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The sustainability of soil fertility in agricultural systems of the humid tropics 
has recently become a major issue as a consequence of continued land degra- 
dation and the critical need to provide more food (FAO, 1981; Swamina- 
than, 1983). For socioeconomic, pedological, and ecological reasons, the 
development of sustainable high-input agriculture has proven to be slow and 
difficult and much effort needs to be directed towards the improvement of 
productivity in low-input agriculture. 

In traditional low-input systems, sustainability is not achieved. Crop 
yields decrease rapidly following clearing and the land is generally abandoned 
after a few crops, providing a constant pressure to clear new land (e.g., Ayo- 
dele, 1986; Sanchez et al., 1983). Decreases in soil fertility are due not only 
to nutrient loss exported as crops (e.g., Sanchez et al., 1989). Other factors 
accelerating fertility losses include: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1. The erosion of exposed soil leading to the loss of the fine particles 

2. Overmineralization of soil organic matter (SOM) and plant residues 
rich in organic matter and nutrients. 

due to the overheating of bare soil. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANutrient leaching by high water fluxes and a lack of synchrony be- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4. Deterioration of soil structure consequent on the decreased activity 

The situation in adjacent natural systems provides a marked contrast. 
Primary productivity levels of several tens of megagrams of dry mass ha-' 
are generally sustained, even in apparently poor infertile soils (e.g., Herrera 
et al., 1978; Bernhardt-Reversat et al., 1979) and the differences are not read- 
ily explained solely by the export of crops from the exploited systems. Near- 
ly closed nutrient cycles ensure an optimal conservation of mineral fertility 
whereas soil structure is maintained through diverse processes, particularly 
intense biological activity. It is, therefore, critical to understand the nature 
and relative importance of the biological processes that maintain fertility, 
to use them in cropping systems and thus improve the sustainability of their 
use (Swift, 1984). 

This chapter first discusses the relative importance of biological pro- 
cesses, particularly those mediated by the soil fauna, on the maintenance of 
fertility in the soils of the humid tropics. Because of the relatively recent recog- 
nition of the soil fauna as constituting a major controlling influence on the 
productivity of tropical ecosystems, only two important myths have emerged. 
The first of these suggests that the earthworm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Lumbricidae) is important 
in the soils of the temperate areas while the termite is the dominant animal 
of the tropics. The second states that the earthworm is the product rather 
than the cause of high fertility. In refuting these myths, the composition of 
macroinvertebrate communities and the relative importance of their compo- 
nents in the major ecosystems of the humid tropics are considered. Finally, 
the effects of the two dominant macrofaunal groups, the earthworm and the 
termite on SOM dynamics and soil structure are detailed. 

In this chapter, we confine discussion largely to the saprophagous or- 
ganisms that process dead plant materials and SOM or exert a major influence 
on the soil processes that guide the functioning of its systems and evolution. 
We, therefore, largely omit discussion of the ant despite their undoubted in- 
fluence on soil communities since most operate at the higher trophic levels 
in nature. It is only the leaf-cutter ant (tribe Attini) that derive most of its 
energy from cellulose and then act as active herbivores. 

tween nutrient release and plant demand. 

of soil macroorganisms (macrofauna and roots). 

BIOLOGICAL SYSTEMS OF REGULATION AND SOIL FERTILITY 

Soil fertility has two major components: 
1. Nutrient supply to plants which in turn depends on: (i) the intensity 

and spatial and temporal pattern of nutrient release through the mineraliza- 
tion of decomposing organic matter and (ii) the ability of soil to retain a 
store of cations in exchangeable form on the surfaces of colloids (clay minerals 
and SOM). Decomposition is thus shown to be a key process for soil fertility 
through its effects on both mineralization and humification. 

'I 
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2. Soil physical structure, which controls the void space and thus the 
amounts of water and oxygen stored in the soil and the rate of their supply 
to roots. Decomposition and physical structure are both determined by a suite 
of hierarchically organized factors that operate at different temporal and 
spatial scales (Anderson et al., 1989; Lavelle et al., 1991) (Fig. 9-1). At the 
highest level of the hierarchy, the climate (i.e., precipitation and tempera- 
ture regimes) generally accounts for much of the large-scale variation in 
decomposition rates and parent material weathering (Heal et al., 1981; Pedro, 
1983). 

At the next level down, parent material characteristics strongly influence 
soil texture, nutrient status, and both the abundance and nature of the clay 
minerals. They thus determine both decomposition rates and soil physical 
structure. At an even lower level, the quality of organic inputs greatly af- 
fects decomposition rates through the different ways in which chemicals in- 
hibit microbial activity (e.g. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, the inhibition of N release from resistant 
phenol-protein complexes and situations where the Chutrient ratios are im- 
balanced or lignin contents are high). 

Finally, at the lowest level of resolution, integrated groups of organ- 
isms formed into biological systems of regulation (Lavelle, 1984) directly 
mediate decomposition through their digestive activities and the production 
of metabolites, feces, and casts with distinctive physical and chemical proper- 
ties. Biological systems of regulation are composed of macroorganisms (in- 

Water logging 

Coating by clays 

Microaggregates 

Tanin-proteins 

Lignin 
Humic macromolecules 

BIOLOGICAL 

Release and blocks 
Synchrony 

II 

I DECOMPOSITION I 

Fig. 9-1. Hierarchy of factors that determine microbial activity and eventually decomposition 
rates. 
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Fig. 9-2. General organization of biological systems of regulations in soils (Lavelle, 1984). 

vertebrates and roots) and microorganisms (mainly fungi and bacteria) whose 
activity is directly controlled by that of the macroorganisms (Fig. 9-2). 

Microbial communities are able to effect almost any kind of chemical 
transformation, and certainly may even change their individual metabolic 
functions in response to altered environmental conditions (e.g. , Swift, 1976; 
Visser, 1985). However, microorganisms have extremely limited capacities 
for movement and may thus remain for long periods in inactive resting stages 
because they are physically separated from their food resources or lack suita- 
ble microenvironment conditions. This is especially true of bacteria, whereas 
fungi are relatively more mobile and less dependent on specific, localized 
environmental conditions. 

Calculated turnover times for microbial biomass give unexpectedly high 
estimates of about 1 to 2 yr in temperate soils, and more than 0.5 yr in tropi- 
cal soils (Jenkinson & Ladd, 1981; Chaussod et al., 1986) while generation 
times may be < 20 h under optimum laboratory conditions (Clarholm & Ross- 
wall, 1981). Much of the microbial population thus spends a large propor- 
tion of the time in dormant stages with low metabolic activity awaiting 
favorable conditions. During this period, their size progressively diminishes 
to the point beyond which reactivation is no longer possible. 

Reactivation of dormant microorganisms and propagules normally 
results from the activity of macroorganisms that brings them into contact 
with new nutritional substrates (by mixing the soil or moving into it) and 
provides them with water and readily assimilable organic matter (in the form 
of root exudates or earthworm cutaneous and intestinal mucus). Microor- 
ganisms initially utilize these resources to reach the high metabolic levels at 
which they are able to use more complex organic substrates (Barois & Lavelle, 
1986; Coleman et al., 1983). Such “priming effects” (Jenkinson, 1966) have 
been measured in the rhizosphere in response to exudate production (Billes 
et al., 1986) and in the gut of the endogeic earthworm (drilosphere) as a 
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Fig. 9-3. The four principal biological systems of regulation. (After Lavelle, 1984.) 

response to intestinal mucus (Barois zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Lavelle, 1986; Martin et al., 1987). 
Similar effects may be triggered in the guts and galleries of termites (ter- 
mitosphere) and the litter system when water-soluble organic matter leached 
by rain contacts the dormant microorganisms of the subsoil. 

There are four principal biological systems of regulation (Fig. 9-3). 

1. The first system is the litter-superficial roots system, the main func- 
tion of which is a direct cycling of nutrienkfrom the leaf litter to 
surface roots, thus preventing losses. In that system, litter is the energy 
source. The microflora is dominated by fungi and macroorganisms 
that comprise a rich and diverse community of litter-feeding arthro- 
pods and Oligochaetes (epigeic earthworms and Enchytraeidae). Sur- 
face roots growing among the decomposing leaves act as a sink for 
the nutrients released. 

2. The second system is the rhizosphere. It is a focus for the active mutu- 
alistic interactions between roots, microflora, and an associate 
microfauna (Protozoa and Nematodes). The system is activated by 
the production of root exudates. 

3. The third is the drilosphere, which comprises the geophagous earth- 
worm populations and the soil that they influence (i.e., intestinal con- 
tents, castings, and galleries). 

4. The fourth is the termitosphere, which is defined as termites and the 
whole soil and microflora that they influence through their activi- 
ties. Microbial communities are diverse and occasionally highly specif- 
ic (e.g., gut symbionts and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATermitomyces spp. that are the 
characteristic fungi cultivated in the fungus gardens of macrotermi- 
tine termites). 

In the soils of the humid tropics, the critical level in the hierarchy of 
the factors determining soil fertility is variable. Climatic controls become 
ineffective when temperatures are constantly elevated and moisture limits 
activity for only short periods. The effect of clay minerals (kaolinite and oxy- 
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hydroxides) as regulators of decomposition and the basis of the soil struc- 
ture is limited in many soils due to their frequently low reactivities and occa- 
sional low abundance. Consequently, decomposition and fertility processes 
are likely to be regulated at the lowest level (i.e., that of resource quality 
and biological systems of regulation). Thus, soil invertebrates are likely to 
be the major regulators of decomposition in many tropical situations. This 
is particularly true of macroinvertebrates whose effects on soil microorgan- 
isms may be dramatic due to the relatively large scales of space and time 
at which they operate. Macroinvertebrates also have major effects on soil 
structure by forming macropores, digging galleries, and egesting the casts 
and pellets that are often the basic components of well-developed macroag- 
gregate structures. 

SOIL MACROINVERTEBRATE COMMUNITIES 
IN THE HUMID TROPICS 

Classification of Soil Invertebrates 

Soil organisms face three major constraints. They feed on relatively low- 
quality resources, move in a compact and amphibious environment, and must 
be preadapted to survive occasionally unfavorable temperature and moisture 
conditions. 

Three main strategies have been developed to cope with these constraints. 
1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMicrobionts (Le., microorganisms and the microfauna) are small 

(< 0.2 mm) and live in water-filled pores. Microorganisms have a considera- 
ble ability to digest low-quality substrates and may survive unfavorable tem- 
perature and moisture conditions by sheltering in soil micropores. 
Nonetheless, they have a limited capacity to move and no access to the phys- 
ically protected organic matter present within soil microaggregates. The most 
important groups of microfauna are the Nematoda and Protozoa. 

2. Macrofauna (> 1 cm) form a marked contrast in that their enzymat- 
ic capacities are generally limited and they have little ability to withstand 
harsh environmental conditions. However, they can move through the soil 
by digging galleries and burrows. They break the physical protection of soil 
organic matter during the process of ingesting and mixing the soil in their 
gut. One part of the macrofauna does not enter the soil but remains in the 
leaf litter since it possesses no adaptations for digging. This section includes 
a range of large insects (Coleoptera and Diptera larvae) and other Arthropoda 
(e.g. , Isopoda, Myriapoda, and Arachnida). The main soil-dwelling compo- 
nents of the macrofauna are the earthworm, termite, and ant, some of which 
may also live in the litter and feed on it. 

3 .  The mesofaauna (0.2-1.0 mm) has an intermediate strategy in that 
the members of this group move through existing soil cracks and natural chan- 
nels, but are unable to move through the undisturbed soil. They are usually 
confined to the surface litter and have a well-developed resistance to drought 
and extreme temperatures. This group comprises microarthropods (i.e. , Col- 
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lembola, Acari, and several other groups) and small whitish worms of the 
Oligochaete family Enchytraeidae. 

Only the macrofauna will be considered here as the abundance of smaller 
animals and their effects on fertility are still poorly documented and appear 
to operate at very small scales. Their activities appear, in some cases, to be 
controlled by those of higher organisms (e.g., nematodes and protozoa in 
the micro-food chain of the rhizosphere, or Collembola and Acari in litter 
systems dominated by the activities of the larger arthropod or earthworm). 

The macrofauna, in its turn, may be divided into three main functional 
groups, depending on the kind of food they use (surface litter or underground 
litter or SOM) and their location in the profile (litter, subsoil, or burrows 
and nests): 

1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEpigeics live in the litter; they feed on decomposing litter, live 
microorganisms (mainly fungi), or invertebrates. They have no effect on the 
soil structure as they are unable to dig the soil. Their main effect is the frag- 
mentation, comminution, and partial digestion of litter. They comprise a 
very diverse community of saprophagous and predator arthropods (e.g. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 
microarthropods, myriapods, isopods, and arachnids), some pigmented earth- 
worms and a few other groups of invertebrates (e.g., gastropods); 

2. Encogeics live in the soil. They mainly feed on soil organic matter 
and dead roots. Live roots seem to be a poor resource as they are seldom 
consumed by endogeics (see e.g., Lavelle, 1983; Lavelle et al., 1989b). En- 
dogeics have been divided into oligo-, meso-, and polyhumics according to 
how they ingest: (i) soil of the deep horizons with a low organic content; 
(ii) the bulk soil of the upper 10 to 25 cm; and (iii) soil of the upper horizon 
enriched in organic matter by preferentially feeding in organic-rich pockets 
of soil (e.g., rhizosphere) or ingesting fine particles with a high organic con- 
tent rather than coarse sand particles. Endogeics are active diggers that may 
greatly enhance soil aggregation. They mainly comprise earthworms, hu- 
mivorous termites, and a few rhizophage arthropods. 

3. Anecics feed in the litter but live in the soil in subterranean nests or 
galleries, or in epigeic nests. Their main effect is to export litter from the 
litter system to other systems in which the time course and pathways of decom- 
position are different. They also affect soil physical characteristics (e.g. , water 
infiltration and aeration by digging galleries). This category includes the large- 
pigmented earthworm and a large proportion of termite. 

Macrofauna Communities 

In the humid tropics, the nature of the diverse macroinvertebrate com- 
munities depends largely on vegetation type (Fig. 9-4). Forests generally have 
highly diverse communities in which the epigeic litter arthropod and anecic 
termite are dominant in population density terms, although endogeic and 
anecic earthworms may be major components of biomass. In the more hu- 
mid savannas and pastures, the endogeic earthworm is always a dominant 
component of biomass. In natural savannas, however, the termite is frequent- 
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ly dominant or important and significant populations of ants or litter or root- 
feeding arthropods may be present. 

The termite (Isoptera) is a group of social exopterygote insects allied 
to the cockroach (Blattodea). Species diversity decreases markedly from the 
lower to the higher latitudes of 45 O N  and 45 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO S .  Species diversity also decreases 
sharply with increasing elevation (Wood, 1979, 1988; Collins, 1983). 

The occurence of the termite and distribution of its feeding habits de- 
pends mostly on biogeographic factors and climatic patterns. In America, 
fungus-cultivating termites (Termitidae and Macrotermitidae) are not 
represented and termite abundance is generally limited as compared to equiva- 
lent climatic areas of Africa and Australia. Australia, while not possessing 
the fungus-cultivating termite, has a rich and diverse termite fauna. 

Earthworm communities also exhibit similar large-scale variations. This 
is especially true in forests where geographic variation is noticeable. It has 
been found, however, that beyond biogeographical differences the abundance 
and distribution of populations into ecological categories are ultimately de- 
termined by rain. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< 'Dry" forests have relatively low populations, dominated 
by epigeic species while, in moderately wet areas (1800-2500 mm of annual 
rainfall) endogeic species often predominate and biomass is at a maximum. 
In wetter areas, where high leaching has impoverished the soils, earthworm 
biomass tends to be lower and endogeics are partly replaced by anecic and 
epigeic populations. Finally, in areas receiving more than 4000 to 5000 mm 
annually, earthworm populations are generally small (Fragoso & Lavelle, 
1 990). 

The earthworm and termite are by far the most active components of 
the soil fauna with respect to their influences on soil structure and SOM dy- 
namics. The earthworm is especially active in the upper 10 to 20 cm of soil 
and, when abundant, may exert a day-to-day regulation of microbial activi- 
ty with immediate as well as medium-term effects (months to years). The 
termite is active throughout and even below the profile and their effects on 
soil structure and SOM dynamics are manifested partly on a short-term ba- 
sis and partly in the long term (years to decades). Another major difference 
between the termite and earthworm is that the activities of the latter are rather 
uniformly distributed on a horizontal dimension whereas termite activities 
are concentrated in their nests and galleries. 

EARTHWORM EFFECTS: THE DRILOSPHERE SYSTEM 

The earthworm communities of the humid tropics are largely dominat- 
ed by endogeic populations that use SOM as a nutritional resource. As a 
result, the overall effects of earthworm communities on soils differ substan- 
tially between the humid tropics and the temperate areas that are dominated 
by epigeic and anecic populations feeding on leaf litter (Lavelle, 1983). This 
section examines the effects of the endogeic earthworm on the soil physical 
structure and SOM dynamics in the humid tropics. 
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Effect of the Earthworm on Soil Physical Structure 

Drilosphere Structures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The endogeic earthworm has a major effect on soil structure by promot- 

ing macroaggregation (i.e. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, the combination of soil particles into stable com- 
pound structures). Its effect on water infiltration and the vertical mixing of 
soil horizons may also be significant, even though it does not build burrow 
systems and only leaves evenly distributed macropores in the soil it colonizes. 

Individuals may ingest daily from 5 to 30 times their own weight of soil, 
depending on the species and soil conditions (Lavelle, 1975, 1988). As a result, 
field populations with biomasses of 200 to 1000 kg fresh wt ha-' may an- 
nually ingest from a few hundred to 1250 Mg of dry soil ha-' (Lavelle, 
1978). Most of this soil is egested into the subsoil. Only a small proportion 
is egested at the soil surface as casts. Two main kinds of casts may be distin- 
guished, that is: (i) globular casts of high stability, comprised of coalescent 
round or flattened subunits and (ii) granular casts comprised of an accumu- 
lation of small, fragile, fine-textured pellets, with little structural stability. 

An annual production of surface casts of 14 to 15 Mg ha-' has been 
measured in tropical Costa Rican pastures colonized by high populations of 
the pantropical endogeic earthworm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPontoscolex corethrurus (Fraile, 1989). 
Even high figures of 25 to 30 Mg ha-l have been recorded from the moist 
savannas of the Ivory Coast and the Cameroons (Kollmannsperger, 1956; 
Lavelle, 1978). However, at Lamto this only represents 1.7 to 3.5% of the 
800 to 1250 Mg of dry soil that the endogeic earthworm ingests annually. 
Interestingly, this proportion varies seasonally probably as a response to soil 
compaction, and is maximum when the overall soil ingestion is minimum 
(Fig. 9-5). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

MONTHS 
Fig. 9-5. Seasonal variations of soil ingestion (blocks) and surface cast (solid line) production 

by earthworm at Lamto (Ivory Coast). (After Lavelle, 1978.) 

.. 
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Soil Aggregation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
In humid tropical soils with high endogeic earthworm activity, casts 

deposited in the subsoil are the component units of stable macroaggregate 
structures. Such macroaggregates may comprise 50 to 60% of the soil (Blan- 
chart, 1990) (Fig. 9-6). Experiments conducted on savanna soils at Lamto 
(Ivory Coast) have demonstrated that macroaggregate structures may form 
in the presence of the endogeic earthworm in surprisingly short periods. In 
33 d, the activity of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 g fresh weight of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMillsonia anomala in 6800 g of soil 
resulted in the formation of 2883 g of aggregates (i.e., 42.4% of the soil in 
the experimental container), as compared to 1075 g (15.8%) in a treatment 
with the perennial grass zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPanicum maximum Jacq. and 906 g (13.3%) in a 
control treatment with neither plants nor earthworm (Blanchart et al., 1990). 
In such a short period, only 1815 g (26.7%) of aggregates might have been 
produced as earthworm casts according to earlier results (Lavelle, 1975). This 
indicates that factors other than the simple production of globular casts con- 
tribute to aggregation. The difference (Le., 15.7%) might be due to the 
proliferation of fungal hyphae that may have linked together soil particles 
(Tisdall zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Oades, 1982). 

When the earthworm is excluded from a soil within which they had 
formed a macroaggregate structure, this structure remains stable for a long 
time (at least several years) due to the stabilization of aggregates with time. 
Alternation of dry and wet periods seems to particularly favor this aggregate 
stabilization. The introduction of the earthworm producing small granular 
casts, however, leads to the progressive destruction of the structure as large 
aggregates are split into much smaller and more fragile ones (Fig. 9-7). It 
is hypothesized that, in natural ecosystems such as the savannas at Lamto 
(Ivory Coast), excessive soil aggregation that may negatively affect plant 
growth (e.g., Rose & Wood, 1980; Spain et al., 1990) is prevented by the 
activities of the small earthworm that maintain soil macroaggregation at less 
than a maximum value of approximately 60% of the soil as macroaggregates 
larger than 2 mm (Blanchart, 1990). 

Water Infiltration 

The earthworm may also greatly affect water infiltration. In West Afri- 
can soils, Casenave and Valentin (1988) reported a fivefold increase of in- 
filtration in the presence of the earthworm and termite as compared with 
soils where they were absent. 

Regulation of Soil Organic Matter Dynamics 

In soils of the humid tropics, endogeic earthworm activities significant- 
ly affect SOM dynamics both in the short term (acceleration of nutrient 
release) and long term (physical protection of SOM in casts). Such effects 
are a direct consequence of the mutualistic relationship that links these worms 
to the soil microflora in a common exploitation of SOM resources (Barois 
& Lavelle, 1986; Martin et al., 1987). These effects are generally significant 
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Fig. 9-6. Thin section of soil of a shrub savanna at Lamto (Ivory Coast). The large earthworm 
fills its galleries with large impacted casts (a). These casts have a thin external layer rich in 
clay minerals and organic matter; the innerpart has a higher porosity. Small filiform Eudril- 
lidae produce compact casts with a high organic content (e). Large casts with a fine texture 
(d) are also apparent. Voids (v) are numerous, due to compaction of soil in casts and deposi- 
tion of part of the ingested soil as surface casts. 
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Fig. 9-7. Changes in abundance and particle size structure of soil organic matter of a savanna 
soil (Lamto, Ivory Coast) after digestion by the endogeic earthworm Millsoniu unomalu (Martin, 
1989). 

at the scale of the whole soil profile as a consequence of high ingestion rates. 
At Lamto, the 1000 Mg ha-' ingested by the endogeic earthworm, on aver- 
age may contain 15 Mg SOM (i.e., one-third of the total SOM accumulated 
in a grass savanna soil), and 60% of the SOM in the 10 upper cm where 
earthworm activity is concentrated (Lavelle, 1978). Other estimates made in 
Mexican (C. Fragoso, 1990, unpublished data) and Costa Rican pastures 
(Fraile, 1989) give ingestion figures of about 350 to 500 Mg ha-' and 17.5 
to 25 Mg of SOM. 

Short-Term Effects 

Assimilation of Soil Organic Matter. The assimilation of SOM by the 
earthworm ranges from 2 to  9% in the African species zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMillsonia anomala 
to a maximum of 18% in the pantropical Pontoscolex corethrurus (Lavelle, 
1978; Martin et al., 1990; Barois et al., 1987). 

By using natural I3C labelling of SOM particle-size fractions, it has 
been shown that M. anomala digests equally the coarsest organic fractions 
(assumed to be young and relatively assimilable) and the finest ones (assumed 
to be old and resistant) (Martin et al., 1991b). 

During digestion, a clear change occurs in the distribution of SOM 
among the particle-size fractions: in the casts of the African endogeic M. 
anomala, the relative abundance of organic matter associated with coarse 
fractions decreased sharply (- 25% in the 250-2000 pm fraction) while that 
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Fig. 9-8. Variation in total zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC content of casts of the endogeic earthworm Millsonia anomala 

and a 2 mm-sieved control soil in long-term laboratory incubations (savannah sandy alfisol, 
field capacity, 27 OC). 

in the finer fractions tended to increase. This difference mainly resulted from 
comminution (fragmentation without digestion) of the largest fragments, since 
all fractions were assimilated at the same rate (Fig. 9-8). 

Release of nutrients. Transit of SOM through the earthworm gut results 
in the release of significant amounts of assimilable nutrients. Fresh casts of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P. corenthrurus fed on the soil of the upper 10 cm of a 15-yr-old secondary 
forest at Yurimaguas (Peru) contained up to  133 loV3 kg kg-' mineral N 
divided into 111 mg ammonium (NH4) (i.e., 18.2 times the value in unin- 
gested soil) and 22.4 mg nitrate (NO3) (1.12 times the control) (Lavelle, 
Melendez, Schaefer & Pashanasi, In preparation). Comparable measurements 
made on the casts of M. anomala fed on a savanna soil at Lamto (Ivory Coast) 
only contained 24.5 loF3 kg kg-' NH4 and only 0.5 kg kg-' NO3 (P. 
Lavelle and S .  Martin, 1990, unpublished data). In this case, it represented 
a net mineralization rate of 3% and an overall annual release by natural field 
populations of 13 to 18 kg ha-'. 

Ammonium concentration rapidly decreased in the casts. In the savan- 
na soil of Lamto, nitrification was negligible and NH4 concentration 
decreased below control levels after 8 d. In a forest soil of Peruvian Amazo- 
nia, NH4 concentration in casts of P. corethrurus decreased much more 
slowly with time. After 16 d, NH4 concentration in casts was still 2.5 times 
the control value. Part of it had undergone nitrification and the resulting 
NO3 concentration was 71.1 mg kg-', that is, 3.55 times the initial control 
value. This decrease of mineral N in casts was probably due to microbial 
reorganization since no leaching was permitted to occur, no plants were avail- 
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Table 9-1. Available forms of P (water-extractable and exchangeable) in casts of P. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcorethru- 

rus of different ages from soils with a low (Lamto) and high (Laguna Verde) P reten- 
tion capacity (Lopez-Hernandez, Lavelle, and Fardeau, 1991, unpublished data) (means 
accompanied by the same letter are not significantly different; P < 0.05). 

Water extractable P Exchangeable P 

kg  kg- l  soil 

Lamto (sandy alfisol) 
Control soil 0.060 +/- 0.005 a 2.00 +/- 0.11 a 
Casts i 2  h 
Casts 96 h 

0.158 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ I -  0.005 b 
0.499 +/-  0.10 c 

6.00 +/- 1.78 b 
15.89 +/- 1.78 c 

Laguna Verde (vertisol) 
Control soil 
Casts 12 h 
Casts 24 h 
Casts 96 h 

0.026 
0.021 
0.053 
0.032 

15.00 +/- 0.78 b 
10.11 +/-  1.78 a 
43.33 +/- 1.11 c 
11.44 +/- 1.11 a 

able to act as a sink and denitrification would have been unlikely (P. Lavelle 
et al., 1990, unpublished data). 

Among other nutrients critical for plant growth, P availability seems 
to be affected by endogeic earthworm activities. In casts of P. corethrurus, 
exchangeable and water extractable inorganic P increase with time. Maxi- 
mum values of, respectively, two to eight times and three to eight times the 
control have been measured after 1 to 4 d (D. Lopez-Hernandez et al., 1990, 
unpublished data) (Table 9-1). 

Long-term Effects 

It seems probable that in soils with high endogeic populations, little, 
if any, resistant organic matter would accumulate in the upper 20 cm of the 
profile where earthworm activity concentrates since no organic pool seems 
resistant to decomposition in their gut. In soils where such an endogeic 
drilosphere effect predominates, the turnover of SOM is thus expected to 
be extremely rapid. This has been observed in the Lamto savanna where en- 
dogeic earthworm populations are abundant and active: a natural 13C label- 
ling of SOM was effected due to a rapid afforestation of the savanna after 
protection from fire. The half-life time of SOM was estimated at, respec- 
tively, about 8 and 19 yr for the coarse 50 to 2000 pm “labile” and 2 to 
50 yr “resistant” particle-size fractions (Martin et al., 1990). Despite the clear 
acceleration of turnover due to the mutualistic digestive system of the earth- 
worm (in association with the free-living soil bacteria), a system of SOM pro- 
tection in casts, of M. anomala subsequent further to digestion, has been 
described (Martin, 1989). Mineralization of SOM decreases sharply with time 
in the casts and stabilizes at a minimum after a few days. As a result, SOM 
content of casts soon overtook values measured in a control noningested 
2-mm sieved soil, incubated under similar conditions (Fig. 9-8) and after 1 
yr, the total amount of SOM mineralized in casts was 40% less than in the 
control. 
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Earthworm Activities and Plant Growth zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The effect of the endogeic earthworm on SOM dynamics is thus that 

of a “release-and-block” system with phases of extremely intensive miner- 
alization, during digestion, and further inhibition of mineralization, proba- 
bly due to physical protection of SOM in the compact structure of the casts. 
One peculiarity of this system is that it may well function in synchrony with 
plant demand for nutrients: in a microcosm experiment associating the en- 
dogeic worm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(M. anomala) and a plant (Panicum maximum Jacq.) 15N- 

labelled worms rapidly eliminated their ”N as NH4 in their casts and part 
of this I5N was subsequently transferred to the plant (Spain et al., 1991, in 
press). 

In pot experiments, improvements in plant growth in the presence of 
the endogeic earthworm have been reported. In the above-mentioned experi- 
ment, the growth of P. maximum Jacq. increased with increasing earthworm 
biomass up to a maximum value of 2.8 times the control after 70 d. Nitro- 
gen concentration was increased by, respectively, 29 to 116% in leaves and 
88 to 260% in roots. Phosphorus content was increased in roots zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(+ 58-152%) 
while no significant change was observed in the leaves. 

At Yurimaguas (Peruvian Amazonia), the effect of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP. corethrurus on 
the growth of seedlings of three different tree species was assessed during 
a 120-d growth period (Pashanasi et al., 1991, unpublished data). Bixa orel- 
lana grew three times higher in the presence of earthworms than in their ab- 
sence; Eugenia stipitata grew 1.3 to 1.7 times higher while no significant effect 
was observed with Bactris gasipaes. The different responses of tree seedlings 
were probably due to variation in the abundances and distributions of the 
root systems that would allow a much better use of nutrients released by the 
earthworm in the case of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB. orellana (dense, deep-rooting system) than in 
B. gasipaes (low density of coarse superficial roots). Dramatic effects on N 
mineralization and microbial biomass were observed. 

Recent studies (Redel1 & Spain, in preparation) show that endogeic, and 
other earthworms, strongly influence the distribution of mycorrhizal 
propagules. This particularly applies to the spores of vesicular-arbuscular 
mycorrhizae that are concentrated in their casts, probably through preferential 
feeding in the rhizosphere (Spain et al., 1990b). Part of the growth simula- 
tion previously considered may thus result from an earlier and greater level 
of mycorrhizal infection of the host plant. In addition, casts of these earth- 
worms possess higher levels of some plant-available nutrient elements and 
their placement in areas of low soil strength make them preferential root 
growth and infection pathways. 

TERMITE EFFECTS: THE TERMITOSPHERE SYSTEM 

The termite is not a diverse group. Taxonomically, they are divided into 
the “higher” termites of the family Termitidae while the “lower” termites 
comprise the remaining five families. Grassé (1986) estimated that more than 
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2000 species of termites are currently known, the majority of which are found 
in the tropics. 

Where common, termites play important ecological roles. Apart from 
the few species that attack living plants, almost all termites feed on dead 
organic matter, breaking it down in a complete way and sequestering SOM 
and plant nutrients for considerable periods in their nests, mounds, galler- 
ies, and other structures. Erosion of aboveground structures constantly 
returns these nutrients to the soil surface and underground structures also 
decay allowing their contained nutrient elements to be again taken up by 
plants. This leads to a nutrient patchiness in the landscape that preserves 
the ecological diversity. In many infertile environments, the only place where 
plants requiring a high nutrient status may grow is on or adjacent to ter- 
mitaria. The extensive underground gallery systems created, greatly improve 
soil aeration and water movement. Termites may also help to restart biolog- 
ical nutrient cycling in degraded ecosystems through the same mechanism. 

Termite colonies are divided into several castes permitting a division of 
labor. Reproduction is normally confined to a single pair of individuals, the 
king and the queen. Workers forage for food and build the mounds while 
highly specialized soldiers defend the colonies against predators and the in- 
roads of termites from surrounding colonies. Termite colonies reproduce by 
periodically releasing reproductives that mate and then may establish new 
colonies separate from those within which they were reared. However, new 
colonies may also establish from secondary reproductives where part of the 
original colony becomes isolated from its parent, or the original queen dies. 

Termites have their greatest influence in the ecosystems of the tropics 
and subtropics, and it is there that they also have their greatest effects on 
soils. The effects of termites on soil morphology and processes are signifi- 
cant at scales ranging from the catena (e.g., Wielemaker, 1984), to the 
microaggregate (e.g., Garnier-Sillam et al., 1985) and even the clay mineral 
layer (Boyer, 1982). 

Termite and Soil Textural Relationships 

Termite distribution and activity are both affected by, and affect soil 
texture. The mound-building termite is largely excluded from vertisols on 
the savanna lands of northern Australia, and elsewhere, due to the instabili- 
ty induced by the expansive smectitic clays present (e.g., Holt zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Coventry, 
1982). A lack of clay may also limit the mound-building termite; the wood- 
feeding species zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACoptoterines acinaciformis is excluded from deep sandy soils 
in Western Australia, apparently for this reason (Lee & Wood, 1971). 

The termite substantially affects surface processes by transporting soil 
from various depths in the profile to the surface, where it is built into epigeal 
mounds and other structures. Surface structures erode continuously leading 
to a redistribution of soil materials in the landscape. Because termites gener- 
ally select the smaller particles from within the profile, materials brought 
to the surface are commonly finer in texture and may have a different clay 
mineral composition than those of the original surface (Boyer, 1982). Thus, 
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abstraction of finer particles and their surface deposition lead to the gradual 
build up of a stone-free surface soil (e.g., Williams, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1968). Net annual incre- 
ments in the thickness of such soils have been estimated to range from 0.01 
to 0.10 mm yr zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-' (Lee & Wood, 1971). This is an important pedological and 
ecological process in the large areas of the tropics and subtropics where the 
termite fauna is dominated by species that form epigeal mounds. Beneath 
the surface, changes in texture, porosity, and the distribution of organic and 
mineral matter are some of the many consequences of their presence. 

Effects of Termite on Soil Structure 

The termite has profound effects on soil structure through their mound- 
building activities, aggregate formation, and the creation of systems of sub- 
terranean galleries and storage chambers. Although the so-called subterra- 
nean termite does not build mounds, they may have considerable influence 
on soil structure. Nonetheless, epigeal mounds are highly visible structures 
of substantial importance in terms of pedogenesis and plant growth, both 
directly and in terms of their erosion products. While a range of termite- 
derived structures are known from mounds and gallery walls, less is known 
of their contribution to soil aggregation away from the immediate environs 
of the mounds or of the role of subterranean termites in this regard. Termite 
galleries act as a network of horizontal and vertical macropores influencing 
bulk density, aeration, and water infiltration and permitting movement of 
materials both upwards and downwards within the soil (e.g. , Wielemaker, 
1984). Movement of these soil materials through the galleries is mediated 
both by the activities of the termites and physical processes. 

Mounds 

Mounds may be abundant; Aloni and Soyer (1987) report populations 
of more than 5000 mounds ha-' from Zaire, principally of the humivorous 
termite zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACubitermes. The aboveground parts of termite mounds may weigh 
some hundreds of tons per hectare and occupy considerable proportions of 
the soil surface, depending on their type. In tropical Australia, mounds may 
number up to 1100 ha-' representing approximately 62 t ha-' of soil and 
covering 1.7% of the sampled area (Wood &Lee, 1971). However, the median 
mass for the 58 sites recorded in Spain et al. (1983) is only 20 t ha-' (inter- 
quartile range 15-25) and the median area covered by their bases is only 0.8% 
of the sampled areas (interquartile range 0.5-1.1). Similar estimates from 
Africa range up to 10% of the area sampled. Although Meyer (1960) recorded 
the bases of mounds at one site as covering an exceptional 33% of the soil 
surface, representing an estimated dry mass of 2400 t ha-'. Where popula- 
tions of mounds are high, they are frequently overdispersed (Spain et al., 
1986) suggesting that termite populations may tend to fully use the normal 
organic resources available to them in the landscape. This is reinforced by 
the denudation and dietary shifts that occur during drought years (Lepage, 
1981). 
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The epigeal mounds built by the termite are usually fine-textured, cement- 

ed, hard and massive structures that shed almost all the water that impinges 
on them. Through the energy of rainfall impact and runoff, a steady ero- 
sion of mound surfaces occurs even where they still contain healthy popula- 
tions (Bone11 et al., 1986). It is possible that this may limit the geographic 
distribution of some termite species whose mounds lack specific adaptations 
for water shedding. There must be a substantial energy cost to termite colo- 
nies attributable to erosional losses during mound building and repair; the 
soil materials recently added to epigeal termitaria are particularly suscepti- 
ble to erosion, at least until hardened by curing or internal repacking 
processes. 

After the colony has died, or the mound has been broken up, the resis- 
tant mound materials erode slowly and may continue to modify local drainage 
patterns for considerable periods. Where mounds are common, an area 
equivalent to the entire soil surface will be covered by their bases over quite 
short geological times. For example, the median area of the bases of the 
mounds recorded from the northern Australian sites given above is 0.8% 
of the land surface area (Spain et al., 1983). Given that this figure remains 
constant over time, an area equivalent to the whole surface will have been 
covered by the bases of termite mounds in approximately 125 generations 
of mounds. If the turnover time of the mound materials is assumed to be 
of the order of 30 to 50 yr, this represents a period of 3730 to 6250 yr, a 
short period in terms of soil formation. 

Simple calculations of this type patently underestimate the effect of ter- 
mite mounds on the soil. Many incipient colonies build small mounds but 
fail through the effects of predation, competition, or other factors. In addi- 
tion, the soil materials brought to the surface to form runways and cover 
food supplies has only occasionally been quantified. The few data available 
suggest that this may be in the order of 1 Mg ha-' yr-' (see, e.g., Bagine, 
1984). 

The turnover times of mound soil materials are poorly known, but are 
substantially longer than the life spans of the colonies that construct the 
mounds. Individual mounds of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANasutitermes triodiae in northern Australia 
are known to have existed for approximately 100 yr (Watson, 1972) and 
medium-sized mounds from a range of species and localities are recorded 
as having existed for 30 to 115 yr (Grassé, 1984). For the soil materials of 
a population of small mounds (principally humivores of the genus 
Cubitermes) from Zaire, Aloni and Soyer (1987) estimated a turnover time 
of approximately 10 yr. In addition to erosion by raindrop impact and runoff 
water, mounds are also subject to damage by termitophilous vertebrates and 
cattle. 

Aggregate Formation 

Sleeman and Brewer (1972) have described a wide range of structures 
from termite mounds. More recently, Kooyman and Onck (1987) also used 
micromorphological concepts in categorizing termite-derived structures in 
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soils distant from mounds. Apart from fragments of mound materials, storage 
structures and gallery walls, few aggregates have been directly attributed to 
termite activity. Garnier-Sillam et al. (1985), however, have recently described 
organo-mineral microaggregate structures from the feces of four species of 
termites of different ecological strategies and Eschenbrenner (1986) has 
remarked on the similarity of aggregates in termite-inhabited soils to those 
from the mounds. It is apparent that much progress remains to be made in 
this area of study. 

The effects of termites on soil structure depend on the ecological strate- 
gies of the local termite population. Higher percentages of water-stable ag- 
gregates have been recorded by several authors from termite-affected soils. 
This is illustrated by the work of Garnier-Sillam et al. (1988) who report con- 
trasting effects on soil structure by two sympatric species of termites from 
the Congo. In the situation studied, a humivorous termite, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThoracotermes 
mncrothorax builds mounds and other structures with a high organic matter 
content and a relatively low level of clay enrichment. In contrast, the mounds 
of the fungus-cultivating species Macrotermes midleri and their associated 
surface soils, were highly clay-enriched and had low organic matter contents. 
Both the mound wall materials of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM. mulleri and the soil from the Al horizon 
associated with them were markedly less permeable to water and less stable 
than the control surface soils while with T. macrothorax, the opposite per- 
tained. These authors noted a strong correlation between the organic matter 
content of the soil and stability. A surface-sealing effect was also associated 
with dispersion of the clay-enriched materials from the mounds of M. mulleri. 
This has been noted elsewhere, particularly in conjunction with degrading 
termitaria. 

Galleries 

The importance of termite galleries in influencing the physical proper- 
ties of soils has been recognized for some time in locations where popula- 
tions are large (Lee zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Wood, 1971), although few quantitative data are 
available. In an experimental study in a desert ecosystem, Elkins et al. (1986) 
reported higher bulk densities, lower infiltration rates, and higher bedloads 
in runoff waters from areas where subterranean termites had been eliminated. 

It is apparent from the studies conducted so far that the nature, depth 
distribution, and extent of such galleries varies markedly with the species 
involved. For example, those of the humivorous termites are usually more 
superficial than those of the Macrotermitinae. Termite galleries vary in shape 
from circular to narrowly elliptical, and in size, from < 1 mm to more than 
20 mm in cross section (Grassé, 1984). Gallery lengths of up to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7.5 km ha-' 
(Darlington, 1982) have been recorded from soils associated with the mounds 
of Mncrotermes michaelseni although Wood (1988) felt that this figure could 
perhaps have been doubled to account for those of the subterranean termite 
species present. In addition, the equivalent of 90 O00 storage chambers ha-' 
were also present in the study area. Assuming that these structures were largely 
confined to the top 20 cm of the soil and applying Wood's estimate, it may 
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be calculated that termite galleries and related structures occupied approxi- 
mately 0.4% of the soil volume of this zone. 

Termites and Soil Organic Matter 

As previously stated, termites feed basically on cellulosic materials. 
However , the feeding habits of soil-dwelling termites cannot be classified 
in the same way as those of the earthworm or other soil animals. This results 
from the fact that while these termites make their nests and live in soil or 
mounds, most species derive their nutrition from above or close to the soil 
surface. In addition, termites do not limit their activities to any one horizon. 
Most species are thus surface or near-surface feeding saprovores; some spe- 
cies harvest the dead foliage of grasses, seeds, the feces of higher animals 
and other materials from the soil surface. A wide range of species attack 
dead wood and perform a useful role in recycling these materials in nature, 
although they frequently damage human's wooden constructions. The spe- 
cies of one further group, the humivores, feed on organic matter within the 
soil. Several species also feed on living plants both above and below ground 
and some are serious pests of crops and other plants. 

The ecological impact of termite feeding may be large. Lepage (1972) 
reports that termites in low-lying parts of sahelian grasslands of Sénégal may 
consume up to 49% of annual herbage production, although the overall figure 
for the area was 5.4%. In further studies of semiarid pastures in Kenya, 
Lepage (1981) estimated that termites and grazing mammals had similar im- 
pacts both consuming approximately 1 Mg ha-' yr-'. Lee and Wood (1971) 
have reported that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANasutitermes exitiosus consumed 16% of the total esti- 
mated fall of leaves and sticks or 4.9% of the total annual litter fall in an 
Australian dry sclerophyll forest. Similar figures for Malaysian rainforests 
range from 1 Yo for a site prone to flooding to 16% for a relatively dry forest 
whose termite fauna was dominated by Macrotermitinae (Collins, 1983). 

In terms of the impact of termite grazing on soil, Lepage (1981) report- 
ed that African Macroterrnes spp. may, in drought years, shift their diet from 
normal litter-feeding habits to feeding on standing herbaceous vegetation and, 
with increasing severity of drought, to feeding on roots. This destabilizes 
the soil surface and renders it readily susceptible to erosion and degrada- 
tion. In sites where the Macrotermitinae are the dominant termites, it ap- 
pears that a higher proportion of annual litter fall may be recycled through 
termites and this has been ascribed to the high efficiency of the symbiotic 
relationship with species of the fungus genus Terinitomyces, described below. 

Under some circumstances, a relationship between termite presence and 
soil organic matter concentrations has been demonstrated. This was shown 
by Parker et al. (1982) who found increased organic matter in desert soils 
following removal of the termites present. Similarly, the absence of fire and 
an effective termite fauna from the vertisol studied by Moore et al. (1967) 
in subtropical Australia, were considered to be the causes of the large-standing 
crop biomass of aboveground dead organic matter. Moore et al. (1967) esti- 
mated that there were 75 Mg ha-' of litter together with 58 Mg ha-' of 
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standing dead material on the site in addition to elevated levels of soil or- 
ganic matter and N. 

Termite Digestive Processes 

A feature of many termite foodstuffs is their relative recalcitrance to 
breakdown; most are low in N and materials normally considered as readily 
assimilable. Nonetheless, assimilation rates in the termites are high and pub- 
lished values range between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA54 and 93% of the food eaten (Wood, 1978). 
Termite foodstuffs are normally rich in lignin and other resistant plant com- 
pounds. This has led to the apparently universal associations with microor- 
ganisms which, with their wider spectrum of enzymatic capacities, contribute 
much to the breakdown of the resistant material eventually assimilated. 

Digestive mechanisms differ between the more highly evolved Termiti- 
dae and the remaining or lower termite families. In the lower termites, diges- 
tion of resistant materials appears to be carried out largely by the obligately 
anaerobic protozoans that inhabit a specialized region of the hind gut, while 
in the higher termites, these protozoans are absent or ineffective. In addi- 
tion, in the lower termites, a wide range of bacteria play diverse but, as yet 
ill-defined nutritional roles. In the higher termite, the animal’s own enzymes 
are perhaps more effective in carbohydrate breakdown. Although, there is 
also a prominant fermentation in the hind gut with acetic acid being the major 
end product of cellulose breakdown in all termites (Breznak, 1984). In addi- 
tion, acquired enzymes play an important role in cellulose digestion in at 
least some Macrotermitinae (Martin, 1984) while members of this subfamily 
derive much of their nutrition through the degradational activities of the 
basidiomycete fungus zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATermitomyces cultivated in their nests (Thomas, 
1987a,b). 

Lignin appears to be degraded by termites although the mechanisms are 
as yet unclear, since the known methods of degradation are aerobic (Kirk 
& Farrell, 1987). Butler and Buckerfield (1979) and Cookson (1987) demon- 
strated the evolution of labelled CO2 from live termites that had been fed 
lignin labelled with 14C in various parts of its structure. Cookson (1987) 
found that both higher and lower termites had some capacity to degrade lig- 
nins although their capacities to do so differed between lignins from differ- 
ent sources. 

Nitrogen-fixing organisms have been found in the gut of termites and 
efficient N conserving mechanisms are known from the Isoptera (Breznak, 
1984). These include behavioral traits such as cannibalism, necrophily, and 
the ability of at least some termites to reabsorb uric acid from the hind gut. 

Organic Matter in Termite-derived Structures 

Carbon levels in epigeal termite structures are normally higher than those 
of the soils from which they are formed, because of the salivary or fecal 
materials that are frequently used as adhesives. One such salivary adhesive 
from the mound wall of the wood-feeding species Coptotermes acinacifor- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
mis has been identified as a glycoprotein (Gillman et al., 1972). In structures 
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formed mainly from soil materials, the degree of organic matter enrichment 
depends primarily on whether feces are included. Thus, the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC content of the 
mounds of the Macrotermitinae is lower than that of the humivores because 
the former do not include feces in the mounds. The C/N ratio is higher in 
many termite-derived materials than in the surrounding surface soils although 
the organic matter of the humivorous species is an obvious exception to this. 
Lee and Wood (1971) showed that this ratio was higher in mound materials 
from wood-feeding species than in grass-feeding species. 

The centers of the mounds of certain wood- and grass-feeding termites 
consist of carton, a mixture of excreta, some inorganic materials and frag- 
ments of undigested, comminuted plant material. Organic matter in carton 
is high and that in the mounds of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACoptotermes acinaciformis, a wood-feeding 
termite from northern Australia, ranged from 83 to 93% loss-on-ignition 
(Lee zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Wood, 1971). 

Soils beneath and adjacent to termitaria are also modified, often by phys- 
ical processes such as the erosion of materials from mounds. In tropical Aus- 
tralia, the mounds of litter and grass-feeding termites (Amitermes spp.) are 
surrounded by an erosional pediment that has C levels similar to the mound 
materials, or intermediate between these and soils further from the mounds. 
While plants only occasionally grow on the mound surfaces because of their 
hardness and low water contents? the increased fertility of the pediments is 
evidenced in the field by the dominance of the annual grasses and forbs. These 
contrast with the perennial grasses and sedges found on the less-fertile soils 
further from the mounds (Arshad, 1982; Spain & McIvor, 1988). The en- 
hanced glasshouse growth of test plants on materials from these mounds 
(Okello-01oya & Spain, 1986) and from soils beneath and adjacent to the 
mounds (Spain & Okello-Oloya, 1985) further evidences their relatively higher 
fertility than surface soils distant from the mounds. 

There have been few detailed studies of the nature of the organic mat- 
ter of termite mounds. Lee and Wood (1971) presented information on the 
levels of organic matter and selected organic and inorganic components in 
mound materials and the carton of several Australian wood and grass-feeding 
termites. Other studies have concentrated on the mounds of the Macroter- 
mitidae. Arshad et al. (1988) studied the organic matter from the mounds 
of two African Macrotermitinae (Macrotermes michaelseni and M. herus). 
Generally, humic acids from soils were shown to have higher molecular 
weights and less aromatic materials than those from the mounds. In moving 
from the outer wall of the mounds of the Macrotermes spp. to the nursery 
to the royal chamber, the concentration of C02H groups increased and that 
of the carbohydrate and other O-substituted carbon decreased. Some inter- 
site variation in the composition of the organic matter of the Macrotermes 
mounds was also noted. Carton from the Australian mounds studied was 
shown to be high in lignin and humic acids, with higher lignin, total carbo- 
hydrate and N concentrations and C/N ratios in the wood-feeding species 
than in the grass-feeding species. 

The fungal comb of M. michaelseni has been studied by Arshad and 
Schnitzer (1987) and Arshad et al. (1988). These authors found that its ash 
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content was approximately 14%. The approximate composition of the or- 
ganic matter was 40% carbohydrate (all of which occur as polysaccharides 
which on hydrolysis were shown to be dominated by glucose), 10% protine- 
aceous material (all as peptides or longer-chain structures). Appreciable 
aliphatic and aromatic plus phenolic materials were also noted. Using frac- 
tionation techniques commonly used for soil materials, the base-insoluble 
humin (40% of organic matter) was found to be mostly carbohydrate while 
the humic acid (40%) and fulvic acid (20%) components contained most of 
the aromatic material. 

The d13C values (proportional distribution of the 13C and "C carbon 
isotopes) of organic matter in the soil materials from termitaria in the savan- 
nas of Lamto (Côte d'Ivoire) are up to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.5 d13C units more negative than 
those of the surrounding surface soil (A.V. Spain and M. Lepage, 1988, un- 
published data). The more negative values of the mound materials may be 
due to those of the lignin-enriched humified organic matter of the termite 
feces. Alternatively, some of the organic matter of the mounds may be de- 
rived from the woody (C,) vegetation that grows on the surface of the 
mounds in addition to the (C,) grasses. 

DISCUSSION 

The two major myths addressed in the introduction have been shown 
to be demonstrably inaccurate. Both the earthworm and termite clearly in- 
fluence tropical ecosystems, both natural and man-modified. Their distri- 
bution patterns are closely related to rainfall, vegetation, edaphic, and 
biogeographic factors. Earthworms are confined to areas with an annual rain- 
fall > 800 mm on the average. Termites exist in much drier climatic condi- 
tions. They become predominant in semiarid and arid environments. 

The second myth that assumes that earthworm abundance might be a 
consequence rather than the cause of soil fertility is refuted through an un- 
derstanding of the processes relating production processes to soil structure 
and the maintenance of fertility. 

Our present knowledge of the role of soil macroinvertebrates in the hu- 
mid tropics suggests that they may be efficient agents in the maintenance 
of soil fertility. Apart from the termite and earthworm, other soil faunal 
components are also important. For example, arthropods of the litter sys- 
tem that accelerate the transformation and incorporation of litter into the 
soil and the microfauna that represents an intermediate level of regulation 
between macro- and microorganisms (i.e. , bacteria and fungi) are impor- 
tant. At the higher trophic levels, the ant exerts considerable predation pres- 
sure on the soil meso- and macrofauna and are sometimes important 
pedogenetic agents (Holldobler & Wilson, 1990). 

It has been observed several times that certain agricultural practices are 
detrimental to soil fauna communities of the natural ecosystem (Critchley 
et al., 1979; Lavelle & Pashanasi, 1989). Cultures of maize leave little of the 
original fauna and no adaptable alternative fauna is generally present. Sys- 
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tems associating trees (e.g., peach-palm Bactris gasipaes or Hevea) with a 
plant cover of legumes may conserve a significant part of the original fauna 
whereas pastures may occasionally be colonized by peregrine endogeic earth- 
worm species (like e.g., Porztoscolex corethrurus) that can build up large 
populations with biomasses of up to 1 to 4 Mg fresh wt. ha-'. 

These observations are still too scarce. The possibility to maintain or 
improve soil fertility by manipulating the activities of soil fauna needs to 
be explored. This field of research, however, is regarded as having consider- 
able potential (see e.g., Swift, 1984; Lavelle et al., 1989). Preliminary short- 
term experiments (on short scales of time and space) have demonstrated that 
considerable improvements in plant production and the maintenance of fer- 
tility may be gained through a proper management of this resource. 

A better knowledge is required of the biology of a wide range of species 
adaptable to the relatively harsh ecological conditions of for example, rice 
fields, yucca plantations, or the environment of dry forest-like tree planta- 
tion crops (e.g., cocoa and tea). Species adaptable to such an environment 
may exist, but in distinct geographical areas. Earthworm species adapted to 
live in a maize field of the Amazon are not likely to be found in the nearby 
rainforest, but rather in savannas of South America and Africa whose soils 
have temperature and moisture regimes comparable to those of a cultivated 
field. 

It is also important to have information on the dynamics of soil coloni- 
zation by adaptable populations. Adaptable species may exist in an area, but 
may be impeded from colonizing because they are separated from the field 
by such natural barriers as a small stream or a few rows of trees. 

Large-scale experiments are required to assess the effect of introducing 
adaptable species (or removing some, such as termite species feeding on live 
materia) over significant areas (about 1 ha) and during several successive 
crops, to ascertain whether the improvements observed over short periods 
in small experimental containers, are still maintained under conditions much 
closer to those of normal agricultural practice. 

Finally, more attention should be paid to the often fertile soil accumu- 
lated in structures and mounds built by litter and grass-harvesting termites. 
The exploitation of this soil as a fertilizer, on a regular basis is practiced 
in a limited number of cases (Swift et al., 1989). Research should be made 
to evaluate the feasibility of such practices on a larger scale. 
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