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THE IMPORTANCE OF BELOWGROUND BIODIVERSITY

Plants comprise most of the living biomass in terrestrial systems, are the basis of food webs, and are thus the primary determinants of ecosystem structure and function. As members of the belowground biotic community, plants share the soil environment with a suite of other organisms ranging from relatively large animals to bacteria. The latter community also helps to shape the ecosystem, because soil biological processes play a vital role in maintaining ecosystem functions (Hole, 1981; Lavelle, 1996; Brussaard et al., 1997; Lavelle et al., 1997, van Breemen and Finzi, 1998). The most important of these functions are thought to be:

1. Decomposition of organic matter. This is largely carried out by bacteria and fungi, but greatly facilitated by soil animals such as mites, millipedes, earthworms, and termites which shred residues and disperse microbial propagules. Collectively, such animals are known as litter transformers. The organic C released can be mineralized as CO2 or CH4, or incorporated into various kinds of soil organic matter, which vary in their stability and longevity but are generally in equilibrium with the inflows and outflows of C from the system.

2. Nutrient cycling. This is closely associated with organic decomposition and includes transformations of N, P, S, and other essential elements as well as C. Although microorganisms mediate most of these transformations, grazing by micropredators (protozoa and nematodes) can be rate-limiting. Larger animals may enhance some transformations by providing niches for microbial growth within their guts, excrements, or nests. Specific fungi (mycorrhiza) and root-nodulating bacteria may form mutualistic associations with plant roots which improve nutrient acquisition. Some soil bacteria are chemolithotrophic, that is, involved in elemental transformations without direct dependence on organic matter as a food source, but may nonetheless be affected indirectly by such factors as water content, soil stability, porosity, and C content, which the other biota control.

3. Bioturbation. Plant roots, earthworms, termites, ants, and some other soil macrofauna are physically active in the soil, forming channels, pores, aggregates and mounds, or moving particles from one horizon to another, in ways which affect and determine physical structure and the distribution of organic materials. Such soil ecosystem engineers (sensu Stork and Eggleton, 1992; Jones et al., 1994) therefore create and modify microhabitats for other smaller organisms and determine soil properties such as aeration, drainage, aggregate stability, and water-holding capacity. In addition, the macrofauna produce feces which are organo-mineral complexes, stable over periods of months or more (Lavelle et al. 1997).

4. Suppression of soil-borne diseases and pests. It is widely assumed that reduced species diversity renders agroecosystems vulnerable to harmful soil organisms by reducing overall antagonisms. Critical interactions influencing population stabilities may be those between micropredators and the bacteria and fungi on which they feed.

5. Environmental service functions. Examples would be biodiversity conservation (allowing for the replacement of functionally important species which are temporarily lost), watershed protection from the preservation of soil structure (especially constancy of stream flow and water quality), mitigation of greenhouse gas emissions (C sequestration into long-term pools of complex organic matter by fungi and eubacteria, and methane oxidation by archaea) and bioremediation after specific pollution events (metabolism of pesticides by eubacteria and sequestration of heavy metals by a variety of organisms).

In this chapter, we define functional group as an assemblage of species, of any taxonomic affiliation and living at whatever spatial scale, whose collective impact in a soil ecosystem is one of the above generic ecosystem functions, and with the assumption that all five functions must be manifested in any soil which has sustainable fertility and structural stability. There is limited knowledge of the extent to which the biota below ground and the functions its species perform are dependent on the biota above ground, and visa versa. This limits predictions of the effects of land-use change on ecosystem processes, and the evaluation of specific scenarios such as climate change, agricultural intensification, and pollution. Further, the question remains as to what relationship exists between species diversity, functional diversity (the number of functional groups), functional composition (the nature of functional groups), and the occurrence and intensity of ecological processes. The question of possible links between species diversity and ecosystem stability is topical in ecology (Naeem et al., 1994; Tilman and Downing, 1994; Gaston, 1996; Lawton, 1996; Lawton et al., 1996,1998). However, in soil systems the relatively poor state of taxonomy and the lack of agreed or adequate methodologies for extracting and enumerating many groups have driven both theoretical treatments and practical fieldwork to the use of the functional group concept as an indispensable aid to assessing the role of the biota in maintaining ecosystem processes.

The minimum number of functional groups, and species within functional groups, to ensure soil resilience against natural and anthropogenic stresses is not precisely known. Circumstantial evidence and intuition suggest that stress and disturbance (defined as the removal or disruption by man of functionally significant components of the natural forest ecosystem) affecting functional groups that are composed of relatively few species are the most likely to cause loss or reduction of ecosystem services. To the best of our knowledge this holds for shredders of organic matter, nitrifying and denitrifying bacteria, bacteria involved with C1 compound and hydrogen transformations, Fe and S chemolithotrophs, mycorrhizal fungi, and bioturbators.

Ecological impacts by plants which affect soil include: vegetation cover determining soil climate; root penetration and water extraction affecting soil structure; and nutrient supply to soil organisms, which is derived from a variety of litters and plant exudates, including photosynthate transferred directly to microsymbionts (Swift and Anderson, 1993; Angers and Caron, 1998). The reverse relationship, that is, the impacts of soil organisms on plants includes formation and stabilization of soil structure, texturing, and horizonation (Wilson and Agnew, 1992; Lavelle et al., 1997; Angers and Caron, 1998); nutritional provision (Douglas, 1995); and modifications of microbial growth conditions (Visser, 1985). To these extents, aboveground diversity and belowground diversity are linked and mutually dependent, but whereas aboveground changes are visible and documented, changes in soil communities are commonly overlooked not only because they may be invisible but also because there is no common standard for survey and assessment (Wolters et al., 2000).

Intensification of agriculture, defined here as a reduction in the period in fallow to period in crop ratio, can lead to fundamental transformation of vegetation cover, or to gradual alterations of existing land use without obvious botanical change (Scholes and van Breemen, 1997). The goal of maximizing crop yield rapidly overrides all other factors controlling plant community structure, and therefore the morphological impacts of plants on the soil community (i.e., microclimate) are immediately altered, with subsequent changes in resource provision to soil biota as litter and exudates. There is therefore ample justification for studying belowground biodiversity in the context of any program addressing the sustained improvement of agricultural productivity (Swift and Anderson, 1993). 

Alternatives to Slash and Burn (ASB) is a global program designed to identify optimal schemes for tropical forest-based subsistence agriculture which are consistent with alleviating poverty, providing increased food security, enhancing environmental resilience, and conserving biodiversity (Kenyatta, 1997). A part of the program specifically addresses biodiversity issues, both above ground and below ground, with four main activities:

· improvement of rapid assessment tools for biodiversity;

· development of a biodiversity assessment database and models;

· devising techniques for restoring or conserving native biodiversity; 

· capacity building of biodiversity assessment expertise.

The ASB aims to answer the question: what is the effect of land-use change on biodiversity, and what are the implications for ecosystem services and resilience, and for agricultural productivity? Here we report on what has been achieved with belowground biodiversity, concentrating on the development of a rapid assessment methodology, the organization of results into a biodiversity assessment database, and the establishment of basic trends which may implicate soil biota in the maintenance of good soil function. Our work mainly encompasses development of rapid assessment tools for biodiversity, and a biodiversity assessment database and models.

ALTERNATIVES TO SLASH-AND-BURN WORKING HYPOTHESES

The ASB Soil Biodiversity Network operates under a series of linked hypotheses, which our field sampling was designed to test. These are that:

a. Agricultural intensification (as we define it) results in a reduction of soil biodiversity.

b. Reduction in soil biodiversity leads to a loss of ecosystem function detrimental to sustained productivity.

c. Aboveground and belowground biodiversity are interdependent across scales of resolution from individual plant communities to the landscape.

d. Agricultural diversification promotes soil biodiversity and enhances sustained productivity.

e. Sustainable agricultural production in tropical forest margins is significantly improved by enhancement of soil biodiversity.

Hypotheses (a), (c), and (d) can be answered from the data generated by belowground biodiversity sampling discussed in this chapter. Hypothesis (b) is best considered in the context of all ASB data (i.e., the global synthesis), while hypothesis (e) is to be addressed in later work programs within and following ASB. 

APPROACH AND METHODS

Land-Use Systems Sampled
A list of land uses sampled for belowground biodiversity is given in Table 5.1. In most cases, the same sites were also sampled for aboveground biodiversity and emissions of greenhouse gases (see articles by Palm et al., Murdiyarso et al., and Gillison, 2004, this publication). Owing to inevitable differences in crop types, traditional practices, biogeography, socioeconomic development, and national science capacities, equal sampling regimes could not be imposed in all four countries. Nevertheless, it was possible to group the 76 sites investigated into nine primary land uses along an intensification gradient, which forms the basic level of analysis reported here. Where appropriate to assist clarity, we have consolidated land uses into four generic categories: forest, agroforest, fallow vegetation, and crops.  Differences within land uses and land covers, for example, age of fallow, type of agroforest, the mixture of food crops etc., were deliberately included to embrace the full spectrum of practices typical of particular regions and remain an implicit part of the database, but will be examined elsewhere.

Target Organisms and Functional Groups

As the taxonomic diversity of soil biota is very high and many species are undescribed (see Torsvik, 1991; Eggleton et al., 1996; Lavelle et al., 1997; Lawton et al., 1998; Hooper et al., 2000), selection of representative organisms to sample is essential before field work can be attempted. In addition, there is no single method available for addressing soil biodiversity and it is therefore necessary to adopt a subset of protocols which can be accommodated in a single field campaign, within the resources available. We selected seven “target” taxa (Table 5.2) on the basis of their diverse functional significance to soil fertility and overall ease of sampling simultaneously, across a range of land-use types. These groups and some of their important functional group affiliations are described here:

a. Earthworms, which influence both soil porosity and nutrient relations through channeling, and ingestion of mineral and/or organic matter. Earthworms can be divided into further functional categories: epigeic (living and feeding on the surface), anecic (living below ground but feeding on the surface) and endogeic (living and feeding below ground).

b. Termites and ants, which influence (i) soil porosity and texture through tunneling, soil ingestion and transport, and gallery construction; (ii) nutrient cycles through transport, shredding, and digestion of organic matter. Ants can be further classified by feeding habits: carnivores, generalists, seed collectors, and honeydew feeders. Termites are heuristically divided into grass-feeders, wood-feeders, wood/soil feeders and soil-feeders (Bignell and Eggleton, 2000), but other trophic functional classifications are possible, based on gut content analysis (Donovan et al., 2001)

c. Other macrofauna, which for our purposes includes woodlice, millipedes, and some types of insect larvae which act as litter transformers, with an important shredding action on dead plant tissue. Their predators (centipedes, larger arachnids, some other types of insect) are usually sampled at the same time when pitfall traps are employed, and can be included in enumerations. These “other macrofauna” may be considered together with termites and ants (sampled separately), as ‘all macroarthropods’. All macrofauna means all macroarthropods, together with earthworms.

d. Nematodes, which (i) influence turnover of C and nutrients in their roles as root                                                                  grazers, fungivores, bacterivores, omnivores, and predators, (ii) occupy existing small pore spaces in which they are dependent on water films, and (iii) usually have very high generic and species richness. Nematodes can be given a functional classification as bacterivores, fungivores, plant parasites, omnivores, and predators (Yeates et al., 1993).

e. Mycorrhizas, which associate with plant roots, improve nutrient and water use and reduce attacks by plant pathogens.

f. Root-nodulating bacteria, which transform N2 into forms available for plant growth. 

g. Overall microbial biomass, which is an indirect measure of the total decomposition and nutrient recycling community of a soil. It is contributed by fungi, protists, and bacteria (including archaea and actinomycetes).

Functional distinctions are essentially idiosyncratic for any given taxon, though helpful in data analysis. Two obvious exclusions from the taxa investigated are mesofauna (principally mites, other small arachnids, and collembolans) and protists. The exclusion arises from the lack of adequate taxonomic expertise and, in the case of protists, a real lack of practical sampling methodology, rather than ignorance of their important role in soil systems.

Table 5.2 shows the actual types of data obtained for these seven broad taxonomic groups in four countries. Although the ASB campaign addresses biodiversity, resolution at the species or strain level (alpha-diversity) was not achieved in every case. In diverse groups, generic diversity or morphospecies diversity are assumed to be adequate surrogates, for example, Brazilian nematodes, which were distributed in 159 genera (S. Huang, 1999, personal communication) and termites, where morphospecies are commonly employed (Dibog, 1998; Eggleton et al., 1999). 

Additionally, it is usually possible to add to basic data on abundance and biomass by allocating specimens or whole taxonomic units to broad functional groups. This is illustrated by the three groups of earthworms described in (a.) above, a classification that can also be applied to the ‘all macrofauna’ category (c. above). For microsymbionts, raw data on propagule abundance or inoculum potential in soil samples is less meaningful without some measure of efficiency or suitability for mutualism. In best practice, therefore, microsymbiont diversity should be assessed after capture or trapping by candidate host plants, although some information and taxonomic allocation can be made from spore morphotypes. 

To an extent, the biology of particular groups dictates the nature of the diversity measurement; for example, abundance is not the same concept for macrofauna and root-nodulating bacteria, since the former are enumerated as living individuals of whatever condition, and the latter are numbered as nodule-forming units (i.e., on the basis of viability as a symbiont). However, sampling methods also impose their own constraints, particularly within the ASB remit of applying rapid assessment techniques simultaneously across the entire taxonomic spectrum of soil biota. Lawton et al. (1998) make the point that sampling effort and taxonomic difficulty in biodiversity measurement both increase with decreasing size of the organisms concerned. The concept is neatly illustrated by the present study: whereas macrofauna are sampled by simple capture, nematodes first require extraction and microsymbionts require either extraction and then multiplication or isolation/capture followed by culture. Available time and resources therefore limit diversity data much more at the lower end of the size scale. With bacteria, the task of determining diversity is daunting: Torsvik et al. (1996) estimate that 1 g of soil could contain 108 to 1010 different strains. We argue that it is therefore acceptable to add relatively crude surrogates, for example ‘percentage root infection’ and ‘total microbial C’. In the absence of taxonomic expertise and resources, abundance and biomass data at the site level, without specific diversity indices, are also useful in addressing ASB objectives.

A full dataset to meet all ASB objectives for the characterization of belowground biodiversity would comprise the following:

Diversity (or taxonomic richness) at the strain, species, genus, and higher taxonomic level for target taxa.

Abundance as mean individuals or colony-forming units m-2 (transformation as [log10 x + 1] with 95% confidence interval is helpful; see Eggleton et al., 1996).

Biomass as g m-2 (normally on a wet weight basis, with log transformation).

Taxonomic community composition as percentage per taxon (based on relative abundance and relative biomass).

Functional community composition as percentage per functional groups (based on relative abundance or relative biomass) or +/- basis.

Diversity indices combining species richness and relative abundance (see Southwood, 1978).

The Field Transect

The methods used to sample soil biotas, the original Tropical Soil Biology and Fertility (TSBF) Programme protocols, and our current recommendations of best sampling practice are summarized in Table 5.3. A full discussion of sampling is beyond the scope of this chapter (for a fuller consideration, see Swift and Bignell, 2001), but our approaches should be seen as an evolution of methods from the basic field transect recommendation for macrofauna made by Anderson and Ingram (1993). The main premises are to have rapid assessment (this roughly means completing field sampling of any one site in 1 or 2 d) and to be able to address all the biotic groups targeted at the same time and in the same place. This is the rationale of the short transect, which also has the advantage of fitting into the small plots of fallow and food-crops which typify tropical subsistence agriculture. In larger plots a transect can, in theory, examine whether proximity to the plot boundary (i.e., to the forest margin) influences belowground biodiversity.

The main additions to the original TSBF protocol are an increase in the length of the transect from 25 to 40 m, increases in the number of monoliths (for macrofauna assessment) and cores taken (for nematodes and microsymbionts) within the transect, and extra sampling for termites and other macrofauna outside (but adjacent to) the transect (Jones and Eggleton, 2000). The modifications are intended to increase the accuracy of biodiversity assessment by achieving resolution at both the species and the functional group level, but also to mitigate the variability of data from short transects for groups with typically patchy distributions. The key issues are twofold: (i) for quantitative sampling, how much replication is necessary to assess the true variance in the abundances of soil biota? and (ii) for qualitative sampling, how much of a given habitat needs to be investigated to sample its inherent diversity adequately (this means identifying all the functional groups present)? While it is easy to design theoretical sampling which is statistically sound, it is much more difficult to devise procedures that can be applied across diverse taxa, within strict time limits and limited budgets, and often in remote locations.

Figure 5.1 illustrates our concept of best sampling practice, but is not intended to be prescriptive. Although we recognize that two transects should be deployed per plot, almost all the actual sampling we report has used only one. Sampling is recommended to take place under the most stable conditions available, towards the end of the rainy season and at the maximum biomass of crops (before senescence). To avoid unintended disturbance, we recommend sampling in the order pitfalls ( cores/roots ( monoliths ( termite transect. In practice, no more than 10 to 12 people can be involved without mutual interference and excessive trampling of a site. 

ILLUSTRATIVE RESULTS

Demonstrating Biodiversity Change in Relation to Land Use

Taxonomic groups showed significant differences in belowground biodiversity between different land-uses (Table 5.4), but the trends differ between countries and between taxa. For example, overall macrofaunal diversity across seven land uses in Jambi Province, Sumatra, Indonesia, varied from more than 70 species or morphospecies per transect in jungle rubber, to fewer than 10 in a degraded cassava (Manihot esculenta Crantz) garden site, with intermediate diversity in other sites including pristine forest and tree plantations (Fig. 5.2). In Cameroon, an average macrofaunal diversity of 60 units was associated with the Chromolaena odorata (L.) King & H.E. Robins fallows characteristic of low-input indigenous agriculture, compared to 40 in mature forests and slightly lower still levels (i.e., <40) in agroforest and cropfields. However, there were fewer variations across land uses in Peru (18–26 taxa), Brazil (10–12) and in a site sequence in the Lampung region of Sumatra (14–19), suggesting that land management impact on diversity in these systems is low, or perhaps that they are in a more depauperate state overall. 

For Cameroon macrofauna, the expression of data as the Shannon-Weaver diversity index (that combines species richness and relative abundance) reveals a somewhat different pattern than alpha-diversity alone: the highest Shannon-Weaver value (2.69 ± 0.43) was associated with agroforest, as was the highest alpha-diversity, but the lowest (1.01 ± 0.35) was for primary forest, that had intermediate alpha-diversity. Fallows were still high (2.40, 2.47), but two crop fields were also significantly different from one another (1.59 vs 2.81). This difference between the two assessments (species richness and diversity index) illustrates the high information content inherent in the data, but also the requirement for multivariate analysis to achieve resolution at all spatial scales.

A different approach for looking at effects of land use can be taken by focusing on single taxa, which can be identified to species level (termites, ants, earthworms in the present work). For example, about one half of the macrofaunal diversity in the Jambi sequence (Fig. 5.2) is attributable to termites. There were 30 species in primary forest compared to 10 in rubber [Hevea brasiliensis (Willd. ex A. Juss.) Muell.-Arg.]plantation and 21 in jungle rubber (a form of agroforest). Ants have the opposite dynamic, rising from 16 species in primary forest to 24 in tree plantation and peaking at 33 in jungle rubber. The combination of ant and termite dynamics gives a more complete picture of biodiversity changes than either taxon alone, and is all the more remarkable considering that ant abundance and biomass are not significantly different across the whole gradient (see comments on abundance and biomass determinations, below). Earthworm diversity is generally low in tropical forest systems, but biomass contributions can be extremely large. 

Table 5.5 summarizes the data obtained for nematodes in Brazil. The different diversity values of generic richness, Shannon’s and Simpson’s indices are consistent with each other in showing the lowest diversities are associated with pasture and food-crop fields, and the highest with fallow and agroforest. Nematode abundance, on the other hand, is lowest in agroforest and food-crop fields, and highest in pasture. The abundance of root-nodulating bacteria is lowest in agroforest and highest in pasture (Table 5.6). 

Data for mycorrhizal diversity are relatively few, and insufficient to permit statistical analysis, but in Cameroon there is some suggestion of a decline in richness from forest to other land uses. However, there is also a difference between diversity estimated from the spores in soil and that resulting from bioassay. Arbuscular mycorrhizal fungi cannot be cultured in vitro, so diversity assessment is heavily dependent on morphology. Counts of arbuscular mycorrhizal spores in soils in Brazil and Indonesia showed higher abundance in crop fields and grasslands than in other land uses. However, diversity data for Indonesia showed that richness varied only from 12 to 15 species across the sites (not tabulated), so the changes with land use may not be extremely relevant. Diversity data are not yet available for rhizobia, but estimates of symbiont efficiency (the diversity of host plants nodulated, arguably a reasonable substitute) do not show distinctions between land uses. 

Demonstrating Functional Group Change in Relation to Land Use

We argue above that functional groups can substitute for species (or strains) in organisms whose taxonomy is difficult, but they also provide additional information of relevance about ecosystem function. The Brazilian nematode dataset (Table 5.5) shows that the reduction in generic richness and associated diversity indices in pasture and food-crop fields, relative to forest, is not reflected to the same extent by the indices of trophic diversity, trophic dominance, and the abundance (% total) of plant-feeding and bacterial-feeding groups. This can be interpreted as support for the conclusion that the fauna remains functionally robust over the range of land uses, land covers, and disturbances surveyed, with functional diversity being retained despite the reduction in generic richness. Fallow is noticeably different in functional composition, with more bacterial feeders. The maturity index, however, points to the food-crop field as the most disturbed land use. This index broadly assesses the balance between colonizers (species with high rates of reproduction and tolerant of disturbance) and persisters (typically with long life cycles and low rates of reproduction). On the basis of all these assessments, three tree-based systems (secondary forest, agroforest, and fallow) can be distinguished from two nontree systems (pasture and food-crop field).

Similar functional distinctions can be recognized in macrofaunal groups (between feeding groups) and among root-nodulating bacteria (between promiscuous and host-specific strains). As an example, the changes in termite diversity observed across the Jambi, Indonesia, land-use sequence (Fig. 5.2) consist largely of losses of soil-feeding species, while wood-feeding and grass-foraging species are less affected. Taken together with abundance and biomass data, this might permit the conclusion that termite-mediated wood and litter decomposition would be unchanged under light and moderate disturbance, but the soil-conditioning role, normally the prerogative of soil-feeders might be compromised. Soil-feeding termites are known to be very sensitive to canopy reduction, and in the same land-use sequence it can be shown that termite species richness and relative abundance are both highly significantly correlated with botanical species richness, canopy cover and woody plant basal area (A.N. Gillison et al., unpublished data, 2002).

Functional group classifications are usually taxon-specific. However, some simple categorizations can be applied more generally. Figure 5.3 shows the relative change in functional group abundance for macrofauna across the Jambi land-use sequence, using the epigeic, anecic, and endogeic classification first established for earthworms (Lavelle et al., 1997). The broad trend here is the loss of anecic and endogeic species as disturbance intensifies (jungle rubber is a possible exception). These are the organisms responsible for soil conditioning (rather than decomposition per se). The result therefore underscores the conclusions reached from termite diversity and shows that functional diversity can be more useful in demonstrating significant changes in the belowground community than trends of abundance and biomass.

Abundance and Biomass in Relation to Land Use

Abundance and biomass are problematical parameters for soil biotas because of high variance and the impracticality of sampling at high replication (see Eggleton et al., 1996; Swift and Bignell, 2001). Unsurprisingly, species richness and functional group diversity often provide a distinction between land uses more readily, and with much less effort (Eggleton and Bignell, 1995; Jones and Eggleton, 2000). Nevertheless, the delivery of any given role or process in an ecosystem must be related to the abundance and/or biomass of the organisms responsible, and therefore these quantities cannot be ignored. As an example, Fig. 5.2 shows that trends in the total abundance and biomass of macrofauna across the Jambi land-use sequence are different, and less clearcut, from those of taxonomic diversity. The notable peaks associated with tree plantation (BS6) and jungle rubber (BS10) are largely contributed by earthworms although their diversities are hardly rich and only exceed other sites by one or two. In the same land-use sequence, there are no significant differences for ant abundance and biomass. With termites, post hoc comparisons by Mann-Whitney show that the pristine primary forest site has significantly higher abundance and biomass than any of the others, but otherwise there are few differences between land uses, except for the degraded Imperata grassland, which has few termites and is depauperate. These results further emphasize the value of the functional group concept in achieving resolution between different agroecosystems.

Data on microbial biomass in the Brazilian land-use sequence shows the secondary forest had significantly greater microbial C than pasture and agroforest. In Indonesia (Lampung sites), secondary forest had significantly more microbial C than all other sites, followed by agroforest, which was significantly greater than tree plantation and Imperata grassland, which were both significantly greater than food-crop fields. There is some agreement, therefore, between data for different microbial groups and data for microbial biomass, at least to the extent of suggesting that agroforest and food-crop field land-uses may be relatively impoverished compared with fallow, if not with forest. 

EVALUATION

Assessment of the value of the work completed to date turns on three issues: Have we answered the ASB questions in whole or in part? Are we justified in our selection of taxa and/or functional groups? Have we learned from our experience by changing our methods and improving our skills?

The ASB belowground biodiversity working hypotheses have been reworked into questions which are presented in Table 5.4.  Some answers can be offered to at least some of those questions from the results presented above. An obvious criticism is that too many examples of links between land-use and belowground biodiversity are drawn from the macrofauna, which are the easiest group to sample. This does not invalidate evidence from macrofauna, but does point to the need for improved methodology with other groups that mediate different functions in the ecosystem. The observation that trends across land-use sequences and along disturbance gradients differ between taxonomic groups self-evidently justifies extending biodiversity surveys to microfauna and microsymbionts. Because of the large numbers of individuals, in different functional groups, which can be extracted from a small number of soil samples, the potential for data accumulation from nematodes, given adequate taxonomic expertise, is impressive and should have good predictive value for ecosystem processes. In work with termites and nematodes, taxonomic resolution can be obtained at the genus or species level and it is also possible to make functional group allocations from the morphology of each specimen. Better discrimination between land uses is then possible, because the balance of functional groups, as well as species or generic diversity can be assessed at the same time. Despite this, there is no evidence that any one taxonomic group can serve as a surrogate for others. Such evidence as exists points to the opposite conclusion. For example, in Cameroon Lawton et al.(1998) found that five unrelated animal groups (birds, beetles, ants, termites, and nematodes) each showed their own pattern of diversity change across the same disturbance gradient (forest, through tree plantation to cleared ground), and that the changes in one group were not predictive of changes in others.

The main addition to our protocol since the project began has been the 100-m termite transect. This places substantial demands on resources (20 man-hours for sampling, up to 300 man-hours for taxonomy, see Lawton et al., 1998), but provides high resolution and has the additional advantage that specimens can be allocated to functional groups directly from taxonomic affiliation (Jones and Eggleton, 2000). Other improvements, tabulated under best sampling practice (Table 5.3), address replication issues: increasing the number of monoliths per transect from 5 to 8 or 10, and avoiding or reducing the bulking of cores for nematodes and microsymbionts. Such modifications are easy to recommend, but carry large resource implications. Similarly, the move towards molecular methods in the characterization of root-nodulating bacteria (Bruijn et al., 1997) necessarily restricts the number of laboratories able to undertake such work in the short term.

Table 5.7 summarizes the difficulties attached to work with particular groups. Inevitably, while sampling expertise can be readily taught and disseminated, taxonomic bottlenecks are the main obstacles to assembling good datasets (see Eggleton and Bignell, 1995; Lawton et al., 1998). Termites, earthworms, nematodes, mycorrhizal fungi, and rhizobia can all be cited as groups whose taxonomy is moderately difficult or difficult. However, these are also the groups where species or strain-level resolution is valuable in distinguishing between land uses.

A final question concerns the scaling of sampling. Is the assessment of belowground biodiversity consistent from sampling point to plot, and from plot to land use? To some extent this question returns the argument to the issues of replication of sampling and the variance of data. Are we justified in drawing conclusions about regional land uses from spot sampling in a few sites, albeit relatively well-documented ones? Data on soil macrofauna from Indonesia, where replication of sampling has arguably been more extensive than elsewhere, suggests that for any given land use, average taxon diversity is consistently greater at the sampling location level (i.e., mean of taxa sampled over all locations) than the sampling point level (i.e., mean of all sampling points in all locations). This is as expected, given that a few samples will be highly taxon-rich while the majority will have lower diversity and, consequently, the maximum diversity found at any single point will be greater than the average of locations. However, the magnititudes of both these difference are consistent across fives land uses from mature forest to degraded Imperata grassland (van Noordwijk, 1999). This suggests that despite their inadequacies, our sampling methods are giving real information on the linkages between land management and soil biodiversity.
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