environments, such as rice roots.
Nodulation of cereals: What has been tried, what has been published and is it really
necessary to achieve useful levels of nitrogen fixation? In spite of the fact that a lot of basic
knowledge about the molecular basis of plant-microbe interactions and the physiology of
nitrogen fixation/assimilation is still lacking, researchers worldwide have started to explore the
possibility of extending the nitrogen fixing symbiosis of rhizobia and legumes to presently nonodulated plants. Several reports have appeared in the literature describing attempt to induce
nodule-like structures on the roots of rice and other cereals using various approaches (sec 1.2).
The infection of "para-nodules", induced by chemicals such as 2.4-D on wheat roots, by
rhizobia and free-living diazotrophs has been reported and suggested to be a vehicle to achieve
nitrogen-fixation in cereals (2. 10). The induction of nodule-like structures on and invasion of
rice, maize and wheat seedling roots by Parasponia and Aeschynomene
rhizobia. either
spontaneously or after the treatment of roots with cell wall degrading enzymes has also been
described (2,11). A Rhizobium strain has been constructed containing a plasmid carrying a
nodD allele able to respond to signals produced by rice roots which induces infected nodulelike structures on rice seedlings at a low frequency (2,12). Moreover, a high frequency
induction of infected nodule-like structures on rice roots by Sesbania rhizobia has been reported
(2,3). However, some of these reports are controversial and have not yet been independently
confirmed. The structures reported in some of the above cited publications have been called
"nodules" without proper experimental support and should probably be considered nodule-like
structures (or hypertrophies). In fact, some of the structures reported appear to be modified
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lateral roots. In addition, the stable invasion of the nodule-like tissues by rhizobia, or the nonsaprophytic colonization of alive plant cells (containing an intact cytoplasm), has not
unambiguously shown in many cases and actual nitrogen fixation was not convincingly
demonstrated. Thus a lot of non-resoved issues remain with regard to these "nodulation"
experiments, which need to be carefully (re)examined. The question should also be raised
whether one actually needs nodules or nodule-like structures on cereal roots to achieve
symbiotic/endophytic nitrogen fixation. It may, indeed, be sufficient to identify a stable
endophyte of rice roots and engineer this microbe to efficiently fix nitrogen and excrete the
fixed nitrogen for use by the plant. This endophyte may not need to be stably maintained
intracellularly, like a rhizobial endosymbiont; it may be sufficient if it colonizes the plant root
intercellularly, as long as it is able to evade the plant defence response (see 2).
Induction of hypertrophies on rice roots and their colonization by microbes: Reevaluation of results presented by Li et al. (3). The high frequency induction of nodule-like
structures on rice roots by rhizobia isolated from Sesbania cannabina nodules and the presence
of rhizobia, infection thread-like structures and peribacteroid-like membranes in (infected) plant
host cells has been reported by Dr. Y. Jing and his collegues (3). "Nodulation percentages" of
up to 66% on the chinese rice varieties Lianjiang, Juefu and Jiangxi 80074 were reported, and
reisolated bacteria were shown to contain nif and nod genes, classified by nutritional
requirements in order to show that they were closely related to the input bacteria and found to
be able to re-nodulate S. cannabina (3). This report has been considered of particular interest
and worthy of further investigation (1,2). Therefore, experiments were initiated to re-examine
the nodule-like structures obtained by Dr. Jing in Beijing by a variety of microscopic
techniques and to obtain similar structures at MSU with some of the same strains previously
used (3) and a variety of rice shown by Dr. Jing to be highly responsive (Zhong Xi 8404; Y.
Jing, unpublished results). The examination of preserved material from Beijing revealed the
presence of dark brown hypertrophies on the rice roots, which appeared to consist of callus-like
domes on the outside of the root epidermis. Light microscopy of root cross-section failed to
demonstrate any connection of the callus-like tissue with the vascular bundle, while in several
sections lateral roots with a clearly developed vascular connection could be seen. In some
cases a channel could be observed through the epidermis and multiple filaments were found to
extend from the hypertrophies into the root tissue via the channel. Light and scanning electron
microscopy (SEM) revealed the presence of hyphae-like filaments inside cells of the tissue of
the hypertrophies and large spherical structures, which resembled fungal oogonia with
oospores. These results suggest that the rice root hypertrophies are infected by fungi. In
addition, laser confocal microscopy of acridine orange-stained sections of the hypertrophies
was carried out, which clearly demonstrated the presence of different morphotypes of bacteria
inside of the cells of the structures on the rice roots. These results suggest bacterial infection of
the tissue of the hypertrophies, in addition to fungal infection.
Three of the strains used by Li et al. (3) were also used to infect rice plant roots at MSU. At a
low frequency (0.1-0.5% of infected plants) different types of small structures, often present in
clusters, were observed on the rice roots. One structure resembling the hypertrophies found on
the rice roots in Beijing was identified. A second class of structures was found to consist of
stunted (modified) lateral roots and these structures were found to be colonized by bacteria by
SEM. Different types of infection were observed in these structures, ranging from what
appeared to be saprophytic colonization of broken cells to clear intercellular invasion of
otherwise healthy looking tissue. Transmission EM (TEM) analysis failed to reveal stable
intracellular infection by bacteria.
A molecular genetic analysis of the bacterial strains used by Li et al. (3) and bacteria reisolated
from the MSU structures, using Rep-PCR genomic fingerprinting (13) and hybridization with
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rhizobial nitrogen fixation (nif) and nodulation (nod) gene probes, revealed a number of
discrepancies with the published results (3) and failed to show that the same bacterial strain
used to infect the roots could be recovered from the hypertrophies. Thus both the previously
reported results and the recent experiments have to be interpreted with extreme caution and
should be repeated and further analyzed. Details of this analysis will be presented elsewhere
(F.J. de Bruijn, Y. Jing and F.B. Dazzo, manuscript in preparation).
In conclusion, although the formation of hypertrophies on rice roots which are
infected/colonized by microbes can be observed, little evidence supports their designation as
"nodules" (3) or even noduie-like structures thus far. Moreover, the frequency of their
induction could not be reproduced, and the nature of the strains inducing the colonized
hypertrophies and their relationship to the original strains (3) remain unclear and controversial.
Nevertheless some non-saprophytic colonization of rice roots can be observed, which gives
clear incentive for further studies in this important area.
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New Techniques for Studying Competition by Rhizobia and for
Assessing Nitrogen Fixation in the Field
Kate J. Wilson and Richard A. Jefferson. CAMBIA (Center for the Application
of Molecular Biology to International Agriculture), GPO Box 3200, Canberra,
ACT 2601, Australia
Introduction. Everyone who has worked in the field of biological nitrogen fixation knows what a
dramatic effect on plant growth it can have. We have all carried out controlled experiments in the
glasshouse and demonstrated the "big plant little plant" phenomenon - luxuriant healthy green
plants that have been inoculated with a compatible Rhizobium strain contrasting with slight, pale
green plants that have been starved of nitrogen. The problem is transferring such spectacular
results to the field, and here there are two limitations. The first is of course that conditions in the
field are never entirely devoid of nitrogen, and there are usually also some compatible rhizobia
present; hence, the big plant-little plant difference is rarely apparent in field conditions. In fact, an
equally important challenge may be not to increase overall nitrogen in the crop dramatically, but
to increase the proportion of nitrogen that comes from biological fixation.
The second limitation is the methodology. It is easy to measure nitrogen fixation in the
glasshouse because it is reflected very directly in differences in shoot weight - the N-difference
method. Likewise, because we can use single strain inocula and there are no competing rhizobia
in vermiculite, sand or perlite, we can determine the fixation efficiency of individual rhizobial
strains with ease. The problem comes in transferring these measurements to the field. How do we
assess the effect of an inoculant strain in a background of competing rhizobia? How do we
measure the proportion of nitrogen from fixation in a plant that may have no more total N content
than its non-leguminous neighbour.
In this paper we discuss novel methodologies based on developments in molecular biology
that will greatly expand our ease of measuring these factors in the field and will help us to make
better use of this free and renewable source of nitrogen in agriculture.
Microbial ecology: detection of inoculant strains using simple colour coding. One of the key
limiting factors in ecological analysis of field performance of inoculated rhizobial strains is the
difficulty in distinguishing the introduced strain from indigenous rhizobia. Current methodologies
all require individual analysis of single nodules and hence are labour intensive and limit the
amount of data that can be gathered. We have developed a system whereby strains are marked
with a reporter gene that codes for a robust enzyme. Incubation of whole root systems in buffer
containing a substrate for the enzyme allows detection of nodules occupied by the marked
rhizobia by virtue of a simple colour change. This greatly increases the number of nodules that
can be analysed for nodule occupancy, and also retains vital information regarding the positional
location of nodules induced by the inoculant strain along the root. Considerable work has been
carried out using the GUS reporter gene, and work is in progress to develop other marker genes
that can be used to give rise to differently coloured nodules. This would then enable the
competitive ability of several strains in a mixed inoculum to be studied. These approaches are
also applicable to the study of free-living diazotrophs.
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Sentinel Plants: Empowerment of farmers and crop researchers. The concept underlying the
development of Sentinel Plants or Bioindicators is simple: the use of genetic engineering of plants
to produce a suite of chromogenic enzymes which can be monitored cheaply and nondestructive^ in farmers' fields, whose levels are proportionate to any of a variety of physiological
or environmental parameters that are of interest. The basic concept is that gene fusions can be
used to measure complex phenomena - even in the absence of mechanistic knowledge of how that
phenomenon works. The empowerment feature is that the measurements will be done not only in
the farmers' fields, but by farmers and agronomists working in severe circumstances. It is these
individuals who will be best placed to develop innovations in cropping systems, or breeding that
will make wise use of limiting resources.
The first example under development by CAMBIA is the need for measurement of nitrogen
fixation efficiency in cropping systems. The proportion of nitrogen that a legume crop derives
from fixation can vary from 0-100%, and to breed for maximum efficiency of nitrogen fixation, or
to develop cropping systems that wisely use it, we must be able to measure this proportion.
Unfortunately, this symbiotic fixation is extremely difficult to routinely measure under field
conditions, especially in the developing world, and hence to adjust and improve. Thus we are
largely unable to make intelligent use of this remarkable natural source of the greatest limiting
nutrient in agriculture.
In some legumes, including soybean, pigeonpea, common beans and many tropical legumes,
the proportion of nitrogen derived from fixation can be measured in the laboratory through
quantifying ratios of 'signature' compounds - the ureides, allantoin and allantoic acid - to other
nitrogen-containing compounds, such as nitrate or amino acids. However, the existing
technologies to measure these compounds, and hence to make inferences about nitrogen use
efficiency, require substantial laboratory infrastructures, are relatively expensive and yield a low
throughput. We therefore need to develop methods which will allow fast, routine and inexpensive
analysis in the field.
We are therefore planning to develop Bioindicator Plants that will instantly reflect levels of
these different signature compounds in plants growing in the field. DNA controller sequences
will be identified that sense changes in the levels of the key signature compounds, and will be
engineered so that the activity of reporter genes - the genes coding for GUS and a new reporter
gene system we are currently developing, referred to as Daughter Of GUS - would reflect this.
Thus a simple colour assay carried out in the field, which indicated the relative activities of GUS
and DOG, would immediately inform the farmer about nitrogen fixation efficiency. This would
open up limitless possibilities for evaluation of genetic or environmental contributions to nitrogen
fixation efficiency, and allow altogether new management and breeding options to be developed
based on the actual field performance.
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Future Benefits from Biological Nitrogen Fixation in
Agriculture: An Ecological Approach
K.E. Giller a n d G. Cadisch. Department of Biological Sciences,
University of London, Wye, Ashford, Kent TN25 5AH, UK

Wye

College,

Introduction. The biological fixation of atmospheric nitrogen is a 'free' source of nitrogen for
agriculture. In the more developed countries the interest in low-external-input agriculture is
driven largely by overproduction and concern as to the environmental effects of intensive
agrochemical use. In the less-developed countries interest in low-external-input agriculture
is fuelled by the lack of access to high input approaches, due either to local or national
economics. N2-fixation contributes to productivity both directly, where the fixed N2 is
harvested in grain or other food for human or animal consumption or indirectly; by
contributing to the maintenance or enhancement of soil fertility in the agricultural system by
additions of N to the soil. The potential to enhance BNF by selection of Rhizobium strains
or legume genotypes has often been shown under controlled laboratory, glasshouse or even
field conditions. Here we discuss the exploitation of BNF in agriculture, concentrating on
both the problems encountered under farmers' conditions and the most promising approaches
by which our exploitation of BNF may be enhanced in the future.
Direct contributions from N2-fixation. The literature abounds with examples where grain
legumes have been found to fix a large proportion, often 60-80%, of their nitrogen under
experimental field conditions (1). Such rates may be achieved in farmers' fields, but only
where environmental factors do not operate to limit N2-fixation. In developed countries where
fertilizers are freely used the major constraint to nodulation may often be the large pool of
available N in the soil and this is reflected in the emphasis of research in developed countries
on overcoming the suppression of nodulation and N2-fixation by combined nitrogen. In many
tropical countries where fertilizers are not freely available, deficiencies of major and micronutrients limit nodulation and N2-fixation. In particular phosphorus deficiency is a factor
commonly restricting the realisation of the potential of N2-fixation by legumes in farmers'
fields as is the lack of soil moisture at critical periods of the crops' growth. Thus the direct
contribution of N2-fixation to legume production may often be small. The contribution of
free-living N2-fixing bacteria associated with roots of grasses, cereals and other nonleguminous plants is likely to be less significant, except perhaps with sugarcane and rice.
Legumes in pasture production systems often fix a greater proportion of their N due to
competition from the associated grasses for available soil N. The potential amounts fixed are
easily enough to provide sufficient protein for animal production, but the use of legumes in
pastures in both tropical and temperate regions is limited. Animal management and
alleviating environmental constraints are critical for the successful use of pasture legumes due
to the difficulties of maintaining the legume in the sward.
Indirect benefits from N2-fixation to soil fertility. Legumes and the aquatic fern Azolla have
been used traditionally for maintaining soil fertility as green manures, and green manures can
have substantial benefit subsequent crops through the large amounts of N they can add to the
soil. The contribution of grain legumes to soil fertility is less clear - much of the apparent

299

benefit of legumes in crop rotations may
simply be due to the legume 'sparing' soil
N by fixing the majority of the N removed
80 at harvest, rather than the legume directly
contributing N to the soil. The capabilities
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the system (Fig 1), which serves to
-20 emphasise the benefits of using legumes as
-40 green manures. If the N2-fixation by the !
legume is constrained by an adverse
-60 \ \ . s
environment then the contribution of the
-80 legume to soil fertility will also be minimal.
-100 Substantial
interest
is focused
on
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exploitation of fast-growing legume trees in
agroforestry systems, but apart from the
traditional well documented systems such
as the maintenance of Faidherbia albida in Figure 1 The relationship between N harvest index and
fields in West and Southern Africa, and the the %N from N2-fixation (%Ndfa) in legumes required
use of Prosopis cineraria in northern India, to give a net benefit to the cropping system (2).
there are few examples where newly-developed agroforestry techniques are practised on-farm.
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Past Successes of BNF Research. The greatest success in terms of modified agricultural
practices arising from scientific research on BNF has undoubtedly been the development of
rhizobial inoculants. The use of inoculants has allowed the successful introduction legumes
to new farming systems where compatible rhizobia were absent from the soils. Examples
include the introduction of soyabean in the USA and Brazil, and the introduction of several
pasture legumes in Australia. An alternative approach to achieving nodulation with a newly
introduced legume for which compatible rhizobia are absent has been to breed to increase
the susceptibility of the legume for nodulation by indigenous rhizobia, which is referred to
as breeding for promiscuity. This approach has been used with some success in Nigeria where
the susceptibility for nodulation of North American, high-yielding soyabean genotypes by
indigenous rhizobia has been increased. However, it is apparent that these 'promiscuous'
varieties in fact select only a small subset of the rhizobia present in the soil, such that they
often need to be inoculated to achieve good nodulation (3), although a similar soyabean
breeding programme in Zambia has achieved greater success.
In many other cases where new legumes have been introduced into farming systems, the
specific importance of BNF is harder to evaluate per se, as a compatible rhizobial symbiont
has already been present in the soil. In such cases BNF is certainly a major factor influencing
the usefulness of legumes, particularly where the supply of N from the soil is limited. Often
legumes have been introduced due to the benefit arising from a specific agricultural product,
whether as a source of grain or fodder. There are other examples where the introduction of
legumes has been for a large part due to their ability to fix atmospheric nitrogen. Research
conducted on the management of rubber and oil palm plantations in Malaysia in the early
part of this century led to the widespread adoption of cover legumes to protect the soil. Often
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a mixture of Pueraria phaseoloides, Centrosema pubescens and Calopogonium caeruleum was
found to be successful and even though the legumes generally died out within five years of
plantation establishment, benefits from using cover crops in terms of reduced requirements
for N fertilizers could be seen in enhanced production many years later (4). The advantages
of using the legumes are no doubt partly due to their ability to form ground cover rapidly and
to reduce soil erosion, thereby reducing losses of nutrients, but the capacity for rapid growth
in nutrient poor soils is related to their capacity to fix their own nitrogen. Indeed, legume
cover crops have proved so successful in this role that sowing of cover crops is the standard
practice for plantation establishment in Southeast Asia.
But to what extent has research led to increases in inputs from N2-fixation in fields of
small-scale farmers in the tropics? An interesting example from the tropics is that of the
spontaneous adoption of the velvet bean {Mucuna deeringiana) in Atlantic Honduras in a
relay-rotation with maize (5). The Mucuna is sown in the fields some 40-50 days after sowing
of the maize and grows vigorously to produce a heavy mat of organic matter after maize is
harvested. At the time for next maize sowing the Mucuna has matured and set seed, from
which it can regenerate after it is slashed back and the maize planted in holes made through
the thick mulch. In this example the role of the farmer and researcher is more difficult to
elucidate. The advent of this practice can be traced to earlier widespread use of Mucuna for
interplanting with maize in the southern USA (6), and a probable introduction of the velvet
bean to Honduras by immigrant farmers some 20 years ago. The legume was incorporated
into the cropping system by farmers so successfully that there was a spontaneous diffusion of
the technology, such that now some 70% of farmers practice this method in some areas.
Approaches to Increasing Inputs from BNF. The different approaches which can be used to
enhance inputs from BNF can be classified into those which address environmental
constraints to N2-fixation, those concerned with Rhizobium (or other N2-fixing bacteria), with
the host legume (or non-legume) or those which address changes in the farming system
(Table 1). The technology required to make substantial improvements in the inputs from BNF
is already available for implementation in many cases - for example in many parts of the
tropics BNF by legumes is severely limited by phosphorus deficiency and could be
dramatically improved by use of small amounts of P fertilizers. Such an analysis is patently
simplistic in that it takes no account of whether the inputs are feasible {e.g. irrigation water)
or available to farmers, but it does serve to highlight the potential gains and the timescales
over which they could be realised. We can see that the greatest immediate improvements to
inputs from BNF are likely to be achieved with relatively simple technologies. Gains from
bacterial strain improvement or plant breeding for enhanced N2-fixation are likely to be more
modest and longer term than the gains in the amounts of N2 fixed due to the introduction of
legumes into new areas. The creation of N2-fixing cereal crops could also bring substantial
benefits from BNF to agriculture, but is still a distant goal.
Promising Avenues? Much emphasis has been placed on the potential of exploiting nitrogen
fixing trees for the enhancement of soil fertility in agroforestry systems over the past decade.
Research has been focused on hedgerow intercropping or alley cropping in which trees are
grown within arable fields and are pruned periodically to provide green manure for soil
amendment. Many development organisations have been promoting alley cropping for
adoption by smallholders in the humid and sub-humid tropical regions of Africa over the past
few years. But recently researchers have been expressing doubts as to the general usefulness
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Table 1. Approaches to enhancement of the role of biological nitrogen fixation in agriculture
and the potential benefits which might accrue and the timescale for improvements given our
current technical understanding.
Research approach

Potential for
enhancement of
inputs from refutation

Time scale for
improvement

- Soil acidity

Liming/fertilizer use, green
manure use

high

immediate

- Water stress

Irrigation
Drought tolerance/avoidance

high
medium-high

immediate
medium-long

- Nutrient deficiencies

Fertilizer use

high

immediate

- High soil-N status

Crop rotation

medium

immediate

- Absence of compatible strains

Inoculate

high

immediate

- Small/poorly effective
indigenous
population

Inoculate

medium-high

immediate

- Effective population present

Strain selection
Genetic engineering

low-medium
low-medium

medium
medium

- No nodulation due to lack of
compatible rhizobium

Selection for promiscuity

high

medium

- Effectively nodulated legume

Breeding for increased N2fixation
Genetic engineering

low-medium
low-medium

medium
long

- environmental constraints

Selection/breeding for adaptation

medium-high

medium

Strain selection
Genetic engineering

low
low

medium

Nodulation/N2-fixation
Crop engineering for N2-fixation

high
high

long
long

- New crop/product/forage

Legume introduction

high

immediate

- Poor soil fertility

Legume introduction
Crop residue management

high
high

immediate
immediate

Problem/Target

Environmental constraints

Rhizohium

Host Legume

Non-legumes
- 'Associative' N2-fixation
- Lack of N2-fixation

long

Farming System
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and acceptability of this technology for farmers in many regions. This is an example where
an innovation which is intrinsically appealing and successful under controlled research station
conditions has been rapidly recommended to farmers without thorough evaluation by farmers.
It is interesting in this context to remember that researchers in Latin America still bemoan
the 'loss of credibility' of tropical pasture legumes with farmers due to the early introduction
of pasture legumes which had been highly successful in Australia, but were poorly adapted
to the aluminium rich soils of South America. Although well-adapted legumes are now
available, their adoption is inhibited due to the earlier premature enthusiasm which led to a
technology being offered without thorough testing under farmers' conditions.
Experimentation or Extension. Simple innovations in agriculture, such as the introduction of
new varieties, fertilizers or rhizobial inoculum can rapidly lead to widespread adoption of the
changes. Innovations which involve making more substantial changes within the farming
system such as adding a legume green manure, or changing the way in which grain legume
residues are used may often be highly successful on a research station or on a demonstration
plot, but fail to achieve widespread adoption. A comment often made is that farmers are
conservative and not ready to adopt new ideas, but in practice many examples can be found
where farmers have adopted new innovations rapidly when the benefit can clearly be seen.
The case cited above concerning the adoption of Mucuna as a green manure in Honduras is
an example of this. Here lessons can be learned from the farmer, with the role of the
researcher being to facilitate transfer of a successful technology to other comparable farming
systems and there is now intense interest in extending this technique to areas with similar
farming systems in Central America.
Research scientists often play scant attention to the farming systems context of their work,
and it must be remembered that it is the farmer who takes the risks when trying new
methods. There is widespread realisation now that successful innovation for change in
agriculture must begin with the farmer (7) and this is true in both less-industrialised and
highly industrialised countries.
Many of these arguments concerning adoption and extension of technologies are true for
all aspects of agricultural research, and not specific solely to N2-fixation. But because
symbiotic BNF involves a complex interaction between Rhizobium strains, legume genotypes
and the environment it is particularly sensitive to stresses and necessitates a careful approach.
Momentum to Favour BNF? In the more industrialised nations the driving force behind
changes in agricultural practices are overproduction and environmental concerns, which have
led to an upsurge of interest in low-input and organic farming. By definition such practices
rely intensively on efficient recycling and on renewable resources. It is likely that increased
dependence will be seen on biological means of maintenance of soil fertility in the future,
which must be centred on BNF.
By contrast there is clear evidence of a decline in the use of green manuring practices for
arable crop production, both with Azolla and with legumes, in South and Southeast Asia
which can be attributed to a complex interaction between the availability of cheap
(subsidised) nitrogen fertilizers and of off-farm employment. Unfortunately in many African
countries where large potential benefits might be accrued from BNF the basic inputs such as
P fertilizers necessary to allow N2-fixation to work are beyond the reach of the farmers.
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Ecological Approaches. Where environmental conditions cannot readily be altered, then
emphasis must be placed on maximising our exploitation of the ecological adaptation of the
different components of the agricultural system. An excellent example where this has been
achieved is with the selection of pasture legumes for the acid, aluminium-rich soils of the
South American savannas and of rhizobia also well-adapted to this hostile soil environment.
The enormous variability which exists in rhizobia in tropical soils, or in tree legumes for
agroforestry, is largely unexploited. It is thus essential that applied experimentation recognises
and attempts to solve constraints of the environment on N2-fixation, by focusing on research
under farmers' conditions and by working in concert with scientists from other disciplines.
In order to maximise utilization of the environment emphasis must be placed on diversity
within agricultural systems. Diverse assemblages, whether as intercrops, mixed pasture swards
or agroforestry systems have the overall advantage of greater interception and more efficient
utilization of resources. Combining biological approaches such as the use of rhizobia with
mycorrhizas (together with slowly-solubilised rock phosphates) have additional advantages.
The benefits of diverse systems do not come from N2-fixation alone, but allow efficient use
of the fixed N2 within the system. The challenge here is how to manage diverse systems to
optimise their productivity and to tailor the farming system to the environment. This is
essentially what farmers have always done, but is also a lesson the agricultural researcher
must always bear in mind.
Conclusions. More attention must be paid to adapting innovations based on introduction of
legumes to the needs of the farmer. This can best be done by introducing new ideas or
species and allowing their incorporation and diffusion into existing systems by a more natural
process of evolution rather than the conventional 'top-down' approach. The full benefits of
N2-fixation cannot be realised until more emphasis is placed on fitting legume-based
production to farming systems, with due attention to the farmers' needs.
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Soil Bioremediation Symposium: An Overview
James M. Tiedje* and Juan Jose Pena-Cabriales2, Convenors. Center
for Microbial Ecology, Michigan State University, East Lansing, Michigan,
48824, USAl and Centro de Investigacion y de Estudios Avanzados del
I.PJV. Irapuato, Gto. Mexico^
Modern society has created a new field of soil science, that is soil remediation. Disposal
of chemicals that are now central to industry, agriculture, transportation, mining and
modern household life has created a universal problem. In the past, many of these
chemicals were disposed in an unsatisfactory manner and this has resulted in groundwater
contamination, soils too toxic for vegetation, and soils hazardous for home sites, parks or
natural areas. Currently hazardous waste disposal technology and policy have improved
in many countries, but the problem is by no means solved. The need for soil remediation
has attracted the interest of soil scientists and has provided a new opportunity for research
and application of soil science knowledge.
Bioremediation is often the most cost effective soil remediation technology. This
symposium was designed to illustrate a variety of bioremediation research and
applications ranging from basic to applied, from microbes to plants and from organic to
inorganic chemicals. The papers also illustrate examples of various remediation
problems and bioremediation approaches to remediating those problems. It is hoped that
the international community of soil scientists will increase their involvement in doing
research and application studies to provide better and more cost effective soil remediation
technologies.
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European Perspectives of Field Research
on Bioremediation;
Special Attention to The Netherlands
P. Doelman. International water consultants IWACO, Hoofdweg 490, 3067 GK
ROTTERDAM
Abstract. In the research world and the administration world much effort has gone into defining
the problem of and setting criteria for remediation. The Dutch A-, B- and C-values have been
used in many countries as guidelines for their own criteria. The success of cleaning-up
techniques as extraction, incineration and also bioremediation depend on these criteria. The
aspects of field research discussed here consist of conditions for bioremediation, in-situ
bioremediation, on-site bioremediation as landfarming and slurry reactors and conclusions and
recommendations.
From fundamental and field research it can be concluded that the following pollutants can
become completely eliminated by the bioremediation technique: mineral oils, poly aromatic
hydrocarbons, alpha-, gamma- and delta- hexachlorocyclohexane, polychlorinated biphenyls,
aliphatic chlorinated solvents as dichloroethene, vinylchloride, trichloroethylene and
tetrachloroethylene, mono-aromatics as benzene, toluene, ethylbenzene and xylene and cyanide,
sometimes even in the complex form.
In-situ bioremediation mainly concerns sandy soils polluted with mineral oils, mono aromatic
hydrocarbons and chlorinated aliphatic compounds. From the latter the Eppleheim project is a
good example. Field research on bioremediation of BTEX polluted soils resulted in reliable
overground bio-reactors.
Field research on landfarming has resulted in a two-phase approach. An intensive landfarming
period of 1-3 years will be followed by an extensive landfarming period of several years.
Landfarming is suitable for soils polluted with compounds which have no environmental risk and
don't accumulate in foodchains. It is suitable for mainly mineral oils and poly aromatic
hydrocarbons.
Field research on slurry-reactors is limited to the Dual Injector Turbulent Separation (DITS). In
slurry-reactors also heavy soils as clay can be remediated. So far the research mainly concentrated on separating particles. The optimalization of the biodegradation in the slurry-reactor
seems promising, since the environmental aspects as pH, T, 0 2 and C/N ratio can easily be
controlled. The addition of surfactants/ solvents and specific micro-organisms might be
successful in those giant bio-chemostates. Those reactors are applicable for environmentally
risky compounds as chlorinated organics and cyanide. Considering the enormous soil-pollutions
market, the legislation effort and the potention of the research-world there are big changes for
more practical field research in relation to bioremediation. A field research team should have
experience in microbiology, engineering, hydrogeology, soil science in relation to desorption
and solubility, and chemistry. This demands an appropriate and experienced project manager,
capable of coordinating scientists and engineers, and with a feeling for the problems of field
research.
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Introduction. Soil scientists from all over the world have been investigating many aspects of
soil contamination. One of the results is that in several cases remediation of soil has been
recommended. Remediation has been defined as the management of a contaminant at a site so as
to prevent, minimize, or mitigate damage to human health or the environment.
Where the USA had "Love Canal", Japan had "Minamata', Austria had "Fischer Deponie", The
Netherlands had "Lekkerkerk". It can be stated that every industrialized country has creosote
polluted soil, suspicious landfills and chlorinated aliphatic solvents and BTEX solvents in deeper
layers of groundwater. As an example The Netherlands, with a surface area of 3,6 106 ha, a
population of 16 million people and a national product of roughly 300 109 guilders, contains in
1994 an estimated number of 100.000 contaminated localities, varying in surface size from 10
m2 till 30 km2 and varying in depth from 10 cm till 160 meters! The official estimation is that
25x 10' $ will be needed to remediate the most urgent spots. So soil remediation has a huge
impact on society.
After setting criteria for remediation cleaning-up techniques as extraction, incineration,
immobilization and biodegradation emerged. Bioremediation ranks high under the numerous insitu and on-site techniques, since it is considered as cheap and complete, causing no additional
water or air pollution. It has been speculated that the microbial potential of soil as to recycle
natural organic material, "the principle of the biological infallibility", can become exploited to
eliminate also many of the contaminants such as oils and chlorinated organics.
The ultimate aim is to present European field research, reflecting the state of art of bioremediation of polluted soils, sediments and groundwater, its limitations and its perspectives. This will
be done in a selective way and with a personal background of 20 years of soil research for the
Dutch Research Institute for Nature Management on decomposition of organic matter and of
four years as a consultant/advisor on cleaning-up environmental pollution.
In the research world and the administration world much effort has gone into defining the
problem and setting criteria for remediation. Therefore before focusing on the bioremediation
approach also restricted attention will be paid to European policy on soil remedial action and
remediation criteria (II). The aspects of field research consist of conditions for bioremediation
(III), in-situ bioremediation (IV), on-site bioremediation as landfarming and slurry reactors (V)
and conclusions (VI).
European policy on remediation action and criteria (1,2). In France the law of 1976 on
"Classified Industrial Establishment for the Purpose of Environmental Protection" was followed
in 1989 by the "National Agency for Waste Recovery and Disposal" (ANRED), responsible for
lawsuiting.
In Norway there is no official law or national legislation. In 70 % of the soil-pollution sites
there are no owners of the site or soil. However the Norwegian Parlement decided in 1989 that
"the risk of serious pollution problems due to wrong management of hazardous waste in earlier
years shall be reduced to a minimum by the year 2000". The State Pollution Control Authority"
is preparing a "plan of Action".
The Danish "Law on Waste Sites" concerns mapping, investigation, remedial actions and
monitoring on former landfills, industrial sites and oil/petrol storages.
In Austria the "Federal Law relating Remedial Actions on Contaminated Sites" was put into
force in 1989 with the purpose to provide the basic structure for handling problems with
contaminated sites. In 1991 an "Okofons" was enacted to regulate conditions to give financial
support for remedial actions.
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Table 1.

Latest proposals for C-values (intervention values) for soil (mg/kg) and groundwater (mg/m5); A-values (target values, B-values (research values) and current Cvalues are included for reference
Soil

Substances

Groundwater

New Cvalues

A-valucs

B-values

380
210
190
720
55
12
10
530

100
35
36
140
29
0.8
0.3
85

20
650
50

1
5
5

1
50
40
130
25

0.05
0.05
0.05
0.05
0.05

0.5
5
1
3
5

1

-

Current

C-values

New Cvalues

A-values

B-valucs

30
75
75
800
60
6
03
75

1
15
15
65
10
0.4
0.05
15

50
50
50
200
30
2.5
0.5
50

200
200
200
800
100
10
2
200

30
50

100
200
200

1
20
15
15
20

5
60
50
50
60

-

10

40

(d)
(d)
(d)

-

50
50
50

Current
C-values

I. Metals
chromium
nickel
copper
zinc
arsenic
cadmium
mercury
lead

250
100
100
500
30
5
o
150

800
500
500
3000
50
20
10
600

10

100

50

500

1500
1500
1500

5
50
10
30
50

30
150
2000
1000
70

5

200

-

.
-

50
50
50
20
10
10

0.01

(d)

-

-

0.01
0.1
1

-

-

-

-

-

50

11. Inorganic compounds
cyanides (free)
cyanides (complex. pH <5)
cyanides (complex. pH&5)

5
10
10

111. Aromatic compounds
benzene
ethylbenzene
phenol
toluene
xylene

0.2

0.2

IV. Polycyclic aromatic hydroca rbons
PAH (sum of 10)

40

V. Chlorinated hydrocarbons
dichloromethane
tetrachloromethane
trichloroethene
vinylchloride
chlorobenzenes (sum)
chlorophenols (sum)
sum of 7 PCB's

20
4
60
0.1
30
10
1

0.01
0.001

0.02

-

1000
40
500
0.7

-

-

5
2
1

VI. Pesticides
DDT/DDD/DDE
Sum (of 3 drin's)
HCH-compounds

4
4
2

-

VII. Other compounds
cyclohexanone
phtalates (sum)
mineral oil
slyrene

270
60
5000
100

0.1
50
0.1

60
1000

-

5000
50

15000
5
600
300

0.5
50
0.5

-

60

In Turkey there is no discovery program to identify polluted sites. In 1991 the Minister of
Environment has taken independent legal action and investigations around Istanbul and the
Golden Horn Area are on their way.
In the United Kingdom the "Control of Pollution Act" of 1974 and the Water Act" of 1989 were
followed by the "Environmental Protection Act section 143", introduced to satisfy the need for
information on what needs to be done about contaminated land.
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In Germany "Conception for Soil Protection" was adopted in 1985, although in 1970 there was
concern on soil pollution.
In The Netherlands the "General Act on Soil Protection" was accepted in 1976. In 1983 a "Soil
Cleanup (interim) Act" was initiated with the aim to tackle the sites posing "serious threat to
public health or the environment" and to restore the "multifunctionality ("A"-value) of contaminated sites". A-, B- and C- values as pollution criteria were introduced. "A" is the soil quality
reference value, indicating the acceptable risk limit or target limit. "B" is the assessment value,
indicating the need for further investigation. "C" is the intervention value, indicating the
maximum potential tolerable risk limit meaning that cleanup is required. In 1987 a "Soil Protection Act" was founded. In 1994 a revision of the remediation criteria has been presented. The
Netherlands were the first (1983) among others to present generic criteria for evaluating
significance of pollution. This list and its reviewed version has been summarized in table 1.
The "Dutch List" (A-, B- and C-levels), with multifunctionality as criterion, has been used by
Germany, Denmark, Sweden, Finland, Norway and Canada as example and guideline to develop
their own criteria. The USA approach has generic criteria as well as site-specific risk assessments.
In The Netherlands the Service Center for Soil Treatment (SCG), founded in 1989, is responsible for management and control of excavated contaminated soil. In the years 1991-1993
approximately 20 % of the registered (about 2 million tons per year) contaminated soil was
remediated, of which about 5-8% in a biological way.
In many European countries the initial concern on environmental contamination arose in the
sixties, around the time of "Silent Spring". Preliminary legislation started in the seventies.
Remediation actions started in the eighties. In the nineties Europe becomes more and more
aware of its contamination. In table 2 has been summarized the estimated amount of soil
pollution of various European countries.
Table 2.

Country

Denmark
France
Germany

The Netherlands

Overview of contaminated sites and estimated financial consequences in case of
remediation
Year of
calculation
1991
1991
1990 (nov)
1991 (okt)
1991 (nov)
1991 (nov)
1980
1983
1986
1990

Austria

Suspected
sites
10.000
27.877
47.023
305.000
(200.000; FRG)
4.000
4.300
8.000
600.000

2.491
15
2.457

360
1.000
1.600
111.000

3.300
1991

Norway
Turkey

Contaminated
sites

1991
1991

United Kingdom
1991

803
2.452
no discovery
programme
100.000
(50.000 ha)

310

Estimated
cost
(x 10* $)

Funding

Cleaned-up
sites

6

(x 10 $)
80
>2

27
25-100
26-200

0,5
1
1,5
25
(-2005)
0,8
(1993-2003)
0,3
(1991-1999)

3
25
250
> 1.000

Legislation and its criteria has been based on scientific data available. In The Netherlands the
ministries of "Agriculture", "Environment", "Water" and "Science", being involved in soil,
sediment and groundwater pollution have started the "Integrated Soil Research Programme" (3).
This programme consists of five themes, supporting environmental policy and relevant for agriculture and planning and for the actual implementation of sanitation, as arranged in figure 1.

ENVIRONMENTAL POLICY
Ecological theory
Data synthesis

Assessment of
remedial strategies

Ecotoxicological
tests

Sanitation and
isolation methods

basic research

Figure 1. Logical arrangement of basis soil research and soil protection research
Theme A consists of applied research on risk assessment of chemical compounds, expert systems
and geostatistical procedures for a proper sampling of soils and sediment. Theme B is semiapplied research on development of ecotoxicity tests within the framework of soil ecotoxicological risk, which also includes bio-availability. Theme C deals with supportive research on all
aspects of basic soil oriented research, including biological, physico-chemical, soil science and
modelling research. Theme D is applied research on monitoring and control systems, on expert
systems for the assessment and selection of proper remedial management systems. Theme E is
semi-applied research on remediation techniques with respect to both ex-situ and in-situ
sanitation, as well as immobilization systems. 130 projects are involved with 449 scientist and
202 technicians from 50 different institutions( e.g. RIVM, RIZA, DLO), 9 universities and a
few members of independent consultancies. A programme like this is unique for Europe and it
provides the fundamental base for field research. For very specific feasibility, pilot and
demonstration research, more or less directly aiming towards a bioremediation technique subsidy
may be obtained from NOVEM (Ministry of "Environment") and SENTER (Ministry of
"Economy").
The term "field research" may be source of conflict as well as for the term "field" as for the
term "research". It is research with real polluted soil, sediment or groundwater with the ultimate
aim to reach bioremediation. Groundwater is included since it is often the pathway along which
cleaning-up of soil occurs. It should be kept in mind that traditionally the concept of soil is a
three-dimensional cut-out of the most upper crush of the earth, including porous sediment, rock
parent material and groundwater (4). Soils are also extremely heterogeneous and characterized
by a complex interaction of solid, liquid and gaseous phases, by large surfaces and by steep
gradients of nutrients and oxidants (5).
Conditions for bioremediation. The quantitatively most important contaminants of soil, sediment and groundwater are mineral oils, poly aromatic hydrocarbons, chlorinated organic
compounds as hexachlorocyclohexane (HCH), polychlorinated biphenyls (PCB), drins, solvents
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as dichloroethene (DCE), vinylchloride (VC), trichloroethylene (TRI), tetrachloroethylene
(PER), dichloromethane (DCM), benzene, toluene, ethylbenzene and xylene (BTEX), cyanide
and heavy metals.
/
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Figure 2. The basic triangle for bioremediation
The natural microbial activity of soil, sediment and groundwater is the biological basis c.q. the
carrying capacity from which the degradation of pollutants has to occur in principal. In nature
the primary substrates for microorganisms, such as bacteria, actinomycetes and fungi, are complex polymers, basically originating from plant material. Microbial degradation, or recycling of
organic material, consists of a sequence of many transformation steps carried out by either one
population or a supplementary consortium, ultimately resulting in complete mineralization. An
enormous variety of microorganisms, with an average small size of 1 nm, metabolize and use
directly those reduced forms of organic matter as growth source, "electron donor", for formation of biomass and as energy source. The energy of the reduced organic matter becomes
beneficial and can be released and used along electron acceptors. Indirectly there are also many
natural, as well as contaminated organic compounds, that are transformed by microorganisms
without being either source of growth or energy. In this case the organic compound becomes cometabolized in the obligate presence of a growth substrate or another transformable compound
(6,7).
There is a huge, and in relation to bioremediation very important, difference between transformation and mineralization. The latter means a complete breakdown to carbon dioxide, water and
plant-uptake minerals. The former is just one transformation step. For many large organic
molecules as natural polymers like lignine and polyphenols or poly aromatic hydrocarbons
(PAH) or poly chlorinated biphenyls (PCB) it may be difficult to distinguish between the first
and the second or between the eleventh or the twelfth transformation step.
From fundamental and field research it can be concluded that the following pollutants can
become completely eliminated by the bioremediation technique: mineral oils (8,9,10,11), poly
aromatic hydrocarbons (12,13,14), alpha-, gamma- and delta- hexachlorocyclohexane
(15,16,17), polychlorinated biphenyls (18,19,20,21), aliphatic chlorinated solvents as dichloroethene, vinylchloride, trichloroethylene and tetrachloroethylene (22,23,24,25), mono-aromatics as
benzene, toluene, ethylbenzene and xylene (26,27) and cyanide (28,29,30) sometimes even in
the complex form (31,32).
Although sometimes in nature DDT may persist for decades it has been proven by Dennis Focht
and co-workers that under right environmental conditions and with succession of specific
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microbial strains DDT can become mineralized completely. So the basis for good bioremediation
practise is a) considering the structure of the pollutant, b) creating the right environmental
conditions for mineralization and c) having the right microorganisms available and active. This
basis is given in figure 2.
Bioremediation or biodegradation can be enhanced by changing in soil, sediment or groundwater
the C/N/P balance, the pH, the temperature, the moisture content, the co-substrate level and/or
the aeration. The presence of electron acceptors is as important as electron-donors (substrate).
0 2 , NOy, Fe-oxide and Mn-oxide, S042" and C0 2 are general acceptors. Sometimes chlorinated
compounds act as acceptor (25).
To optimize the C/N/P balance to the microbially favourable ratio 100/10/1 mainly inorganic
fertilizers have been used. The optimal pH for bacteria and actinomycetes is higher (>6) than
for fungi. Acidification or alkalining/liming is possible. Soil temperature has a strong influence
on microbial activity. Between 10 and 40°C a Q10 factor may be 2-3. A soil temperature above
15°C is advisable, but it is expensive to artificially increase soil temperature during a long period. Aerobic degradation is optimal between 50 and 70% of soil waterholding capacity (33,34).
Aeration can be increased by introducing air or peroxide. In general aerobic processes proceed
faster dan anaerobic ones. With respect to the variety of available biochemical pathways
anaerobes are not inferior to aerobes. In principle aerobic organisms have evolved from anaerobes and represent only a specialized group of organisms which have adapted to a "highly
toxic" compound-oxygen.
Microbial degradation takes place aerobicly when oxygen is present and anaerobicly when
oxygen is absent. The difference between presence and absence of oxygen is more detailed than
only "aerobic" an "anaerobic" and is very gradual. This difference can be a few millivolts. As
soon as an strictly aerobic microorganism has used the oxygen it creates favourable conditions
for anaerobic microorganisms in its close vicinity. Although the difference between extreme
aerobic and extreme anaerobic can be 800 millivolts.
Co-substrates as biphenyl for PCB's degradation (35), methane, phenol, etc. for TRI and PER
degradation (36) have been used to stimulate the degradation of the pollutants.
For some relevant compounds the environmental condition ranges for microbial degradation and
the microbial potention of the habitat are given in table 3.
Table 3.

Generalized environmental conditions for biodegradation of relevant soil pollutants
and micro-organisms involved

Compound

Electron acceptors

pH

T

Mineral oil
BTEX
PAH
a. y, 8 HCH
PCB (Cl > 3)
PCB (Cl < 3)
CN
TRI
PER

Oj

5-9
5-9
5-9
5-8
6-8
6-8
6-8
6-8
6-8

3-70
10-40
5-50
10-40
10-40
10-40
5-40
7
7

0 2 ; NO,
0 2 (NO,)

o2

c o 2 (S042)

o2

0 2 , N O , , SO, 2 , C 0 2

o2, co2
co2

Micro-organisms
very many
many
many
many
few; specific
few; specific
many
few; specific
few; specific

Fewson (1988) has summarized the reasons for failure of degradation (37). "The concentration
of substrate is too high(toxic) or too low. The substrate is adsorbed or covalently attached for
example to clays or humus or is physically inaccessible. The temperature, pH or p0 2 are too
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low or too high. The ionic concentrations are unsuitable. Furthermore appropriate organisms do
not exist or are not present in the environment, perhaps because of predation, parasitism or poor
viability. There are inadequate nutrients or co-metabolites. The substrate is not susceptible to
initial attack because it is too large and insoluble and there are no suitable extracelluar enzymes.
The substrate is not transported into the cell, is not a substrate for the available enzymes, is not
a inducer for appropriate enzymes or transport factors, does not give rise to products that can
integrate into the cells overall metabolism, is converted into products that are toxic or interfere
with the cells metabolism."
In-situ bioremediation. In-situ bioremediation concerns either a stimulation of the degradation
of the pollutant in the soil or a pumping out of the pollutant towards an upper-soil bio-reactor or
of both: pump and treat. Figure 3 shows a simple schematic drawing.
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Figure 3. Schematic pump and treat system with bioremediation above ground and in-situ
The ultimate target in The Netherlands is the A-value as well as in soil as in groundwater. This
in-situ bioremediation is applicable to either relatively easily soluble compounds as chlorinated
aliphatics and BTEX or less soluble but easily degradable compounds as gasoline c.q. petrol. Insitu bioremediation involves the controlled management and manipulation of microbial processes
in the whole of the soil profile. It requires an understanding of the "storage" of the pollutants in
the soil, the environmental conditions in the soil, the microbial degradability potention of the
soil and the geohydrology (hydraulic persistence) of the soil. So without preliminary field
research or pilot studies the technique may fail.
In sandy soils with a high hydraulic permeability (k> 2-5m/d) this technique has been applied
all over Europe, for example in the Ecova case in Italy. In one of the largest bioremediation
projects 1 million m3 of petroleum contaminated groundwater and 50.000 m3 of soil was treated.
In three years the oil level in soil decreased from 2600 to 200 mg/kg, while in groundwater the
concentration reached 15 mg/1. In Germany Peter Werner was one of the first to conduct and
supervise bioremediation applications and researches (38). Also in The Netherlands this
approach is common practise, carried out by research institutes and consultants. Since analyzing
the soilfraction is difficult, due to the often heterogeneous distribution of the pollutant, the
pumped water has been used to reflect the degree of bioremediation. When the water contains a
concentration below A-level during three successive measurements the pumping will halt during
several months. If the water is still clean after repeating the pumptreatment the chance of a
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successful bioremediation operation is large. After a stop of several months the water frequently
contains high concentrations of the pollutants. In-situ bioremediation is a very long time consuming technique. Officially published reports on the progress of bioremediation are scarce, since
it often is a black-box approach: only the result counts. When the result doesn't meet the
expectation extra money for additional fieldresearch is seldom available. So for bioremediation
in-situ the complains concern: it is impossible to reach the demanded end-concentration, the soil
is not suitable for this approach, the bioremediation period lasts to long and the water has been
cleaned-up but not the soil.
Bio-venting in unsaturated zones and bio-sparging in saturated zones have been used to obtain
sufficient oxygen for microbial degradation. Addition of oxygen, nutrient, surfactants and even
micro-organisms has been practised to improve the bioremediation often without considering the
implications, such as: the presence of naturally occurring Fe in soil and groundwater intensifies
the occurrences of preferential pathway for water by precipitation of Fe1+ in aerated zones.
Surfactants may induce similar blockage as introduced microorganisms can.
There is still a large need of field research to monitor the additional value of a specific action.
The changes and need for successful monitoring and biomonitoring are large.
Except for the mentioned hydrocarbons in-situ bioremediation is promising for water soluble
solvents as chlorinated aliphatics. Where the USA has the demonstration projects "Moffett Air
Naval Station" and "Savannah river" (40,41) Germany has "Eppleheim" (40,42). The aim of
Eppleheim is to gain experience at selected sites for a better handling of procedures and
processes with regard to contaminated sites and abandoned dumps. The Eppleheim dump was
established in the late fifties and is characterized by volatile chlorinated hydrocarbons as PER (to
540 mg/kg) and aromatic hydrocarbons as xylenes (to 3160 mg/kg), occurring up to a depth of
13 m. The concept of soil processing involved excavation, sieving and combined anaerobic and
aerobic treatment of soil in sealed containment. The air was biofiltered. In huge in-situ soilcores
measurements were carried out on temperature, the existence of microbial communities, the
nutritional requirement of the microflora, which types of organisms are doing the job, etc. In
addition laboratory studies were carried out on the effect of pH, temperature and co-substrate on
bioremediation. So far detailed results have not been published in scientific journals. The
scientific backing groups of the USA demonstration projects are more impressive than of the
Eppleheim project.
There is a huge gap between the successful pilot fieldstudies under optimal conditions and
demonstration studies. Realistic desorption- and partitioning-measurements can contribute to a
realistic expectation pattern of in-situ bioremediation. Desorption is the key-value towards
biodegradation. Also heterogeneity needs more attention in field work. Nowadays available
transport models do not account for extreme heterogeneity in natural soils (43). Enforced
pumping and treating increases preferential flowways. In those streams solutes travel with
different velocities, some are lagging behind and others travel ahead of the crowd (43). Instead
of optimizing the environmental conditions for degradation for the complete soil area to be
treated it may be beneficial to optimize a restricted "fence" either around the polluted soil or
behind it in the direction of the natural water movement. In fieldsoil solutes may or may not
bypass biological active regions c.q. biological fences or thick biofilms.
On site bioremediation; landfarming. Landfarming is based on the recycling of natural organic
material in farmland by adding some nutrients, cultivating the soil and keeping the upper layer
aerobic. The principle has been applied to soils with mineral oil, aromatic compounds, poly
aromatic compounds and chlorinated compounds as hexachlorocyclohexane and
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pentachlorophenol. The success of the landfarming technique strongly depends on the required
end concentration, which is the A-value in The Netherlands, which means for mineral oil 50
mg/kg. Under certain conditions the end value of 1000 mg/kg (B-value) has been accepted and
makes landfarming very popular and cheap. In 1994 there are 30 official landfarm firms in The
Netherlands. Some landfarm- firms are very sophisticated as derived from their results. In table
4 some of these results are given(44).
Degradation of oils in sophisticated landfarms

Table 4.

Petrol
Diesel
Diesel
Diesel
Diesel
Crude

Initial concentration
mg/kg

End concentration
mg/kg

Time
weeks

Rate
mg/kg/day

1500
6200
6600
3300
4800
4200

50 (A-value!)
900
400
420
250
1200

6
14
18
20
13
21

34
63
41
21
50
24

oil
oil
oil
oil
oil

The degradation rate of defined (45) natural organic matter and complex (46) organic matter
under Dutch climatological conditions is presented in figure 4.
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For various hydrocarbons similar trends as for natural organic matter will exist. Therefore in
The Netherlands the technique landfarming has been divided in an intensive and extensive part
(figure 5a). The result of a 5 year lasting landfarm is similar (figure 5b)(47).
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Theoretical and practical landfarming

In the extensive phase the degradation can be stimulated by the addition of organic matter as
composting material (48,49,50,51). Also plantgrowth may stimulate further biodegradation (52,
53).
On-site bioremediation: slurry reactor. Bioremediation in slurry occurs at a faster rate than in
landfarming and depending on the liquid/solid ratio a lower end concentration will be reached.
This has been proven for a-HCH (53,54) and for PAH (55). In The Netherlands Kleyntjens (56)
has designed and developed the DITS (Dual Injected Turbulent Separation)-reactor (figure 6).

s-Scer-.S'on cf
fire fraction

Slurry
recycle)

'—©

'

fluid'Zed bed o'.
coarse fraction

compressed air
remix coins *
line friction»

Figure 6a. Flowsheet of the slurry process

Figure 6b. Schematic representation of the DITSreactor

In the first cylindrical tank (DITS reactor, with a conical bottom, Pachuca tank), the coarse soil
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fraction is fluidized in the bottom zone by means of an upward injected slurry flow, while fine
soil particles are kept in turbulent suspension in the aerated bulk compartment. From the bottom
of the first reactor, the coarse fraction is withdrawn and passed directly to a dewatering section.
The fine material, containing most adsorbed pollutants, is given a further treatment in a cascade
of air agitated bio-reactors.
Slurry reactors will be promising for cleaning up excavated clay-soils heavily polluted with
degradable compounds. The reactor can be used as a closed circuit. Especially the environmentally risky compounds as chlorinated organics and cyanides are suitable for this approach.
The advantage of a slurry reactor is the possibility to control the environmental conditions such
as pH, T, aeration and additional nutrient demand. Also the addition of desorbing inducing
surfactants and organic solvents can be applied as well as specific micro-organisms. In reactors a
partly sterilization of the slurry is more feasible than in-situ. So for soils very difficult (expensive) to handle in any remediation a slurry reactor or a combination of slurry reactors with partly
physical/chemical treatment and partly microbial treatment is promising as already proved for
PAH (60,61) and PCB (62).
Surfactants are often used to improve availability of pollutants, but in-situ they fail to work and
on site they have only initial effects. Bio-surfactants may act much better (57,58). Wonder-bugs
or inocula do only work when the organisms is very specific and the degradable substrate is
readily available. The fungus Phanerochaeta chrysosporium is promising for PAH and PCB
degradation (49,59), while Pseudomonas putida 450 is also considered as a wonderbug.
Introduction of capable stains is only successful when the existing microbiota has been partly or
completely eliminated. Landfarming and slurry-reactors are also applicable for polluted
sediments.
Conclusions.
The amount of polluted soils, sediment and groundwater in most industrialized countries in
Europe is vast. The efforts for solid legislation for soil protection has been large. Moreover
criteria have been established for selecting most urgent areas for soil remediation.
Bioremediation has a minor place in it although many pollutants are degradable as described in
scientific research journals. So in principle bioremediation is promising but in practise it
hampers. Similar tendency can be derived from recent conferences on soil remediation. The
"Karlsruhe conference" in December 1992, attended by about 450 people, mainly scientist and
some consultant, presented many innovative investigations towards bioremediation. The "San
Diego conference" in May 1993, attended by roughly 1100 people mainly from the application
and research world, showed many results from and huge interest in bioremediation. The "Berlin
conference" later in 1993 and attended by 950 people, mainly from consultancies and policy coworkers, world showed a resigned attitude, probably since bioremediation is a long lasting
process.
Opportunities for bioremediation are large provided there is a realistic considering of the rate of
microbial processes in temperate climates in a heterogeneous soil system and a heterogeneous
distribution of the contaminant or of the variety of contaminants. Reliable monitoring of
environmental conditions and biomonitoring of the progress of bioremediation in-situ will
become important.
Awareness of how fast or how slow nature acts provides the right cleanup goal within the right
time. Therefore bioremediation in California is faster than in Norway or The Netherlands.
Landfarming offers very good opportunities provided pretreatment of soil took place properly.
Within a time of 3 to 7 hydrocarbons become gradually mineralized and humified. After a few
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years the soil can already be used as agriculture or forestry land. Slurry reactors, either
sophisticated ones or in chains of simple ones, can be successful for heavy soils with pollutants
as PCB, HCH, PAH or cyanide. In those units the bioremediation period can be reduced to
several days, since they can be handled as giant chemostates.
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Bioremediation Potential in Mexico
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México has recently enacted environmental regulatory programs.
On October 18,1993, thirty three norms dealing with environmental
quality
were
published
in
the
"Diario
oficial
de
la
federación"(18). Similary, México plans to allocate $ 460 millon
throung 1995 to improve drainage system, water treatment, solid
waste collection, and sanitary facility construction (2).
In México to date, most global environmental treatment
programs have been confined to wastewater treatments as opposed to
soil and ground water remediation.
This contribution describes two illustrative cases in which
remediation technologies may play important roles: The case of
Veracruz for removal of heavy metals from waste waters, and the
remediation strategy recommended for the contamination with
gasoline of the aquifer of the city of Guadalajara.

THE CASE OF VERACRUZ: BIOREMEDIATION TECHNOLOGIES FOR HEAVY METAL
REMOVAL WITH IMMOBILIZED MICROALGAE AND AQUATIC MACROPHYTES.
BACKGROUND INFORMATION
The State of Veracruz faces the Gulf of Mexico and has been
an important location for agroindustries such as coffee and sugar
production and chemical and petrochemical industries for
approximately the last twenty years approximately. Unfortunately
this industrial development has not been within a perspective of
keeping a clean environment and all rivers of Veracruz suffer
severe pollution from different sources (20).
The petrochemical industry is located at the south of the
State of Veracruz, taking advantage of the large Coatzacoalcos
drainage area (figura 1) in which temperatures oscilate between
20-40°C and annual rainfall is around 2,600.00 mm. However,
during more than three decades, this kind of industry has been
discharging effluents without any treatment to the river
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Figure 1

Coatzacoalcos drainage area at the south of the State of Veracruz

Coatzacoalcos and a considerable damage has been induced mainly
by heavy metals and hydrocarbons. Sediments of the river
Coatzacoalcos contain an important concentration of lead, cromium
and cadmium (table 1).
Although there is no information available on the
concentration of heavy metals discharged daily by the industries
into the Coatzacoalcos River, a serious impact from this sort of
persistent contaminants should be expected from the effluents
volume discharged mainly without treatment into the river
(Table 2 an 3)
Table 1.- CONCENTRATION OF SOME HEAVY METALS IN SEDIMENTS OF
WATER BODIES IN THE COATZACOALCOS BASIN (27,28)
(concentration in mg kg-1) .

WATER BODY
COATZACOALCOS
RIVER

Cr

Cd

REF.

44-107
67

1.09-2.11
1.6

27
28

Pb
29-73
43.4

LAGUNA DEL
OSTION

7

59-305

0.4

27

RIO TONALA

1

1

1

27
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Table 2. INDUSTRIES, RECEPTING BODIES AND VOLUME OF EFFLUENTS IN
THE COATZACOALCOS DRAINAGE AREA (9)
NAME

TROY
INDUSTRIAS,
S.A.
PEMEX COMPLEJO
PETROQUIMICO
MORELOS

ADDRESS

RECEPTING BODY

EFFLUENTS
VOLUME
(M 3 /YEAR)

COMPL.IND.
PAJARITOS

GOLFO DE
MEXICO

26,718,000.00

EJ.GAVILANE DE
ALLENDE,
COATZACOALCOS

LAGUNA DE
PAJARITOS

11'862,500.00

PEMEX .COMPLEJO
PETROQUIM. LA
CANGREJERA

KM.10,CARR.
COATZAV.H.PREDIO LA
CANG.

AGRONITROGENADO
S S.A. DE C.V.

COMPLEJO IND.
PAJARITOS

LAGUNA
PAJARITOS

2'232,000.00

CLORO DE
TEHUANTEPEC,
S.A.

COMPLEJO IND.
PAJARITOS

ARROYO TEAPA

2'102,400.00

CELANESE
MEXICANA, S.A.

CARRET.
COATZAVILLAHERMOSA,
KM. 12.5

PEMEX COMPLEJO
PETROQUIMICO
PAJARITOS

COMPLEJO IND.
PAJARITOS

TETRAETILO DE
MEXICO, S.A.

COMPLEJO
PETROQ.
PAJARITOS

PEMEX, PUERTO
PAJARITOS
SALES DEL
ISTMO, S.A. DE
C.V.

9'460,880.00

ARROYO
GOPALAPA

689.500.00

571,800.00
ARROYO TEAPA Y
LAG.DE
PAJARITOS
566,352.00
AROYO TEAPA RIO
COATZACOALCOS

SILICES DE
RANCHO
ALEGRE,S.A.(STR
ASA)
PEMEX PRES.DE
LAST. DE
BARCOS/PAJARITO
S

ARROYO TEAPA

ARROYO DE AGUA
DULCE

COMPLEJ.IND.
PAJARITOS

RIO
COATZACOALCOS
TERMINAL
PUERTO
PAJARITOS

RIO
COATZACOALCOS

COMPLEJO IND.
PAJARITOS
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ARROYO TEAPA

380.160.00
288,000.00

288,000.00
268,000.00

Table 3. INDUSTRIES AND VOLUME OF EFFLUENTS CONTAINING HEAVY
METALS IN THE COATZACOALCOS DRAINAGE AREA

I
NAME

ADDRESS

RECEPTING BODY

EFFLUENTS
VOLUME
(M 3 /YEAR)

IND.QUIMICA DEL
ITSMO, S.A.

C.IND.
PAJARITOS

ARROYO TEAPA

233.600.00

GRAVERA EL
CHATO

KM.20,CARR.
COATZAV.HERMOSA,

ARROYO
INNOMINADO

120,528.00

AV. ING.
RODOLFO PADRON
T. S/N KM.67

ARROYO
GUPALAPA

113,000.00

COMPLEJO IND.
PAJARITOS

ARROYO TEAPA

103,580.00

CARR.COATZAVILLAHERM.KM.5
.5, PAJARITOS

LAGUNA DE
PAJARITOS

76,718.35

ARROYO TEAPA

43,294.30

BLVD.C.P.Q.
MORELOS KM.3,
PARQUE IND.

LAGUNA DE
OXIDACION

21,217.40

CARR.NUEVO
TEAPA AL
CHAPO, KM.1.5

ARROYO
GOPALAPA

10,888.00

INDUSTRIAS
RESISTOL, S.A.
IND.CYDSA
BAYER, S.A. DE
C.V.
PEMEX
P.Q.BASTICA,
TERM.
REFR.PAJARITOS
CRYO INFRA,
S.A.

PRODUCTOS
QUIMICOS
COIN,S.A.

KM.3.8 CARR.
COATZAVILLAHERMOSA

LINDE DE
MEXICO, S.A. DE
C.V.
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Since enforcement of ecological laws is taking place recently,
wastewater treatment and bioremediation technologies are urgently
needed as part of an integral program for pollution control. This
section analyzes the prospectives of specific bioremediation
technologies such as the use of immobilized microalgae and aquatic
plants for heavy metal removal from aqueous solutions. This kind of
technology results very appropriate for tropical and subtropical
regions such as the Coatzacoalcos Basis. Considering the above
mentioned
arguments, the
Institute
of
Ecology
and
more
specifically, the environmental biotechnology department has
initiated an international project financed by the European
Community to develop such technologies, together with the King's
College from the University of London and the University of Bilbao
(Universidad del Pais Vasco).
THE USE OF IMMOBILIZED MICROALGAE FOR BIOREMEDIATION
The mechanisms characteristics of bioremediation can result in
the physical removal, sequestering, detoxification or destruction
of target pollutants. In the case of physical removal from the
environment, heavy and potentially toxic metals can be either
recovered or stabilized and buried (23).
Among various alternatives for physical removal of heavy
metals from aqueous solutions, it has been recognized that the use
of algae is one of the most promising options (23) several degrees
of bioaccumulation capacity have been reported, depending on the
type of metal and on the sort of algae. More recently, the use of
immobilized microalgae to remove this persistent type of pollutant
has resulted in a more efficient approach. A brief review follows
to point out some of the different results reported in the last few
years which represent the scientific basis for technology
development in the short term.
Immobilization techniques
Although the use of immobilized microalgae for bioremediation
is still an emerging field, there is a rather large experience
concerning immobilization of microalgae for other purposes (8).
In general terms, there are four important procedures
available for cell or enzyme immobilization: adsorption, entrapment
in gels or polymers, covalent coupling, and cross linking to
insoluble matrices. The choice of the matrix and the immobilization
procedure will depend on the nature of the cell or organelle to be
immobilized, tha nature of the substrates and products formed, and
en the reaction conditions (7).
Entrapment in porous gels and foams, especially those which
are translucent or transparent such as alginates, agar gels and
polyurethane and polyvinyl foams, are preferred. However, for long
term use, agar and alginates do not offer sufficient mechanical
stability and calcium alginate gels are disrupted by phosphate
ions. Thus, polyurethane and polyvinyl matrices become better
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choices since they offer better mechanical properties and are
neutral to most commonly used ions (7) .
In summary, immobilization techniques applied to wastewater
treatment or bioremediation, should fullfill various requirements
such as:
use of a low cost matrix in order to facilitate feasibility at
a large scale.
use of a long term stable matrix in terms of mechanical
resistance for large scale operation.
use of a long term stable matrix in terms of chemical
resistance to the attack by ions or toxic pollutants. It has
been shown that some matrices protect cells from the toxic
effects of the environment: immobilization of Chlorella cells
protected them against heavy metal toxicity (22).
use of a matrix which facilitates the diffusion of nutrients
and pollutants from the medium to the cells and in the reverse
way.
a
simple procedure to obtain maximal and
efficient
immobilization in such a way that it could be easily
implemented at large scale.
In general terms, the use of immobilized cells may offer
several advantages (7,16) such as:
accelerated reaction rates due to increased cell density per
unit volume
increased cell metabolism and cell wall permeability
no wash-out of cells in continuous cultures
higher operational
catalytic processes

stability

and

better

control

of

the

separation and reuse of catalyst
easier maintenance of culture monospecificity
protective effect of the insoluble matrix for aging cells and
higher photosynthetic activity (4).
increased temperature stability (11).
Applications of immobilized microalgae
Bioremediation with immobilized mixed microbial cells has been
shown to remove more than 90 % of the Chemical Oxygen Demand (COD)
of a synthetic organic wastewater containing glucose or phenol as
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the major pollutant in an aerobic system at loading rates of less
than 9.0 g COD per liter per day (33). This report has also shown
one of the major advantages of immobilized systems for wastewater
treatment: the system maintains a higher Solid Retention Time (SRT)
which is essential for a stable and effective biological treatment
process.
The use of immobilized microalgae for bioremediation, this is
still an emerging field in which few papers have been published.
Mac Rae (15) compared the removal of lindane by immobilized
microbial cells on magnetite, including Chlorella vulgaris. He
found that this algae had a sorption factor for lindane very close
to the one found in the case of Rhodopseudomonas sphaeroides.
There has been much research done in the last two decades on
the capacity of various microalgae cells to adsorb and accumulate
heavy metals and results have been expressed mainly in terms of
concentration factors (CF). However, since CF may be defined as the
ratio of metal concentration in the cell to that in the
environment, this is not a fixed value for a given microalgae and
a particular metal ion species since it depends on the
environmental conditions of the experiment. It is known that
concentration factors are affected by the age of the cell
population, cell concentration, medium composition and external
metal concentration (26).
The use of immobilized microalgae introduces new experimental
conditions and concentration factors shall be different from those
encountered with free cells. However, a rapid increase in the
application of this sort of system should be expected on the basis
of accumulated knowledge of the use of immobilized cells for other
purposes and on the rapid development of reactors for applications
at industrial level.
THE USE OF AQUATIC MACROPHYTES FOR BIOREMEDIATION
The use of aquatic macrophytes to remove nutrients and
pollutants from wastewaters has been investigated for two decades
(6). Currently, although there is much research work to be done to
optimize their use, this sort of technology is gaining support for
sewage treatment and it has been considered as the best choice for
small and medium size cities, providing marginal land is available
(14).
Eichhornia crassipes or water hyacinth has been the macrophyte
chosen by many research groups for wastewaters treatment, due to
various characteristic such as high productivity, high removal
efficiencies for certain nutrients (N and P) and pollutants and
high predominance under natural conditions. It has been shown that
productivity is a function of air temperature, availability of
nutrients (mainly nitrogen) and plant density affected by
harvesting (5,12,21,25,31,32).
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Pioneer work done by Wolverton (30) with water hyacinth
(Eichhornia
crassipens)
showed that this aquatic macrophyte could
absorb cadmium at a rate of 0.67 mg/g of dry weight and nickel up
to 0.5 mg/g of dry weight in 24 hours, when the water concentration
of the metals was in the range of 0.6 to 2 mg per liter.
On the basis of some experimental results, Wolverton &
McDonald (29) estimated the capacity of large scale ponds with
water hyacinth for heavy metal removal. It was estimated that a
hectare of this plant could purify 2,000 m 3 of water containing 1
ppm of cadmium, 2,200 m 3 of water containing 10 ppm of lead and
3,400 m 3 of water contaminated with 1 ppm of mercury, within 96
hours.
Kinetic studies done by Muramoto and Oki (17) concerning the
metal removal capacity of water hyacinth, concluded that such
capacity was a function of the metal concentration in the water.
The optimal absortion rate was 39.3 kg of Cd/ha when water
contained 8 ppm of Cd; 1390 kg of Pb in the water and 234 kg of
Hg/ha in waters containing 1 ppm of this metal.
Nor (19) has found that a greater proportion of the absorbed
metals remain in the root system rather than being translocated to
other parts of the plant and that pH-dependent charge densities
within the root system have a great influence on the absortion of
metals.
Concerning the use of other types of macrophytes for
wastewater treatment, the lemnaceae family and the genus Lemna in
particular, have also been investigated for this purpose. Research
on the uptake kinetics, accumulated forms of cadmium and thallium
and relative toxicity of these metals to Lemna minor has been the
basis for proposing this aquatic weed for bioassay procedures for
metal toxicity assessment and biological monitoring (13,24).
Salvinia molesta has been investigated for removal of Zn and the
harvested biomass has been utilized for producing biogas (1).
In summary, aquatic weeds represent a very useful tool for
bioremediation and research on this line is very relevant at the
moment, specially when novel and low cost technologies for
wastewater treatment are urgently required. Emphasis should be
given to research on the removal of heavy metals and other
persistent contaminants, using very little known weeds such as
Salvinia and comparing them against better known macrophytes such
as Lemmna or E. crassipens.
THE CASE OF GUADALAJARA CITY: AQUIFER CONTAMINATION WITH GASOLINE
GROUNDWATER PROBLEMS.
The aquifer balance nationwide is positive, since the
extracted volume is equal to 70 percent of the natural recharge,
but this global balance does not reflect the critical situation
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prevailing in the wide regions of our territory, because, as it
was stated above, most of the exploitation takes place in the
arid and semiarid zones where recharge is poor, the hydraulic
balance is negative, and thus the ground storage is
deteriorating.
Consequently, overexploitation side effects in some of the
aquifers have appeared: to begin with, the fast drop of water
levels in pumping areas has led to the uselessness of thousands
of wells, and flow and yield shrinkages in others. Pumping costs
have increased, and in many zones, the soil has fractured and
settled, causing great damages to structures, water networks and
other facilities.
In addition to this, overexploitation has created some
groundwater quality problems, namely: many costal aquifers have
been affected by the marine intrusion as have several
intracontinental aquifers. Due to heavy pumping,they have been
gradually invaded by saline water naturally contained in adjacent
strata.
Together with this, water quality has been affected by
infiltration of pollutants generated by urban,industrial,and
agricultural sources.
Furthermore, in the groundwater contamination issue, the
following must be acknowledged:
There is a lack of records that allow for the assessment of
the polluting load (type, intensity, disposal and duration),
the complexity of factors that affect pollution
transportation in aquifers (mainly in the non-saturated
zone) and the uniqueness of each field situation or
evaluation. All these factors make each polluting activity
to be considered within a given hydrological and geological
environment on a personal basis and to carry out independent
research to assess any pollution risk (10).
Geological and chemical water research cost is relatively
high.
Limited availability of budgets and human resources for
planning and execution of aquifer protection programs.
Thug, a first step in the groundwater pollution assessment
process is the fostering of studies on "Aquifer Vulnerability to
Pollution".
MONITORING AND SANITATION OF THE AQUIFER OF THE CITY OF
GUADALAJARA,JALISCO.
BACKGROUND.
In April,1992,In the city of Guadalajara because of a
corrosion process in PEMEX's pipeline,a gasoline leak occurred
and gasoline was percolated downstream, taking several paths: the
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sewer nearby the leak, its gravel bed, as well as the subsoil.
The one that reached the sewer, through its cracks and/or
manholes, flowed rapidly through the sewage system, and
accumulated in the La Nogalera-Colector San Juan de Dios section.
The fuel in the gravel bed flowed more slowly than the one of the
sewer, and it seeped through its cracks or went into the soil in
the spots where the bed becomes thinner. The gasoline that
percolated in to the soil, eventually reached the phreatic
surface and circulated downstream towards the underground flow,
forming a floating layer of variable widths. In one of the wells,
a 1.5-meter thick gasoline layer was recorded three days after
the explosions.
OBJETIVES.
Proposed actions to be taken for monitoring and sanitation of the
aquifer are:
CHARACTERISTICS OF GASOLINES.
Being a full mix of hydrocarbons, the most common components are:
benzene, ethyibenzene, heptane, hexane, toluene, naphthalene and
phenol. Each component has its own physical and chemical
characteristics that determine its behavior in the subsoil. Thus,
some can be totally absorbed by the soil, others are volatile,
and others have a varied and complex behavior, as shown in the
next chart:
Volatility
Solubility
Absorption
Rate (%)
in Water
by the soil
(%)
(%)
3
35
Benzene
62
Ethylbenzene
21
59
20
(n) Heptane
0.1
99.8
0.1
(n) Hexane
0.1
99.8
0.1
(n) Pentene
0.1
99.8
0.1
Benz. to Antracene
100
0
0
Benz. to Pirene
100
0
0
Naphthalene
61
8
31
Phenanthrene
88
2
10
1-pentane
0.1
99.8
0.1
Phenol
9
0.01
90.99
Toluene
3
77
20
Xylene
15
54
31
The American Petroleum Institute Carried out studies on
petroleum focusing the most common compouds(3).They grouped them
into the four following categories:
Gasoline Compound

a.
b.
c.
d.

Those
Those
Those
Those

absorbed by the soil
that become quickly volatile.
that can be more dangerous.
with no definite migration pattern.
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In the next chart, each group of compounds is depicted:

Absorbable

Volatile

Soluble

Variable
Behavior

Benzene to
Pirene

(n)Hexane

Phenol

Benzene

Phenantrene

Ethylbencene
(N)Heptane

Benzene to
Anthracene

(n) Pentane
1-pentan

Naphthalene
Xylene

Light hydrocarbons tend to be volatile whereas heavy ones tend
to stay in soil particles. Light hydrocarbons are known as LNAPLS
(light-Nonaqueous PHASE Liquids).
GEOLOGICAL CHARACTERISTICS OF THE ZONE.
The lens of gasoline created by the leak from PEMEX's pipeline
is located in pumice sand which is infra and supralaid by
tuffaceous clay strata. Additionally, the compounds mentioned above
are found towards the subsoil.
Considering likely values of permeability, effective porosity and
hydraulic gradient, it has been estimated that real circulation
velocity is less than 1 m/day.
MONITORING ACTIONS.
• To drill holes of one inch in diameter and 5 meters deep,
radially to the affected zone, to determine the explosion
rates and to estimate the diffusion of volatile compounds of
gasoline in the subsoil.
To control the drinking water supply sources (wells and
waterwheel) near the casualty zone.
AQUIFER SANITATION ACTIONS.
To
install
pumps
in places where
high
hydrocarbon
concentrations are found to in order to speed up the removal
of those circulating near the sewers or those caught in
natural or artificial "traps."
To build a ditch between the first two tracks in the southern
edge of the platform yard, connecting it to the existing one,
to intercept gasoline by gravity in the likely flow path. The
ditch would be 700 meters long and approximatelly 2 meters
below the phreatic surface. Water would be extracted from this
ditch by means of siphons placed at the bottom of the ditch in
order to increase the flow speed towards the ditch and to
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foster the gasoline accumulation on water, for
evaporated and removed.

it to be

Once the gasoline concentrations in the ditch are below 5 ppm,
the cleaning stage of the aquifer will start by injecting in
the previously selected wells, clean water mixed with a
hydrocarbon diffuser
in the amount directed
by the
manufacturer.
The gathering of additional information might show that some
modifications
are
needed
concerning
the
initial
recommendations.
In order to have geological and hydrological information for
this Area, wells and waterwheels have been installed for drinking
water extraction. These are also used to monitor and measure by the
State Office of the National Water Commission (CNA) and the
Limnology Study Center. In the medium run, it is expected that
water quality analysis and piezometry are obtained from these
sources. Also, according to the information of the State Office of
CNA, places with base depth definition have been located by
estimating dense basaltic lavic flows.
Finally, aquifer monitoring and sanitation are being signaled
to indicate that they are being carried out by CNA, PEMEX, DGCOH,
such as: "gasoline recovery wells", "exploratory drilling", and
"ditch for explosiveness rate monitoring."
CONCLUSIONS.
- The gasoline lens crated by the leak in the pipeline is located
in pumice sand strata, which are infra and supralaid by tuffaceous
clay deposits. Besides, towards the subsoil, the materials
mentioned above are found alternatively.
- Because of drilling works, open ditches, and the phreatic level
depth, it is known that the aquifer pollution -in the high risk
area- is located between 2 and 8 meters deep.
- Through the obtained piezometric data, it is estimated that the
groundwater flow goes from south to north in the high risk zone.

RECOMMENDATIONS.
1. In order to determine three-dimensional lens of gasoline, an
exposed geological cut survey in the ditches is suggested. It is
also suggested that the samples from the exploration wells handled
by PEMEX be classified.
2. Once the piezometry work of the region is completed, relevant
isolines should be configured so as to define flow direction,
hydraulic gradient and flow velocity.
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3. Total hydrocarbon concentration has been determined in some
casualty zone and high risk sites (i.e. gasoline extraction wells,
sewers and ditches). However, it would be a good idea to increase
analysis and monitoring practices in waterwheels and drinking water
supply wells in order to find out if there is contamination here,
and thus to be able to issue the corresponding policies.
As mexico's economy grows,environmentals compliance should improve.
More and more industries will begin to implement waste reduction
methods.
Learning and understanding the technologies already developed for
dealing with hazardous wastes in soil,water and air will accelerate
this process.
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Aspects of Mine Site Rehabilitation in Australia with Special
Reference to Bioremediation
R.W.L. Kimber. Mine-site Rehabilitation Research Program, CSIRO Division of
Soils, Glen Osmond, 5064. SA. Australia.
Abstract. Minesite rehabilitation in Australia is accepted by the community and by the mining and
mineral processing industries as an important aspect of land management. The Minesite
Rehabilitation Research Program is a major research group within CSIRO that has been given the
responsibility of investigating appropriate means of achieving satisfactory rehabilitation at a variety
of minesites throughout the country. Their work covers problems at uranium, gold, bauxite, coal
and base metals mines and uses a wide range of scientific disciplines in investigating the
rehabilitation of waste rock dumps, tailings dams, mine pits and effluent waters. Bioremediation is a
major part of the total rehabilitation strategy and includes use of microorganisms, microfauna,
algae, and higher plants and animals in detoxification of mine wastes, in encouraging soil formation
processes from these wastes, and in subsequent amelioration of the soils formed. Examples of
bioremediation in reducing effects of acid mine drainage, immobilization of heavy metals and
removal of cyanide as well as other toxins, are given.
Introduction. Rehabilitation is becoming an increasingly important requirement for all current and
new mines in Australia. Government legislation varies throughout the country but generally requires
that the sites be essentially restored during or following mining operations (1,2). The result should
be stable landforms that are in keeping with the surrounding countryside, that sustain growth of
plants indigenous to the area, and that are free from toxic materials. If, however, it is unreasonable
or impractical to expect all of the deleterious materials to be removed from the minesite there must
be clear evidence that rehabilitation strategies do not produce a 'time bomb' to be detonated some
time into the future with major impacts on the local or regional environment. Work of the Minesite
Rehabilitation Research Program has been directed towards understanding the nature of the
problems of rehabilitation from geomechanical, geochemical, biological, chemical, microbiological
and ecological perspectives (3,4). The work of the Program also includes making recommendations
to mining companies on management strategies to be used to ameliorate or prevent environmentally
unacceptable 'final products' at the conclusion of mining operations.
Research Approach. Our approach to a remediation problem, and in particular to bioremediation,
whether it is a tactical problem involving one specific mine, or a problem of more basic research
interest, involves teamwork between scientists of several different disciplines including chemistry,
geology, biology, microbiology, ecology and soil science. The desired outcomes of this team
approach are solutions to rehabilitation problems that will encourage self-sustaining processes to
continue in concert with natural environmental systems in the region long after the miners have left
the site. These strategies must include processes that will not have a deleterious effect on plant
growth due to lack of nutrients, or the production of toxic materials harmful to the general
ecosystem, and even more critically, to humans.
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Research Areas. Our work has extended to gold, uranium, coal, copper, bauxite and base metal
mines and has been directed towards rehabilitation of waste rock dumps and spoil piles, tailings
dams, pits and run-off ponds. These mines are spread across the Australian continent, covering a
wide range of geological strata and climates (Fig. 1), and require diverse approaches to solving
rehabilitation problems. For example, rehabilitation of gold mines at Telfer in the arid region of
northwest Western Australia, far away from any centre of population, requires different solutions
than at the uranium mine at Ranger in the Northern Territory, surrounded by the World Heritage
Kakadu National Park, where high rainfall, and the emotive atmosphere surrounding uranium
mining imposes more stringent limits.
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Fig. 1. Locations of mines where the Minesite Rehabilitation Research Program is carrying out
research.
Rehabilitation Strategies. Bioremediation is only one facet of a total rehabilitation strategy that
may be used to a greater or lesser extent at any particular site, depending on the problem to be
addressed. I will reflect this integrated approach in the discussion of our work in this presentation.
Some of the strategies we are using to ameliorate the harsh biological environments resulting from
mining operations are presented and examples of the results of our researches to date given.
Our work has largely been associated with open cut mining, as this type of mining has the greatest
effect on the environment. Open cut mining produces large holes, ore piles, waste rock dumps (or
spoil heaps), tailings dams and other ponded water areas, all of which require strategies for

339

rehabilitation. In addition there are major issues of erosion and downstream water quality. Effective
rehabilitation strategies vary depending on the type of mine, the nature of the rock mined, the
terrain in which mining is occurring and the local climatic conditions.
Results and General Discussion. Waste Rock Dumps/Spoil Heaps. The constitution of
waste rock dumps and spoil piles varies enormously depending on the type of mine and the
rock/sediment formations from which the ore is won. Firstly, I will discuss work at the Ranger
uranium mine of Energy Resources of Australia Ltd situated in the East Alligator area of the
Northern Territory (Fig. 1) and surrounded by the World Heritage Kakadu National Park.
Rehabilitation strategies here have included characterization of freshly mined waste rock and
comparison with 'mine soils' (ie. soils formed from mine waste materials) as these develop, as well
as aspects of native vegetation establishment utilising cultured symbiotic micro-organisms collected
from the local woodlands. The development of minesoils at this site is an interesting process that
involves weathering of the rock and includes conversion of the minerals muscovite and chlorite to
kaolinite and smectite. This process occurs especially rapidly (significant changes occur within two
or three years) in the tropical conditions. Other forms of chemical and microbiological weathering
give rise to salts from the degradation of sulfide minerals. Although not as abundant in this ore as in
some base metal and gold ores, oxidation of sulfide minerals leads to sulfuric acid generation with
potential for seepage from the dumps of waters rich in Fe, U and base metals.
Table 1. Bacterial species and numbers isolated from the stockpile drainage system at Ranger.

Average viable cells/g silt clay
Total viable Bacillus spp
cells x l(r*
xlO"6
Very low grade
ore drain

Construction
waste stockpile
drain

Waste rock
dump drain

T. thioporus
x 10"6

T. thiooxidans
xlO" 6

T. ferrooxidans
x lfr 6

September

0.42

0.05

0.16

0.05

0.0006

February

26.7

1.99

1.18

0.49

0.13

1.1

0.29

0.38

0.51

0.013

February

46.8

13.69

12.52

3.89

0.49

September

1.65

0.05

0.88

1.0

0.006

February

21.5

3.82

3.36

2.02

0.28

September

Microbial communities are as important in developing soils, such as the minesoils, as they are in
natural soils They are highly sensitive to nutrient and contaminant status, and to physical
disturbance of the site. For this reason, the microbial composition of soils is a good indicator of the
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potential for successful establishment of native flora and fauna. Microorganisms can also influence
the mobility of nutrients and contaminants. Measurement of the microbial composition of sediments
in the drainage systems surrounding the waste rock and low grade ore piles at the Ranger mine have
been used to indicate the relative effects of disturbance and contamination, and the degree to which
microbial communities can cope with these environments (5) Table 1 gives a comparison of types
and numbers of bacteria isolated in dry(September) and wet(February) seasons from the drainage
systems surrounding the ore and waste rock piles. It is interesting to note that where the U level is
higher (very low grade ore drain), at least in the dry season when concentrations of solutes may be
higher, the levels of thiobacilli tend to be lower
An advantage of using microbial communities rather than plant communities is that the same group
of organisms may be isolated from a range of sites, and so differences may be attributed to some
factor found at each site. Often plant communities differ at a range of sites and it is difficult to make
direct comparisons on the effect of certain factors on plant growth or nutrition. Some of our studies
of soils from selected undisturbed sites in the Ranger project area (6, 7) provide a basis for
comparison. For example, we found that although levels of organic matter in the waste rock dumps
are initially very low, low to moderate levels of microbial populations develop within a couple of
years of dumping of waste rock on the land surface, eg. up to 104 to 105 cells/g depending on the
season. Clearly these and other microorganisms play a vital role in the development of minesoils,
their role being associated not only with carbon source material as organic matter levels gradually
build up within the soil, but also in breaking down S-containing material by means of S-oxidising
bacteria found to be present in these environments. Some of our work directed towards assessing
the variability of the microflora found at different sites within the same waste rock heap (6) has
found marked differences in the abundance of three genera (Pseudomonas, 'ITiiobacillus and
Bacillus) between sites. In particular, thiobacilli predominate in minesoils but are lowest in
abundance in native soils, which could be attributed to their low S content. These results reinforce
the need to consider further the functional role of microorganisms in ecosystem reconstruction
Considerable work is currently being carried out by our Program on termites and other soil animals.
The role of termites, for example, in breaking down organic debris and in the formation of stores of
nutrients in soils is well known throughout Australia, but mainly in the north where it is particularly
important. Tests using baits show that termite infestations occur on waste rock dumps that are
supporting only quite young plants
The effects of burning have also been considered as fires are an integral part of the natural
environment in Australia. They are also used in a controlled manner to manage the region
surrounding the Ranger lease following the techniques that Aborigines have traditionally used. The
concept of total exclusion of fire from rehabilitated landforms at minesites throughout much of
Australia is therefore unsound. Observations were made following experimental trials involving
burning segments of the vegetation consisting mainly of Acacia and Eucalyptus species that had
been established on the Ranger waste rock dumps for 2 to 3 years. The Acacia species were less
tolerant to fire than Eucalyptus Whereas regrowth of all species occurs, the burnt areas display a
greater diversity of species including Melaleuca, Acacia, Grevillea and Eucalyptus. The unburnt
areas on the other hand continue to be dominated by Acacia species. Fire management strategies
are currently being studied in order to accelerate the growth of natural native forest ecosystems.
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Mining companies in northern Australia in general have tended, in the past, to rely heavily on
establishing rapidly growing species of tree They have therefore often selected the Acacia species
as they are very fast growing. However, they are often not the dominant species in the natural
ecosystem and are short lived, generally not surviving for longer than 10 years. Eucalypts are a
much better choice as they are normally the dominant species and although slower growing are
generally more resilient and much longer living. The general aim is that the re-established
bioenvironment becomes essentially the same as the surrounding native landscape.
Tailings Dams. Tailings dams represent a much harsher environment physically, chemically and
biologically than waste rock dumps for potential rehabilitation. The residues of mining processing
that are stored in such dams are commonly characterized by extremes of pH and high salt contents,
and contain toxic organic and inorganic material, and labile metals that may include radionuclides.
The materials are usually saturated with water and poorly consolidated, and commonly represent a
most unsuitable environment for growth of plants, as well as being a potential source of toxic
materials, or salts subject to transport into the local environment via dusts or seepage.
Rehabilitation is therefore a formidable challenge. Tailings associated with the Ranger uranium
mine, because of the high pH caused by liming, are gel-like in nature. The high pH has been
maintained to prevent solution transport of residue radionuclides from the tailings dam in the long
term
100
^

Tailings
input level

E

0.001

I I I I I I I I I I I I I I I I I I I I I I I I I I I I'
025
1.2
22
3.2
4.2
5.2
7.2
0.7
1.7
2.7
3.7
4.7
5.7
8.2

Depth(m)
(Moving Average)

Fig. 2. Variation with depth of hydrocarbons in the Ranger tailings dam
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Ranger mine tailings contain hydrocarbons and other organics from the ore extraction processes, in
addition to large quantities of sulfate. Bioremediation has a role in this environment particularly
concerned with the breakdown of the hydrocarbons and in sulfur reduction and oxidation processes
(8, 9). Figure 2 indicates the variation in hydrocarbon level with depth at one site in the tailings dam
and Figure 3 diagrammatically shows some of the oxidative and reductive microbial reactions that
may occur in this high S-content environment. Bands of sulfide have been detected at various
depths. Re-oxidation of this material following dewatering and oxygen permeation could initiate
acid formation and acid mine drainage (AMD), with the consequent release and transport of
radionuclides.
Tailings dams from gold mines utilizing extraction by cyanide leaching contain cyanide in various
forms. One such example is at Pine Creek in the Northern Territory (Fig. 1)(10). This mine
contains relatively low grade ore and has been operating since 1983. Gold has been extracted
largely by CIP (carbon in pulp) extraction processes, but also to a smaller extent by heap leaching.
The ore has been both oxidic and sulfidic. The general processes that occur in gold mine tailings
dams is given in Figure 4.

Fig. 3. Diagrammatic representation of types of microbiological processes that may occur in
Ranger mine tailings dam
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Table 2. A comparison of concentrations of cyanide, iron and copper extracted by 0.01M NaOH
from core samples taken from the Pine Creek mine tailings dam.
Location
Depth, m
0.3
1.0
1.5
2.0
3.0
5.0
6.0
7.0
8.0
9.0
10.0
10.4
12.0
12.5
14.0
20.2

Free - CN
mg/kg
0.43
0.22
0.29
0.38
0.24
0.19
0.25
1.42
0.47
1.10
0.68
0.44
0.75
0.90
1.53
56.3

Total - CN
mg/kg
115
61
66
61
135
62
127
399
144
227
210
51
191
202
248
141

344

Fe
mg/kg
86.6
37.1
57.7
82.1
33.0
56.8
27.1
478
99.5
383
158
74.9
214
218
39.6
73.3

Cu
mg/kg
1.8
0.6
0.9
1.0
1.8
1.3
0.9
10.8
3.2
5.9
5.6
1.9
4.9
6.1
3.9
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Because of the uncharted deposition of tailings, undisturbed cores have been taken using a specially
designed rig to obtain information on the geotechnical and chemical characteristics of the material
at several sites in the dam so as to assess the extent of rehabilitation problems. Water contained
within the dam is the vector for transport of dissolved contaminants into the environment.
Therefore core sampling of the tailings has provided data for assessment of the potential for
pollution of the environment via leaching, which may occur laterally via the dam wall or via
infiltration into the underlying aquifer. Analysis of the cores reveals that total cyanide concentration
varies between 50 and 400 mg/kg with the highest amounts of cyanide in its free form being at the
bottom of the dam. A typical result is given in Table 2. This is of concern because of its potential
for movement through the dam wall into adjacent streams. Free cyanides or complex metal
cyanides may have effects on the local environment. The latter may be broken down to free
cyanides under the influence of UV radiation. Limits for drinking water set by Australian authorities
are 100mg/L of total cyanide for drinking water and 5mg/L of free cyanide for aquatic life.
Analysis of water from seeps and under-wall drains have shown total cyanide levels up to 15mg/L.
The other area of concern is the level of arsenic (~12mg/L, compared with recommended level for
aquatic life of 50/tg/L). Knowledge of the fate of the various forms of these toxic substances once
they have escaped from the dam is, therefore, of particular importance.
In this example a wetland has been proposed to interface between the tailings dam and the stream
which discharges into the native environment. It is expected that during its passage through this
system free cyanide will dissipate into the atmosphere largely because of the approximately neutral
pH. It is anticipated that dissolved metallocyanide complexes will largely be decomposed by
sunlight, and the metal-ion component of these complexes will form insoluble precipitates and be
deposited on'the bed of the pond. The cyanide released will be lost to the atmosphere or degraded
both by abiotic and biologically mediated processes. Any arsenic present is predicted to coprecipitate with ferric hydroxide, released from the iron cyanide complexes, or be sorbed on the
bottom of the pond (10).
HCN
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Fig. 5. Some cyanide degradative processes that occur in tailings dams

345

-

In general, when considering the fate of cyanide, the most important factor is pH of the tailings
environment. At equilibrium gaseous HCN and ionized CN~ are in a ratio of approximately 1:1 at
pH 9. A higher pH increases the ionic proportion of ionic cyanide. Clearly, the lower the solution
pH the greater the proportion of cyanide lost by volatilization of HCN, which may in turn be broken
down photochemically or by biological oxidation. The pH of input solution and sediment to tailings
in such dams is relatively high but not so high that dissipation of cyanide by volatilization is
prejudiced. The cyanide that remains in the dam may be degraded by biological oxidation. Ionic
CN" may also be broken down by biological oxidation to formamide, carbon dioxide and ammonia
sometimes via thiocyanate. Cyanide forms complexes with metals, eg, Ni, Co, Cu, Zn and Fe, and
these are all theoretically subject to biological oxidation. Iron cyanides may also be broken down by
UV light Dimers and trimers of HCN may be present as well in tailings residues and these may be
subject to biological oxidation. The presence of Prussian Blue in and around tailings dams is an
indicator of the presence of cyanide. Anaerobic bacteria may also be involved in sediment reactions
to produce ammonia, ammonium formate, hydrogen sulfide, carbon dioxide and methane. Figure 5
gives a diagrammatic representation of some of the processes involved in degradation of cyanide in
tailings dams.
Evidence for a biological role in the breakdown of cyanide has mainly been indirect and restricted
largely to laboratory experiments. Of the few examples where degradation has been attributed to a
particular bacterial species it has generally been identified as a pseudomonad (11) although other
genera are also likely to play a part in some situations. As with abiotic dissipation of cyanide, pH is
a major factor in determining the numbers of bacteria available as potential cyanide degraders. The
direct relationship that occurs between pH and log of bacterial numbers is shown graphically in
Figure 6. With these general bacteria there is little difference whether cyanide is present or not.

1E7
C/)
i—

CD

^

1E6

E
3
C

1?

1E5

°"

t—

CO

" % ^

•*-»

o
ro

1E4

.

CG

—

9.6

i

—

i

—

9.8

i

—

i

—

t

-

1

10.2

10
DH

• +CN • -CN
Fig. 6. Relationship between bacterial numbers and pH

346

1

1

10.4

1

10.6

Sulfidic ores. In any mining site where sulfidic ores are removed and exposed to oxic
environments, whether in a waste rock dump or in a tailings dam, the potential for microbial
mediated acid formation, AMD, becomes a real concern. The general processes involved are
discussed below. Predictive and preventative procedures for AMD are very important aspects of
long-term minesite rehabilitation strategies and are the subject of much research worldwide (12,
13). Acid formation occurs at a number of minesites throughout Australia and is evident in seepage
from the waste rock dumps at gold, pyrites and coal mines, as well as a disused uranium mine. It is
a particular problem at some sites.
Bioremediation of effluent waters from minesites. Wetlands. Wetlands are increasingly being
proposed as worthwhile techniques to be used to ameliorate waters contaminated with heavy
metals. Fresh water plants, including algae have the ability to sorb or take up heavy metals and in
natural polluted environments have often been shown to contain high levels of potentially toxic
elements such as Pb, Cd, and Hg at least one order of magnitude higher than in the surrounding
sediments and water (14). Sediments, with the aid of microbial processes, also have the potential to
bind toxic materials including heavy metals and prevent them from moving away from the local
polluted areas. In practice the wetland approach may be complex. Firstly, levels of heavy metals in
the system will move from water to plant to sediment depending on the stage of growth of the plant
or the stage of development of anaerobic environments. Such a system will work best if left
relatively undisturbed. Sudden inflow of effluent will upset this balance and reduce the potential for
the system to be effective. Input control is often difficult in high rainfall areas, but these effects may
be overcome to some extent with a more extensive wetland system than would be necessary in a
non-tropical environment. Wetlands are being constructed or being proposed for a number of
minesites around Australia, particularly those that are the most environmentally sensitive and those
where acid mine drainage production is probable.
Biosorption. Leachates from tailings dams and runoff and seepage waters from waste rock dumps
and spoil heaps sometimes contain only small quantities of heavy metals but the water may still
require treatment (polishing) to ensure that the level of pollutants is below the required legal limits.
Besides the wetland approach, a direct method may be to sorb them onto a fungal mat supported on
an inert material. Heavy metals such as uranium and chromium have been successfully removed
using this technique. Although similar in principle to using ion exchange resins, there may be
advantages in the use of fungal mats as they could be far less expensive and can be re-used several
times through batch processing. The sorbed metal can be recovered either by elution with alkali or
by heat destruction of the organic phase with the release of the metal. Experiments in our
laboratories using this process have produced high recoveries of uranium on a wild strain of
Rhizopus supported on perlite. Recoveries from U rich waters of up to 90% at concentration levels
of 3 - 4 mgU/g fungus were achieved when the fungal support was pretreated with sodium
bicarbonate and oven dried at 50°C for 16 hrs (15). Recoveries of this order at the concentration
indicated make the potential for commercial use quite attractive. More research is required in this
area to further assess the viability of the technique in field environments.
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Ecosystem re-establishment The ultimate aim in rehabilitation of a minesite is to re-establish an
ecosystem that deviates as little as possible from that existing pre-mining Each specific aspect of an
ecosystem development depends very much on other aspects Firstly, the substrate must be suitable
for growth of the specific species of plants The waste rock, spoil material or even tailings must be
sufficiently physically stable so that undue erosion from rain and wind will not occur. It must be
able to make available suitable nutrients for sustaining plants as they develop, have an appropriate
pH and be free of substances toxic to the growth of plants
The development of an environment conducive to plant growth containing all the desirable
microflora, microfauna and other inhabitants, as in typical natural soil environments, will not be
rapid Nevertheless, provided the developing soil environment has the obligatory characteristics
noted above, the establishment of any biological species (flora or fauna, micro or macro), will make
it easier for other species to adapt Our work at several minesites has shown that biological regimes
do establish at least to some extent in the most inhospitable environments, and functioning
ecosystems can be re-established, as indicated by rehabilitation of bauxite mines in northern
Australia (16) Microorganisms are always found, albeit sometimes only in very low abundance,
but because they are very adaptable are found under a very wide range of conditions. The role of
microorganisms in ameliorating hostile environments so that they can be tolerated by higher plants
should not be underestimated
Microorganisms play major roles in the release of nutrients and augment chemical breakdown of
both inorganic and organic substrates. They often act far more quickly than direct chemical
oxidative and reductive processes. Mixing and dispersion of released nutrients is assisted more and
more by ants, termites, and other soil animals, as well as higher animals, as the soil develops and as
the microenvironment becomes more benign. Some higher plants will live and grow relatively well
for quite long periods without the full suite of soil organisms being present, but their longevity can
only be assured if a well balanced soil containing significant amounts of organic matter develops.
An increase of soil organic matter may be assisted physically by importation of material, but the
cost effectiveness of this procedure is doubtful Much research is yet required to establish guidelines
for best management practices. One thing is clear: the development of "minesoils" is a very
interesting research field which is currently being pursued by our soil scientists
One important piece of research currently underway involves establishing time frameworks for the
rates of formation of minesoils from waste rock and spoil substrates, and the rates of colonization
of soil organisms and plants of various types from surrounding native forest
Another approach that is being used by our group to enhance nutrient release for plant growth
involves inoculation with mycorrhorizal fungi (7) and also with some species of Bacillus.
Background work to assess the feasibility of using mycorrhizal fungi to assist in the rehabilitation of
waste rock dumps without the need to spread topsoils has been carried out by members of our
Program. The results showed that 82% of all of the native species in areas surrounding the Ranger
mine had mycorrhizal infections Rhizobia and mycorrhizal fungi were found to be ubiquitous in all
undisturbed woodland soils However, they were poorly represented in stockpiled topsoils and in
some of the rudimentary soils forming in the waste rock dump at the mine site. Although acute
deficiencies in P and to a lesser extent N identified in all minesoils limited growth of seedlings, on
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inoculation with Rhizobtum, the N deficiency was completely alleviated, and introduction of the V A
mycorrhi/al fungus, Glomus, partly overcame the P deficiency in Acacia holosericea grown in
young minesoil. Field tests with rhizobium and mycorrhizal inoculation, and glasshouse tests with
Bacillus sp. have indicated that we should continue our research in both these areas. Some
significant results have been seen with Bacillus sp. in glasshouse experiments, but the field plants in
our minesite study areas are still too young to expect any conclusive results.
Coal spoil piles. Spontaneous combustion. By their very nature coal spoil piles present particular
problems in rehabilitation. In Australia, most of the coal producing areas are in agricultural and
pastoral zones with largely temperate climates. Rehabilitation strategies must therefore, in most
instances, show a greater concern for effects on human activity than is the case with the gold mines
that are often in remote locations Coal spoils are different too because they contain significant
amounts of carbonaceous matenal that contain 'potential' toxic substances
Spontaneous combustion occurs in spoil heaps at a number of mines due to infiltration of oxygen
Temperatures up to several hundred degrees have been measured and sometimes the material
catches fire In this situation the potential for the formation and release of phenol and polycyclic
aromatic hydrocarbons (PAHs) becomes an important factor. Some of our work is directed towards
elucidating the level of these pollutants, the conditions under which they are formed and dispersed,
the best ways of ameliorating the problem and management strategies in new mines for preventing
their formation. Preliminary data has indicated that levels of phenols near the source, near hotspots,
are often far above the allowable limit. The extent and rate which these products have migrated
towards water courses requires evaluation as are the rates of breakdown by natural microbiological
processes. The introduction of special phenol or PAH degrading bacteria is being considered, as is
addition of nutrients to facilitate growth of the natural microflora as means of enhancing
degradation rates.
As spontaneous combustion sometimes does not become evident for many years after the spoil heap
has been rehabilitated the effects may also be delayed. The spontaneous heating may affect plants
already growing and retard their growth, or kill them directly due to temperature rise or indirectly
through the formation of toxins. Even in coal spoils not subject to heating the levels of toxic
materials such as phenols released into local streams by leaching of coal spoils by rainwater may be
often be at or near the environmentally acceptable level (1/xg/L).
Acid mine drainage (AMD). Coal spoil piles are also often the source of acid production. Not only
the total sulfur content of the spoil material is important but also the type of sulfur. Pyrite and
natural sulfur are the most readily oxidized and organic-S the least. Nevertheless, under the right
conditions, microbiological oxidation of organic sulfur compounds may contribute to AMD.
Irrespective of the source of the sulfur, the thiobacilli T. thioporus, T. thiooxidans and T.
ferrooxidans are the major species involved in the acid formation process, and their effectiveness
increases with increasing acidity (17). The potential for AMD formation is highest for mining
wastes that have a net acid generating potential (that is, material which has an excess of pyritic
sulfur over potentially neutralizing mineral components such as carbonates or clays). Although
abiotic processes are very important in the production of AMD, once the pH has fallen to between
5 and 2 the thiobacilli take over and the process becomes autocatalytic In fact the process can be

349

thousands of times faster via bacterial catalysis than if they were absent. Clearly if the pH can be
kept above 5, acid mine drainage can be kept under control. This points to the approach for
preventative measures needed to reduce this threat to the environment. As mentioned above, the
involvement of wetlands to ameliorate AMD once formed has great potential. Firstly, because
alkalinity is produced by the decay of organic matter, and secondly, sulfide is produced by the
reduction of sulfate in the anaerobic substratum (18).
Conclusions. Minesite rehabilitation in Australia is increasingly being recognised as important for
an environmentally responsible society. Although areas of landscape affected by mining activities
are very small in comparison to other activities of the human society, such as agriculture and timber
logging, the potential effects are generally more acute in terms of physical and chemical
disturbance, release of biologically toxic materials, removal of ecological sustainable environments,
and alienation of the area to growth of indigenous plants. Corporate responsibility is being
encouraged by legislation, the concerns of special interest groups such as indigenous people, and by
the interest of research groups such as the Minesite Rehabilitation Research Program in CSIRO
The multidisciplinary team approach used by this group has the support of mining companies and
Government. Recently a larger Australian organisation that includes the Mine-site Rehabilitation
Research Program, called The Australian Centre for Minesite Rehabilitation has been established. It
has a specific role in coordinating research on the longer term strategic problems of rehabilitation
facing the mining industry and is expected to play a key role in integrating and focusing research
required for effective minesite rehabilitation.
Acknowledgments. I wish to acknowledge the role of many members of the Minesite
Rehabilitation Research Program who have contributed to the research described in this paper.
Specifically I pay tribute to Dr. Tony Milnes without whom this program would not have come into
being, to Dr. David Jones for work associated with investigations at Pine Creek and other mines, to
Dr Arthur Fordham for AMD work at Ranger Mines, to Drs Paul Reddell and Alistair Spain, and
Sue Joyce for plant ecological studies at Ranger Mines and elsewhere, Dr. Santo Ragusa for
microbiological insights into cyanide degradation, AMD and wetland development and Rita Moen
for in depth studies on the development of a cyanide degrading bacterium and mine water polishing
with fungal mats.
Literature Cited1.
(1) Minesite Rehabilitation Handbook 1990. Australian Mining Industry Council.
(2) Bell, L.C., S.C. Ward, E.D. Kabav, and C.J. Jones 1989 Mine tailings reclamation in Australia
- An overview. Joint symposium by the Canadian Land Reclamation Association and the
American Society for Surface Mining and Reclamation, Calgary, Alberta, August 27-31, 1989,
769-781.
(3) Milnes, A.R. 1990. Minesite rehabilitation research; Strategies for long-term stability of
landscapes. In Geological Society of Australia (Queensland Branch) Symposium, "Geology in
Environmental Management". November 1990, Univ. Queensland.
(4) Unger, C.J. and A.R. Milnes 1992. Rehabilitation at Ranger Uranium Mines p221-231. In I.
Moffatt and A. Webb (ed.) Conservation and Development Issues in Northern Australia. North
Australia Research Unit, Australian National University, Darwin.

350

5) Milnes, A.R., P. Reddell, S. Ragusa, R. Moen, PA. Rosbrook, R.W.L. Kimber, LA
Playfair, and T.A. Beech. 1990. Management of the VLG ore stockpiles, Ranger Project Area
Draft Report to Ranger Mines Pty Ltd, July 1990 12pp, plus tables. CSIRO Minesite
Rehabilitation Research Group.
6) Moen, R. and R.W.L. Kimber. 1989. Preliminary microbiological study of minesoils.
Confidential Report to Ranger Uranium Mines Pty Ltd June 1989. 13pp. CSIRO Minesite
Rehabilitation Research Group.
7) Reddell, P. and A.R. Milnes 1992. Mycorrhizas and other specialized nutrient-acquisition
strategies: their occurrence in woodland plants from Kakadu and their role in rehabilitation of
waste rock dumps at a local uranium mine. Aust. J. Botany 40, 223-242
8) Kimber, R.W.L. and R. Moen. 1992. An investigation of the microbiology and organic
chemistry of tailings - Project 1: Preliminary assessment of hydrocarbon levels and C-utilizing
bacteria in the tailings dam. Report to Ranger Uranium Mines Pty Ltd. June 1992. 5pp. I table 4
figs. CSIRO Minesite Rehabilitation Research Program.
9) Fordham, AW. 1991. Microbial activity in tailings dam. Focus report No. 9 to Ranger Uranium
Mines Pty. Ltd.
10)Jones, DR., A. Fordham, P. Peter, G.D. Sinclair and M. Wright. 1993. Investigations relating
to the decommissioning and rehabilitation of the tailings impoundment. Project Report for Pine
Creek Gold Fields Limited. October 1993. 78pp plus appendices. CSIRO Minesite
Rehabilitation Research Program.
1 l)Knowles C.J. and J.W. Wyatt. 1992. The degradation of cyanide and nitriles. p. 113-138. In
J.C. Fry, G.M Gadd, R.A. Herbert, C.W. Jones and I.A. Watson-Craik (ed.) Microbial
Control of Pollution. Cambridge University Press.
12)Ritcey, G.M. 1989. Process Metallurgy 6. Tailings Management Problems and Solutions in the
Mining Industry. Elsevier, New York.
13)Kleinmann, R.L.P., R.S. Hedin, and H.M. Edenborn. 1991. Biological treatment of mine
water—An overview. In Proceedings Second International Conference on the Abatement of
Acidic Drainage. Vol 4. pp27-42. Quebec Mining Association.
14)Outridge, P.M. and B.N. Noller. 1991 Accumulation of toxic trace elements by freshwater
vascular plants. Reviews of Environmental Contamination and Toxicology, 121:1-63.
15)Moen R, S. Ragusa, and R.W.L. Kimber. 1991. Fungal absorption of uranium from waters.
Preliminary Report to Ranger Mines Pty Ltd. July, 1991. 4pp. CSIRO Minesite Rehabilitation
Research Group.
16) Reddell, P., A.V. Spain, A.R. Milnes, M. Hopkins, C.T. Hignett, S. Joyce, and LA. Playfair.
1992. Bauxite mining and Walyamirri - the return of the living environment. 3. Indicators of
ecosystem recovery. Australian Mining Industry Council 17th Annual Environmental
Workshop 1992 Papers. 115-127.
17)Kelly, B.C. and OH. Tuovinen. 1988. Microbiological oxidations of minerals and mine
tailings, p.33-53. In W. Salomons and U. Förstner (ed.) Chemistry and Biology of Solid
Wastes - Dredged Material and Mine Tailings. Springer Verlag, Berlin, 1988.
18)Jones, D.R. 1993. Acid Mine Drainage - prediction of impact and prospects for control. In
Proceedings RACI 3rd Environmental Chemistry Conference, Perth. Sept. 1993. (in press).
1. Some of the literature cited is of a confidential nature and requires permission of the relevant mine
company for public release..

351

Effect of Sorption on Biodegradation of Organic
Chemicals in Soil
Kate M. Scow. Department of Land, Air and Water Resources, University of
California, Davis, CA 95616, U.S.A.
ABSTRACT. Rales ot biodegradation of sorbed chemicals are usually lower in
soil than in aqueous systems, in part because sorption reduces the availability of the
chemical to microorganisms.. Biodegradation, sorption and diffusion occur
simultaneously and are tightly coupled. In soil, the rate of biodegradation is a
function of a chemical's diffusion coefficient, sorption partition coefficient, the
distance it must diffuse from the site of sorption to microbial populations that can
degrade it, and its biodegradation rate constant. A model (DSB model) was
developed that describes biodegradation of chemicals limited in their availability by
sorption and diffusion. Different kinetics expressions describe biodegradation
depending on whether the reaction is controlled by mass transfer (diffusion and
sorption) or the intrinsic biodegradation rate, and whether biodegradation begins
during or after the process of sorption. In soils varying in organic carbon content,
the biodegradation rate and extent of mineralization of phenanthrene was inversely
correlated with the measured Koc. Phenanthrene degradation was associated with the
smaller size aggregate fractions in a low organic matter soil whereas the distribution
was more uniform in a higher organic soil. The rate of biodegradation of
phenanthrene was significantly higher in a soil that had been receiving cover crop
amendments for 8 years than in an unamended soil. The organic matter was 0.2%
higher and the Koc was lower in the amended than unamended soil. Recently,
considerable research has focused on identification and development of techniques
for enhancing in situ biodegradation of sorbed chemicals. Techniques include the
addition of surfactants, introduction or stimulation of biosurfactant-producing
microorganisms, inoculation with other organisms, and addition of carbon or other
nutrients. Generalizations about surfactants are complicated by the wide range of
possible interactions between a given pollutant, surfactant and microorganism.
INTRODUCTION. Bioremediation of sorbed chemicals is difficult and often only
partially successful. Many of the most persistent environmental pollutants, including
pesticides and industrial organic chemicals, are sorbed to organic matter, clay and
other constituents of soils and sediments. Rates of biodegradation of sorbed
chemicals are usually lower in soil than in aqueous systems, primarily because
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sorption reduces the availability of the chemical to microorganisms.
An
understanding of the factors governing the rate of biodegradation of a chemical
sorbed in soil may increase the likelihood of developing effective bioremediation
methods.
Our understanding of the biodegradation of sorbed chemicals is confounded by the
fact that the term "sorption" is loosely used to describe a variety of interactions
between pollutants and the soil matrix. These interactions include different
mechanisms of adsorption, diffusion, bound residue formation and "aging" of
residues. Multiple processes may affect the same chemical and, in soil, it is difficult
to isolate one process from another. "Adsorption" is the specific term for the
condensation of vapors or solutes on surfaces or pores of a solid by physical or
chemical bonding forces.
Different types of sorption processes include
"hydrophobic sorption" (or partitioning), van der Waals-London interactions,
charge-transfer (e.g. hydrogen bonding), ligand exchange, and ion exchange
reactions. Because many environmental pollutants are nonionic and nonpolar, the
emphasis of this talk is on hydrophobic associations with soil organic matter.
The sorption partition coefficient, Kj or Koc, describes the affinity of a chemical for
a sorbent. Assumptions for using the K(| relationship are that organic matter is the
sorbent; there are no specific reactions between sorbent and chemical; sorption is
instantaneous, reaches an equilibrium, and is reversible; and the sorption isotherm is
linear. In reality, however, some chemicals (e.g. many pesticides) have polar
functional groups which may form chemical bonds with soil organic matter. Clay
may contribute to sorption, particularly in surface soils with low organic matter
contents and in subsurface material. Organic matter may differ in its quality and
ability to sorb. Over time, Ka values often increase due to formation of bound or
"aged" residues. Bound residues result from the formation of covalent bonds
between a pollutant and organic matter. Aging is a commonly observed, yet poorly
understood, field phenomenon where a pollutant becomes increasingly difficult to
extract from soil over time. Both of these processes, unlike sorption, lead to
apparently irreversible associations between the pollutant and soil. In soil, sorption
is usually nonequilibrium because rates of adsorption and desorption are limited by
diffusion of the chemical between the solution and sorbed phase. Sorption and
diffusion are practically inseparable processes in soils at field moisture levels.
Diffusion may contribute less to sorption in soil slurries or suspended sediments.
There are many unknowns about the microbial populations that biodegrade sorbed
chemicals in soil. For example, what is the spatial distribution of microorganisms
able to degrade sorbed chemicals; is it equivalent to the distribution of the sorbed
chemical? How do organisms maintain themselves on the very low solution
concentrations that are characteristic of strongly sorbed chemicals? Can only the
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solution phase of the chemical be used or are there situations when the sorbed phase
is used directly?
The purpose of this paper is to present a theoretical background and a modeling
approach for describing the coupled processes of sorption, diffusion and
biodegradation; to present results of experiments concerning the biodegradation of
sorbed chemicals in defined systems and in soil; to describe some of the physical and
biological factors influencing the biodegradation rate of sorbed chemicals; and to
discuss approaches for enhancing biodegradation of sorbed chemicals.
RESULTS AND DISCUSSION.
Theoretical background.
In soil, biodegradation, sorption and diffusion occur
simultaneously and are tightly coupled (2). To help understand the interactions
among these processes, a model (DSB model) was developed that describes
biodegradation of chemicals limited in their availability by sorption and diffusion
(5). The model assumes diffusion is described by Fick's second law, sorption by a
linear isotherm, and biodegradation by any of various rate equations that can be
derived from the Monod equation, including first-order kinetics. Other assumptions
are that only the solution phase of the chemical is used, microorganisms are excluded
from inside the aggregates, sorption is instantaneous once the chemical diffuses to
the sorption site, and there is no surface diffusion. The assumption that the sorbed
phase cannot be used by microorganisms is debatable and requires additional
research. However, on an aggregate scale, most aerobic organisms and microbial
activity appear to be associated with the outer layers and populations in inner regions
are limited by diffusion of substrate, nutrients and oxygen. Model simulations were
compared to experimental data measured in several well-defined experimental
systems (4). Using physical and biological measurements from the systems as input
parameters, the simulations were similar to measured data describing biodegradation
of phenol by a pure culture of Pseudomonas sp. in the presence of kiln-fired ciay
aggregates, as well as in other well-defined systems.
Sensitivity analyses were performed using the DSB model to determine the
dependence of a chemical's apparent half-life on soil physical and chemical
properties (1). In soil, the rate of biodegradation is a function of a chemical's
diffusion coefficient, sorption partition coefficient, the distance it must diffuse from
the site of sorption to microbial populations that can degrade it, and its
biodegradation rate constant. Different kinetics expressions describe biodegradation
depending on whether the reaction is controlled by mass transfer (diffusion and
sorption) or the intrinsic biodegradation rate, and whether the chemical starts out as
sorbed (inside the aggregate) or not sorbed (in the outside solution) (Fig. 1). The (J)
depicted on the graphs is a dimensionless term consisting of the diffusivity, the
biodegradation rate constant, aggregate radius, and adsorption capacity. In this case,
(f) represents the magnitude of the sorption partition coefficient. If biodegradation is
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rapid relative to the mass transfer rate, there is little impact of sorption on the rate
of degradation of a chemical starting out in the solution phase; however, sorption is
more important if the chemical is already sorbed. For chemicals starting out in
solution and with slower degradation rates, initially there is a brief and rapid rate of
biodegradation of the chemical available in solution. Once most of the solution
concentration has been depleted by biodegradation or diffusion into the aggregate,
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Fig. 1. Simulations of the biodegradation of a chemical limited in availability by diffusion and
sorption (Adapted from Ref. 1)

there is a much slower rate of biodegradation controlled by mass transfer of the
chemical back out of the aggregate. When the chemical starts out sorbed, an
increase in the sorption partition coefficient changes the kinetics of biodegradation
from first order to zero order within the simulated time period. Considering that
many organic pollutants sorb strongly and numerous soils have some degree of
aggregation and organic matter, taking into account the physical and chemical
processes affecting a chemical's concentration may improve mathematical models of
the kinetics of biodegradation in soil.
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Model predictions and measured data were compared for several experiments
conducted in soil or soil slurries. The model compared well with data depicting
biodegradation of a low concentration of para-nitrophenol by indigenous microbial
populations in soil amended with artificial sorbent, in this case hydrophobic
chromatography beads. Increasing the ratio of solution to soil from 1:0.16 to 10:1
resulted in higher rates of degradation of phenanthrene by soil populations; the
model showed similar trends. The model also supported the conclusions from two
studies conducted by other investigators on the biodegradation of sorbed chemicals
in soil slurries (1).
Soil studies. Experiments were conducted to determine if there is a relationship
between sorption and biodegradation in similar soil types varying in their organic
matter content. The biodegradation of a low concentration of phenanthrene was
measured in soils with relatively high organic matter contents, ranging from 5 to
18%. Measured Koc values for phenanthrene in these soils varied over a factor of
two. The population density of phenanthrene-degrading microorganisms was similar
in the soils and high enough that the added phenanthrene could not support net
growth of the population. There was no relationship between the biodegradation
rate and the soil organic matter content; however, biodegradation rate and extent of
mineralization was inversely correlated with the measured Koc.

Fig. 2. Biodegradation of 50 ppb phenanthrene in soils with different organic matter contents.

356

It becomes increasingly difficult to extract many chemicals the longer they have been
in contact with soil. The reduction in extractability, called aging, is associated with a
decrease in the biodegradability of the chemicals. This phenomenon has been
observed for ethylene dibromide (6) and other volatile chemicals. Phenanthrene
incubated for 1 week in sterile soil suspended in a slurry was not degraded by a pure
culture of Coryne'bacterium diptirhicerium, whereas the same concentration recently
added to sterile soil was readily degraded (Fig. 3). Also the rate of biodegradation
of phenanthrene incubated in sterile soil under unsaturated conditions decreased as
the time of contact between the chemical and the soil increased before inoculation
with C. diptirhicerium.
Slurrying of the soil enhanced the rate of formation of
unextractable residues.

N

0)

Fig. 3. Effect of aging on biodegradation of 50 ppb phenanthrene in soil slurry.

Biodegradation requires close proximity between a pollutant and the organisms
capable of its metabolism. In soil, however, the spatial distributions of microbial
populations and sorbed chemical substrates are heterogeneous and not necessarily
equivalent. Biodegradation of phenanthrene was measured in two soils differing in
organic matter content and aggregate size distribution. The distribution of
phenanthrene and populations of potential phenanthrene degraders were measured in
aggregates of soil ranging from <0.5 to 2 mm. Following biodegradation in
nonsterile soil, the distribution of radiolabeled C in different aggregate size fractions
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was measured using a modified fumigation-extraction technique to estimate where
phenanthrene-derived carbon was assimilated by microbial populations.
Phenanthrene degradation was associated with the smaller size fractions in the low
organic soil (Yolo) whereas the distribution was more uniform in the high organic
soil (McCarthy) (Fig. 4).

< 0.5 mm

0.5-1 mm

1-2 mm

> 2 mm

Fig. 4. Distribution of microbially-associated l4C (by fumigation-extraction) after biodegradation of
radiolabeled phenanthrene in two soils.

Biodegradation of phenanthrene was measured in the same soil type collected from
two agricultural fields. One field had received organic amendments in the form of
vetch for the past 8 years; the other field had received mineral fertilizer and no
organic amendments. The rate of biodegradation was significantly higher in the
amended than in the unamended soil. There were several differences between the
two soils. The organic matter was 0.2% higher and the Koc was lower in the
amended than unamended soil. The initial population density of both total
heterotrophic bacteria and phenanthrene degraders was over an order of magnitude
higher in the amended soil. The distribution of phenanthrene in different
components (solution, clay, humic and fulvic, and humin fractions) was, however,
similar for the two sterilized soils.
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Addition of halloysite and nontronite to Yolo silt loam increased the rate and extent
of biodegradation of phenanthrene. Kaolinite slightly increased the rate and
montmorillonite slightly decreased the rate of degradation. Adsorption isotherms
were linear and the calculated Kd values were 59, 69, 79 and 102 for nontronite,
kaolinite, montmorillonite amended and unamended soil. There was a weak
relationship between the extent of mineralization and the partition coefficient for
phenanthrene in soil amended with the clay. Specific surface areas of the minerals as
determined by N2-BET were 52.7, 34.8, 24.6, 7.1, and 21.9 m2/g for nontronite,
halloysite, montmorillonite, kaolinite, and Yolo soil, respectively. Thus, the two
clays showing the greatest stimulation of phenanthrene degradation had the higher
surface areas. Mineral nutrients were added to soil to test whether the stimulation
from clay could be explained by a nutrient effect; however, nutrient addition slightly
lowered the rate of degradation of phenanthrene. Addition of clay caused a change
in the distribution of phenanthrene in different fractions of sterile soil. In
unamended soil, 6% was in clay, 35% in humic and fulvic acids, and 47% in the
humin fraction. In soil amended with nontronite, 6% was in clay, 20% in humic and
fulvic acids, and 71% in the humin fraction. In soil amended with kaolinite, 30%
was in clay, 26% in humic and fulvic acids, and 30% in humin.
Enhancement of biodegradation.
Recently, considerable research has focused
on identification and development of techniques for enhancing in situ biodegradation
of sorbed chemicals. One such technique is the addition of surfactants to increase
desorption of pollutants in soil. Generalizations about surfactants are complicated by
the wide range of possible interactions between a given pollutant, surfactant and
microorganism. Though the objective of adding surfactants is to enhance
biodegradation rates, addition of certain surfactants may actually decrease or inhibit
biodegradation and this may be a function of the particular sorbed chemical. Some
surfactants are toxic to microorganisms and other biota at the concentrations needed
to be effective. Microbially produced biosurfactants are of particular interest
because they can be produced in situ, are biodegradable, and may be more
economical than externally-added surfactants. Other methods for enhancement
include inoculation with microorganisms and amendment with additional carbon and
energy sources.
Amendment of soil with the detergent, Tween 80, at the beginning of an experiment
resulted in a slight stimulation of naphthalene mineralization within the first 16 h of
incubation. Addition of Tween after 100 h of incubation with napthalene had no
effect on subsequent degradation.
The actinomycete, Corynebacterium pseudodiphtherUicum, was re-introduced into
naphthalene-amended soil from which it was isolated.
Addition of C.
pseudodiphtheriticum caused a significant enhancement in both the initial and second
phase rate of degradation in nonsterile soil. By 1580 h, approximately 52% of the
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naphthalene had been mineralized to CO2. whereas 38% had degraded in
uninoculated soil. In the sterile soil, by 1580 h the organism degraded 32% of the
added napthalene after a 50 h lag period.
CONCLUSIONS. Many pollutants assumed to be sorbed to soil may also have
irreversible or partially reversible interactions with soil particles, or their
availability to microorganisms may be limited by diffusion rather than purely
desorption. Theory developed for simple sorption may not be applicable to many
bioremediation conditions. Numerous research questions remain to be explored,
such as: i) what are the different mechanisms involved in pollutant-soil interactions
and do they differ in their impact on bioavailability, ii) what is the spatial
distribution of sorbed pollutants and microbial populations in the soil matrix, iii)
what specific properties of microorganisms (e.g. surfactant production, ability to
attach, ability to use the sorbed phase directly) may enhance the degradation of
sorbed pollutants, and iv) to enhance in situ biodegradation rates, what physical
treatments of soil at field moisture levels increase bioavailability without adversely
affecting microbial populations or the environment.
New methods are needed to study the biodegradation of sorbed pollutants in soil
because existing approaches, such as use of soil slurries, may significantly alter soil
properties (e.g. available carbon, access to sorption sites), decrease the time needed
for sorption to reach equilibrium, and are not representative of field conditions.
Especially needed are non-invasive techniques that preserve the physical distribution
of microorganisms and pollutants in soil and do not destroy soil structure.
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Using Plants to Clean Up Heavy Metals in Soils
S.P. McGrath1, CM. Sidoli1, A.J.M. Baker2 & RD. Reeves3 AFRC Institute of
Arable Crops Research, Rothamsted Experimental Station, Harpenden, Herts.,
AL5 2JQ, UK;2 University of Sheffield, PO Box 601, Sheffield S10 2UQ, UK;
3
Massey University, Palmerston North, New Zealand
Introduction. Decontamination of soils polluted with heavy metals remains one of the
most intractable problems of clean-up technology. Currently available techniques include
either extraction of the metals by physical and chemical means, such as acid-leaching and
electro-osmosis, or immobilization by, for example, vitrification. All these methods are
expensive and require special equipment and operators. They also remove all biological
activity from the treated material and adversely affect its physical structure. There are
presently no techniques for clean-up which are low cost and retain soil fertility after
metal removal.
A small but growing number of plants native to metalliferous soils are being
discovered which are capable of accumulating extremely high concentrations of metals
in their above-ground portions. The criteria for classifying plants as hyper accumulators
are given in Table 1, along with the numbers of such species known in 1993.
Table 1. Metal hyperaccumulators, 1993 (after Baker and Brooks, 1993)
Metal

Cadmium
Cobalt
Copper
Lead
Nickel
Manganese
Zinc

Criterion
(% in leaf dry
matter)

No. of taxa

No. of families

> 0.01
> 0.1
> 0.1
> 0.1
> 0.1
> 1.0
> 1.0

1
26
24
5
240
8
18

1
12
11
3
34
5
5

Materials and Methods. We chose a field experiment where metal-contaminated sludge
from London was applied for 20 years (Baker and McGrath, 1991). Ten species were
grown to test their efficiency of removal of metals in harvested above-ground biomass.
This was compared with the removal by the crop species radish and oilseed rape.
Results and Discussion. Table 2 shows names of the test plants and the results for Zn,
including the concentrations in the plants and the number of croppings required to
reduce the soil zinc to acceptable levels if the rate of removal remains constant.
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Table 2. Removal of zinc and the number of croppings to reduce the soil zinc to 300 mg
kg 1 .
Plant species

Plant uptake
(kg ha'1)

Removal as % of
annual permitted
addition rate

Number
of
croppings

Hyperaccumulator species:
Thlaspi caemlescens (pop B)
T. caemlescens (pop A)
Cardatninopsis halleri
Afyssum tenium
A. lesbiacum
A. murale
T. ochroleucum

43
24
7.8
4.7
4.0
3.6
1.6

286
157
'52
29
6
24
10

9
16
48
88
96
105
254

Non-accumulating species:
Cochlearia pyrenaica
Brassica napus (oilseed rape)
Raphanus sativus (radish)

0.6
0.5
0.2

4
3
1

622
832
2046

This method shows promise for cleaning a modestly polluted site, in situations
where the remediation can be considered over a number of years. Potential
improvements to the efficiency are now being examined. A limitation was that this site
was not very contaminated with nickel or cadmium, so the removal rates of these metals
were low (20-100 croppings required). The modest copper contamination was not dealt
with, as no temperate species which hyperaccumulate this metal have yet been found.
The specificity of metal accumulation is not absolute, so that other metals not
present in the native soils of hyperaccumulator plants can also be accumulated to high
concentrations in the plants. Mixtures of species might be grown in future rather than
the monocultures used in the above tests, in order to remove several metals
simultaneously where there is multiple contamination, as is usually the case at polluted
sites.
Consideration must be given to the disposal of the large quantities of harvested
metal-enriched biomass. One possibility would be to reduce the mass by means of a
controlled, low-temperature ashing procedure whereby metals would be further
concentrated into the ash. Concentrations of between 10-20% metals (as their simple
oxides) could be achieved which might allow economic biorecovery, and hence recycling,
of metals. An alternative would be to treat the concentrate as a hazardous waste by
more conventional disposal to landfill.
Literature Cited
Baker A. J. M. and R. R. Brooks (1993) Terrestrial higher plants which hyperaccumulate
metallic elements - a review of their distribution, ecology and phytochemistry.
Biorecovery, 1, 81-126.
Baker A. J. M. and McGrath S. P. (1991) In In Situ Bioreclamation (R. E. Hinchee and
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Anaerobic Degradation of Aromatic Chlorinated and
Gasoline Compounds in Soils and Aquifers
James M. Tiedje, Marcos Fries, Joanne Chee-Sanford and James Cole.
Center for Microbial Ecology, Michigan State University, East Lansing,
Michigan, 48824, USA
Abstract. Oxygen is usually the limiting factor in bioremediation of soil and aquifers
contaminated with organic pollutants. One can either add oxygen or determine if
anaerobic microbial processes remove the chemicals. The capability of anaerobes for
bioremediation has been ignored until recently. It is now known that many chlorinated
chemicals, including PCBs, chlorinated phenols, chlorinated benzoates and many
pesticides, can be reductively dechlorinated under anaerobic conditions. New genera
have been described that carry out dechlorination by a new process known as
chlorolrespiration. Many of the legally regulated gasoline components, principally
benzene, toluene, ethylbenzene and xylene (BTEX) can also be removed under
completely anaerobic conditions. Toluene degradation under denitrifying conditions was
found to be carried out by a new group of organisms found in a wide variety of habitats
from different regions of the world, suggesting that the organisms with the capacity for
this process are wide-spread.
Introduction. Research on bioremediation should consist of a continuum ranging from
discovery to characterization to development to demonstration. The pressure to
immediately solve problems often skew research programs to the application side,
whether or not this is appropriate for the state of knowledge and the particular problem.
However, many hazardous waste problems are complex and difficult and in great need of
basic research to provide the breakthroughs so that these problems can potentially be
solved in a more cost effective manner. The scientific community needs to articulate the
value of a comprehensive and balanced research program so that a great variety of
problems may eventually be solved by biological technology. Since bioremediation is
usually the cheapest remediation technology, it is likely to be particularly valuable in less
cash rich economies. Thus, a comprehensive research program needs to be practiced and
shared on a world-wide basis.
In the U.S., two classes of bioremediation technologies have been recognized: engineered
and non-engineered, which is termed intrinsic (National Research Council, 1993). In the
former, some form of engineering intervention is used to cause or enhance the
remediation, such as adding oxygen, nutrients, surfactants, or organisms. Intrinsic
remediation, relies on the natural community and its resources to remove the pollutant.
To practice the latter, considerable knowledge is needed about the process and
environment to document that bioremediation rather than dilution or an unknown
hydrologie fate is responsible for contaminant removal. The important point is that both
types of technologies are recognized remediation technologies, but each must be applied
for chemicals and conditions that are appropriate and tested.
The most common environmental limitation to remediation of pollutants in soils is
insufficient oxygen. Many biodegrading organisms are aerobes and with sufficient
oxygen will grow and convert the pollutant to CO2. However, oxygen solubility in water
is low and its diffusion through wet porous matrices, e.g., soil, is slow. The aquifer
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quickly becomes anaerobic even when relatively small amounts of available carbon are
present. One engineered solution is to add air, O2 or H2Q2 by infiltration, sparging or to
draw air through soil by vacuum extraction of the gas phase. The other approach, are an
example of discovery research, is to explore whether new anaerobic processes might be
used to degrade these compounds in the absence of oxygen. In recent years there has
been a great advance in the discovery of anaerobic biodegradation processes, and in some
cases the discovery of new organisms that carry out these processes. Our laboratory has
conducted research that has lead to the discovery of the anaerobic degradation of two
classes of compounds, the chlorol aromatics and the BTEX compounds.
Reductive dechlorination. Chlorinated organic chemicals probably constitute half of the
environmental organic pollutant problems in the world today. The ability of aerobic
microorganisms to degrade these chemicals is often limited by chlorine blocking the site
of enzymatic attack. Consequently, some of these compounds are persistent in the
environment. In the last decade, the ability of anaerobic microorganisms to reductively
dechlorinate some of these chemicals has become more widely recognized. This process
has the following advantages: (i) reduction in the degree of chlorination making the
product more susceptible to mineralization by aerobic microorganisms if it is not
completely degraded by the anaerobic community, (ii) reduction in toxicity of the parent
compound, and (iii) the relative ease of establishment of the appropriate in situ conditions
conducive of dechlorination in many environments that contain these pollutants, i.e.,
principally, establishment of anaerobic conditions which usually occurs following water
saturation of soils and sediments. Hence, reductive dechlorination is important and often
an economically feasible technology to be considered for remediation of chlorinated
pollutants.
It is now becoming the rule rather than the exception to find that an organochlorine
compound is reductively dechlorinated. More than 50 organochlorine compounds have
now been shown to be reductively dechlorinated, including many organochlorine
pesticides (e.g., DDT, heptachlor, alaclor, 2,4-D), chlorinated solvents (e.g., PCE, TCE,
CHCI3, TCA), and arylhalides (e.g., PCB, chlorobenzenes, chloroguaiacols,
chloroanilines) (Kuhn and Suflita, 1989; Mohn and Tiedje, 1992; and Vogel et. al., 1987).
From these studies and others, the following important generalizations can be made:
1. Microorganisms capable of reductive dechlorination seem to be relatively ubiquitous in
nature, at least in anaerobic environments. The presence of these organisms in aerobic
environments is not yet well investigated.
2. Reductive dechlorination requires anaerobic conditions, with a few exceptions.
3. Reductive dechlorination is a relatively slow process, with rate measurements often in
terms of days to weeks, but it is not so slow as to be considered unfeasible, especially for
in situ treatment.
4. In general, there appears to be a specificity between particular dechlorinating
populations and particular chemicals. There is yet no evidence for broad spectrum
dechlorinators.
5. Most dechlorinating cultures are consortia (mixed natural communities) and it has been
very difficult to isolate in pure culture active dechlorinators from such communities.
Thus, fermentor scale growth for inoculum to stimulate bioremediation is not yet feasible.
Some of these reductive dechlorination reactions are the result of a new form of
respiration, chlorolrespiration, in which the dechlorination reaction serves as an electron
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acceptor and this oxidation is coupled to ATP synthesis resulting in growth (Dolfing and
Tiedje, 1987 and Mohn and Tiedje, 1991). Chlorolrespiration is a favorable process
because it provides a selective advantage to those organisms capable of the process.
These organisms will grow at the expense of a chlorinated resource. Our laboratory has
isolated two new genera of organisms that grow using chlorobenzoates and
chlorophenols, respectively, as their electron acceptor. The first group converts metachlorobenzoate to chloride and benzoate using H2, formate or pyruvate as reductants.
This organism is an obligate anaerobe and a member of the sulfate reducing family of
bacteria. It has been described as a new genus, Desulfomonile (DeWeerd et. al., 1990).
This organism is also known to dechlorinate the chlorinated solvents, tetrachloroethene
(PCE) and trichloroethene (TCE). The second group of organisms converts orthochlorophenol to phenol and probably chloride using H2 or formate as reductants. This
dechlorination occurs only under anaerobic conditions, but the organism is also capable
of aerobic growth. This organism is most closely related to myxobacteria, but is
sufficiently different to represent a new but yet unnamed genus. These pure cultures are
the primary resources available for understanding the physiology, biochemistry and
genetics of dechlorination. These more basic studies could provide the characterization
of reductive dechlorination necessary to determine how to effectively implement this
process in nature. These are examples of newly discovered processes and organisms, but
they are not yet sufficiently understood so that reductive dechlorination can be generally
implemented.
One example of reductive dechlorination of practical value that can be practiced as
intrinsic remediation is the dechlorination of PCBs. The PCB congeners in the
commercial Aroclor mixtures can be reductively dechlorinated in the meta and para
positions forming lesser chlorinated PCBs (Quensen et. al., 1988). This process is carried
out by members of anaerobic consortia that frequently occur in sediments, but no isolate
has yet been shown to be capable of this process. This process does not destroy PCBs,
but it does reduce their toxicity and make products that are more readily subject to attack
by aerobic organisms biphenyl dioxygenase activity (Tiedje et. al., 1994).
c
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Figure 1. Anaerobic reductive dechlorination of a soil contaminated by a transformer spill of Aroclor 1254.
The left figure shows dechlorination when the soil was made anaerobic and the right figure shows
dechlorination when the soil was inoculated with PCB-dechlorinating organisms eluted from the Hudson
River and mixed 1:1 with clean Hudson River sediment. (From Tiedje, et. al., 1994).
Intrinsic PCB dechlorination followed by aeration for the oxidation of dechlorination
products has been shown in a field experiment to reduce the concentration of PCBs in
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sediment (Harkness, et. al., 1993). An example of remediation of soil contaminated with
PCBs from an old transformer spill is shown in Figure 1. In this case anaerobic
sediments harboring PCB dechlorinating microbes were mixed 50:50 with soil
contaminated with PCBs. Substantial dechlorination of one of the highly chlorinated
Aroclors, Aroclor 1254, was observed, but only in the soil inoculated with sediment.
This is an example of a simple scheme for remediation of PCB contaminated soils.
Bioremediation of BTEX. The microorganisms that degrade the regulated gasoline
components, namely benzene, toluene, ethylbenzene, and the xylenes (BTEX), are among
the most frequent biodegrading organisms in nature. The frequency in most soils of these
bacteria is in the order of 1 per 100 culturable bacteria. Since most surface soils have in
the range of 106 to 107 bacteria per gram, that would mean these soils would have 10,000
to 100,000 organisms capable of degrading these chemicals per gram of soil. It follows
then from this diagram that implementation of remediation technologies for treatment of
these materials does not require the addition of organisms, but understanding the
environmental conditions that are important for successful remediation. The
environmental condition that is most limiting is usually oxygen, since its water solubility
is rather limited (8 mg/L) and its rate of diffusion from the surface through the saturated
porous matrix is inhibited. Therefore, it is important to understand whether these
compounds can also be degraded in the absence of oxygen. Our research has focused on
providing more information about the distribution, diversity and activity of anaerobic
toluene degrading organisms. An attractive feature about the remediation of gasoline
contamination, as illustrated by the above diagram, is that the time to implementation of
this technology is short-range, often within months. Indeed, there are a number of vapor
extraction and air sparging technologies in practice today; probably all of these include
bioremediation as a component of their effectiveness.
It is useful to divide the bioremediation of these compounds into three categories based
on the major condition that controls the process, namely the amount and presence of
oxygen. These three conditions are fully aerobic, hypoxic or microaerophillic, and
anaerobic which is defined as the total absence of O2. The aerobic biodegradation of
these compounds is best known and illustrated by the information provided above. These
organisms are widely dispersed in nature likely occurring in every gram of soil, unless
that soil is too heavily contaminated with toxic chemicals for life to survive. The
organisms are also present in very high numbers and they probably represent a substantial
amount of diversity, e.g., perhaps 1,000 different genotypes of benzene degraders in a
gram of soil. This diversity provides for a more robust process because some of these
organisms may be specialized for metabolizing low concentrations of benzene, others for
high concentrations, some tolerant to low pH, some tolerant to toxic metals and some
resistant to protozoan grazing, as examples of useful diversity that might be in this
community. The limitation to successful aerobic bioremediation of BTEX is usually the
supply of oxygen. Secondary limitations might be extremes of pH, salt, and chemical
toxicity. Extensive field experience with remediation of plumes contaminated with
gasoline has shown BTEX to be degraded when the O2 concentration of the groundwater
is above 1-2 ppm (Salanitro, 1993). Under these conditions, the rate of BTEX removal is
0.5-1.5% per day, and the plume is often stabilized or shrinking. Under these conditions,
intrinsic remediation may be practiced and engineered solutions are not required.
The second category is those organisms that are able to biodegrade BTEX but under
limited oxygen conditions. These organisms have been extensively studied in the
laboratory of Dr. R.H. Olsen at the University of Michigan (Kukor and Olsen, 1990;
Mikesell et. al., 1991; Mikesell et. al„ 1993). He has found some organisms that
effectively degrade BTEX compounds when the oxygen concentration is 2 mg/L or less,
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which is about 25% of the oxygen concentration present in air saturated water. Some of
these organisms also have the capacity to use nitrate as their electron accepter; these are
known as denitrifiers. Thus nitrate can have an "oxygen sparing" effect on BTEX
metabolism. The principle is that these organisms would use O2 primarily for the initial
oxygenase requiring reactions, but the subsequent oxidation of the intermediate products
would be achieved using nitrate as the terminal electron accepter. Thus, in these
organisms, the total amount of oxygen that is required for BTEX metabolism is
substantially less than for the normally studied aerobic biodegrading organisms. You
might expect to find these organisms on the edge of petroleum plumes, and particularly if
nitrate is also present in the groundwater.
The third group of organisms is those that can metabolize BTEX compounds in the
complete absence of molecular oxygen. These organisms have an alternative biochemical
mechanism to oxidize the aromatic ring without using molecular oxygen to activate the
reaction. This is a very unique type of biochemistry that is not yet understood, but of
great interest for basic studies. The existence of such organisms in samples of soil,
aquifer and sewage, has been demonstrated in several studies (Kuhn et. al., 1985; Zeyer
et. al., 1986; Grbic-Galic and Vogel, 1987; Major et. al., 1988; Hutchins, 1991 a,b;
Edwards et. al., 1992; Edwards and Grbic-Galic, 1992). More recently, some of these
organisms have been isolated in pure culture. Some of these organisms can use ferric
iron, (Lovley et. al., 1989,1990), nitrate, (Dolfing et. al., 1990; Evans et. al., 1991;
Schocher et. al., 1991; Evans et. al., 1992) and sulfate, (Edwards et. al., 1993) as their
electron accepter. Of the BTEX compounds, toluene is the component that is most
readily degraded in the absence of oxygen. However, the xylenes and ethylbenzene have
also been shown to be degraded. Benzene is the most difficult to degrade, although, there
is conclusive proof that benzene is degraded in the complete absence of oxygen, but at a
much slower rate than found for the other three groups of compounds (Edwards and
Grbic-Galic, 1992). The greatest difficulty of implementing BTEX bioremediation under
anaerobic conditions, can be expected to be the degradation of benzene. However, it has
been clearly demonstrated that such organisms do exist and so the process should not be
ruled out.
Our work has focused on the study of toluene degradation by denitrifying bacteria. These
studies show the wide-spread distribution of these organisms in nature and that the
degradation indeed occurs in the complete absence of 02- Table 1 summarizes the four
Table 1. Characteristics of known isolates grown on toluene under denitrifying conditions.

Isolate

Identification

K172

Pseudomonas
sp.

T

Pseudomonas
sp.

T1

Gr(-)rods,
ox.(+), cat.(+),
peritrichous
flagella

+O21

+NO3-2

Doubling
Tlme(Hrs)

Rate

Cell Yield

(ijmol-min"' *g
protein"1)

(g-mo t o r 1 )

Growth
Conditions

Proposed
Pathway

Reference

pH7.8, N2

Altenschmidt
andFuchs, 1991
Schocher at.al.,
1991
Schocher eta/.,
1991

+

24

20-50

57

28°C-30°C

methyl
group
oxidation

+

+

7-20

5-12

603

pH 7.8, N2
28°C-30°C

methyl
group
oxidation

+

+

NR

56

771

pH 7.5,
N2/C02,
30°C

acetyl CoA
attack on
methyl
group

Evans et. al.,
1991
Evanset.a/.,
1992

50

pH 7.0, Ar,
30°C

methyl
group
oxidation

Chee-Sanford
eta/., 1992

Gr(-), ox.(+),
cat.(+), motile
+
+
43
50
rods
'Ability of cells to grow on toluene using oxygen as the electron acceptor.
2
Ability of cells to grow on toluene using nitrate as the electron acceptor.
3
N20 used as the electron acceptor
4
Calculated from reported mass balance data
NR=Not reported
Tol-4
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strains that have been most extensively studied for anaerobic toluene degradation. Three
of these strains can also degrade toluene under aerobic conditions. The growth rate varies
significantly, however, the transformation rate and cell yield are of similar order of
magnitude for all four isolates.
The organism isolated by our laboratory is strain Tol-4. It was isolated from a BTEX
contaminated aquifer in Northern Michigan. The isolate was obtained after successive
transfers under strict anaerobic conditions in the presence of toluene and nitrate. This
organism has the ability to grow on toluene as the sole carbon substrate, without the need
for growth factors. We demonstrated that Tol-4 could grow in the complete absence of
O2 by growth in an iron sulfide reduced medium under a head space of argon which had
been scrubbed over hot copper to remove any traces of oxygen. Tol-4 has a much faster
growth rate than the other three isolates, making it particularly useful for further study.
Tol-4 is a motile, gram negative rod that is catalase and oxidase positive. It does not
grow aerobically on complex media, and therefore would not be detected by the typical
media used to assay microbial populations.
We also performed mass balance studies and, based on those results, we have defined the
following stoichiometry.
C7H8+5.4 NO3-+O.44 NH3+5.4H+—>4.8 C02+2.7 N2+9.7 H2O+0.44 C5H7O2N
These balances also show that no oxygen was used by the organism to produce the
measured products. The major stoichiometry is in close agreement with the theoretical
stoichiometry for anaerobic oxidation of toluene.
Since anaerobic BTEX degrading organisms have been very difficult to isolate, and only
a few are in culture, it could be that they are rare in nature and if so, anaerobic
remediation using this process would depend on inoculation of environments with such
organisms. We sought to answer this question by attempting to enrich and isolate such
organisms from environments of different types from around the world, including pristine
as well as polluted sites. Results are shown in Table 2. Fourteen of the 34 samples
studied, showed a positive enrichment for denitrifying toluene degraders, and nine of
these samples have yielded new isolates. Almost all of the samples that did not show a
positive enrichment for these organisms were from heavily contaminated samples.
Table 2. Source of inoculum, number of enrichments with positive activity for toluene degradauon under
denitrifying conditions and number of isolates obtained with this activity from each sample.
SITE OF INOCULUM

POSITIVE/TOTAL

ISOLATES 1

CAMEROON-RAIN FOREST
BRAZIL (CENTRAL)
BRAZIL (SOUTH)
MICHIGAN MUCK
MICH-KBS AGRIC
MICH-BEAR LAKE AQUIFER
MICH-COMPOST
CALIF.fHUNTINGTON BEACH)
WASHINGTON STATE
WEST COAST
HAWAII
CONTAMINATED SAMPLES FROM
DIFFERENT SITES

1/2
2/3
2/3
2/2
1/2
1/1
1/1
1/1
1/1
1/1
2/4

IU
2
INA

1/16

IU

TOTAL

14/34

9

lUsisolatlon unsucessfull
INA' isolation not attempted

369

INA

Therefore, we suspect that the absence of such organisms was not because they did not
exist at that site, but because the high level of contamination had killed most of the
microbial population, including the anaerobic toluene degraders. Thus, these additional
nine isolates added to the four previously known substantially increases the types of
organisms available for study. We have also shown, using nucleic acid-based techniques,
that all nine of these isolates are different. However, they are also closely related to each
other and comprise members of the same species. These organisms are substantially
different from the known organisms and therefore cannot be identified as members of any
previously known bacterial group. We are in the process of completing the description of
the new taxonomy for these organisms.
We have surveyed these organisms as well as the five best studied aerobic toluene
degraders for their abilities to degrade the BTEX class of compounds and chlorinated
benzene under both aerobic and anaerobic conditions (Table 3). Eight anaerobic toluene
degraders also have the capacity to grow aerobically on toluene, although three of them
grow much more poorly aerobically on toluene than anaerobically. One of the anaerobic
toluene degraders also degrades meta xylene under anaerobic conditions. None of the
other substrates tested were degraded under anaerobic conditions. Two of the anaerobic
toluene degraders degrade benzene aerobically and one degrades chlorobenzene
aerobically. The five named organisms at the bottom of the table are the best studied
aerobic degraders of toluene and each carries a different pathway for aerobic toluene
degradation. These organisms degrade most of the other BTEX compounds under
aerobic conditions and none of them can metabolize any of these compounds
anaerobically.
Table 3. Removal of different substrates by Td-isolates and selected strains in basal salts medium under
aerobic and anaerobic-denitrifying conditions after two weeks of incubation.
BENZENE

TOLUENE

ETHYL-BEN

O-XYLENE

M-XYLENE

P-XYLENE

CI-BENZ

AN

AE

AN

AE

AN

AN

AE

AE

AE

-

++
++

++
++
++

+
+

++
++
—+
++
+
+

++
++
++
++

+
+

-

-

+

'
.
-

ISOLATE
AE
TOL-4
Td-1
Td-2
Td-3
Td-15-1
Td-17-1
Td-19-1
Td-21-1
Pseudomonas
Pseudomonas
KR
Pseudomonas
PK01
Pseudomonas
Pseudomonas
PaW1

-

-<*)
+

cepacia G4
mendocina

+
+
+

plckettii

+

putida F1
putida

+
+

"
•

—+

•
+

-

AE

+
+
+

•
+

+

+

+
+

+
+

•

-

AN

AN

+
+

+

+
+

+
+

+

+

+

+

+
+

-

•

AN

-

(+ or - ) denotes more than 80% removal from headspace vial .All substrates at 25 ppm concentration.
Aer= Aerobic conditions! 75% of the vial volume contains air)
Ana* Anaerobic denitrifying conditions{75% of the vial volume contains N2:H2)

We also carried out anaerobic denitrifying enrichment studies with benzene as a substrate
using the same samples (Table 2) that we used with toluene as the inoculum. None of
these enrichments showed consumption of benzene, even after lengthy incubations. This
supports the previous evidence that benzene is the most difficult BTEX compound to
remove under anaerobic conditions.
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We have also evaluated the diversity of aerobic and anaerobic toluene degraders using
DNA probes targeted to the first enzyme that attacks the toluene molecule. The five
known pathways for toluene degradation are shown in Figure 2 (modified from Mikesell
et. al., 1993).
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Figure 2. Pathways for the aerobic metabolism of toluene and available DNA probes.
K-Pseudomonas putida mt-2(PaWl) Probe #1 toluene methylmonooxygenase (xyl MA genes) Probe #6
catecholdioxygenase (xyl E gene).
B-Pseudomonas putida Fl Probe #2 toluene («oxygenase (tod C1C2AB genes). Probe #8 cis-dihydrodiol
dehydrogenase (tod D gene), Probe #7 3-methyl catechol dioxygenase (tod E gene).
C- Pseudomonas mendocina KR Probe #3 toluene para-hydroxylase (tmo genes).
D- Pseudomonas picketii PK01 Probe #4 toluene meta-hydroxylase (tbu genes).
E- Pseudomonas cepacia G4 Probe #5 toluene ortho-hydroxylase (torn).
Pseudomonas sp. JS 150 (torn like)
The first pathway is the one that was first discovered and results in the oxidation of the
methyl group of toluene, eventually forming benzoate and catechol. The second pathway
is the dioxygenase in which two hydroxyls are inserted on the toluene molecule in the
same process, eventually forming meta-catechol. The third, fourth, and fifth pathways
are oxidations which introduce a single hydroxyl on the ring, but in the three different
positions, (para, meta and ortho ) forming the respective cresol. We have used DNA
probes from the gene producing the first enzyme catalyzing these reactions to probe new
isolates from nature to see which pathway is most prominent among isolates from nature.
Table 4 indicates the number of strains that hybridize to the five respective probes out of
this total number of strains tested.
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Table 4. Hybridization of toluene degrading isolates by gene probes for the five different pathways of
toluene degradation.

DNA PROBE
(SOURCE)

SLOT BLOT1

SOUTHERN
BLOT1

stringency

stringency

low

high

low

high

P. putida

PaW1

10/121

1/121

T/39

Ï7Ï5

P. putida

F1

83/121

10/121

4/90

4/56

KR

27/121

3/121

4/49

1/15

PK01

66/121

1/121

5/49

1/15

84/121

13/121

34/87

ND

P. mendocina
P. pickettii

P. sp. JS-150

1 number of positive strains/total strains tested

We did this evaluation on a slot blot, which tests total DNA from the organism, and on a
Southern blot in which the DNA is separated after restriction endonuclease digestion. We
also did these hybridizations at low stringency and at high stringency. At low stringency,
a number of the strains hybridized to the probe, but we suspect this is non-specific
hybridization because, in the Southern blot at low stringency, most strains did not
hybridize, and in both formats, the hybridization did not occur at high stringency. The
one notable exception is the probe from the Pseudomonas strain JS150, which hybridizes
to Pseudomonas cepacia G4. This probe hybridized to 34 of the 87 strains tested,
including most of the anaerobic toluene degraders. This result suggests that this type of
protein is more prevalent among the toluene degraders that can be isolated from nature.
This is also a particularly significant result from a bioremediation perspective because it
is this type of enzyme that appears to be the most effective cooxidizer of trichloroethene
(TCE). This suggests that many of the toluene degraders in nature may carry the
appropriate biochemistry for TCE cooxidation.
Conclusions. 1. BTE and X can all be degraded in the complete absence of oxygen, but
the anaerobic degradation of benzene is significantly slower. 2. The degradation of TE
and X is facilitated when Fe 3+ , NO3*, or SO42" are present as electron accepters. Several
organisms have now been isolated that can grow on toluene with these electron accepters.
3. Denitrifying toluene degraders appear to be widely distributed in nature, they can
degrade toluene in the complete absence of oxygen. 4. Anaerobic toluene degraders
represent a new microbial class that doesn't correspond to any known microbial
taxonomy. 5. The enzymes that carry out the orf/io-hydoxylation of toluene found in
Pseudomonas strain G4, appears to be the most prevalent toluene pathway in toluene
degraders isolated from nature. It is this type of enzyme which is the most effective in
the cooxidation of TCE.
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