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Abstract 

The significance of biodiversity to biogeochemical cycling is viewed most directly through the specific biogeo- 
chemical transformations that organisms perform. Although functional diversity in soils can be great, it is exceeded 
to a high degree by the richness of soil species. It is generally inferred from this richness that soil systems have a 
high level of functional redundancy. As such, indices of species richness probably contribute little to understanding 
the functioning of soil ecosystems. Another approach stresses the value of identifying "keystone" organisms, that 
is those that play an exceptionally important role in determining the structure and function of ecosystems. Both 
views tend to ignore the importance of biodiversity in maintaining the numerous and complex interactions among 
organisms in soils and their contributions to biogeochemical cycling. We describe some of those interactions and 
their importance to ecosystem function. 

Soil organisms alter the physical, chemical and biological properties of soils in innumerable ways. The composi- 
tion and structure of biotic communities at one hierarchical level can influence the spatial heterogeneity of resource 
and refuge patches at other hierarchical levels. This spatial heterogeneity is supported by a number of biologically 
relevant spheres of influence that include the detritusphere, the drilosphere, the porosphere, the aggregatusphere 
and the rhizosphere. Each has fairly distinct properties that operate at different spatial scales. We discuss how these 
properties may function in regulating the interactions among organisms and the biogeochemical processes that they 
mediate. It is through the formation of a spatially and temporally heterogeneous structure that biodiversity may 
contribute most significantly to the functioning of soil ecosystems. 

Real advances in understanding the significance of biodiversity to biogeochemical cycling will come from taking 
a broader view of biodiversity. Such a view will necessarily encompass many levels of resolution including: 1) the 
importance of biodiversity to specific biogenic transformations, 2) the complexity and specificity of biotic interac- 
tions in soils that regulate biogeochemical cycling, and 3) how biodiversity may operate at different hierarchically 
arranged spatial and temporal scales to influence the structure and function of ecosystems. 

Introduction 

Interest in biodiversity has grown rapidly in both pub- 
lic and scientific circles (Wilson, 1988). Increasingly, 
attention is being drawn to organisms other than those 
of the vertebrate world (i.e. birds, mammals, and fish). 
While much of this attention can be attributed to a 
desire to maintain genetic diversity and to harvest its 
biochemical potential, the importance of biodiversity 

to ecosystem function has been largely overlooked (di 
Castri and Younes, 1990; Franklin, 1993). 

Evaluating the importance of biodiversity to bio- 
geochemical cycling will ultimately depend on how 
we define biodiversity, and on our ability to character- 
ize it functionally and to identify the critical biotic and 
abiotic factors that regulate it. Clearly the diversity of 
soil organisms is vast. Many of these organisms are 
unknown and perhaps unknowable in a timeframe rel- 
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evant to their protection. Given that many soil species 
have been or will be lost before we can act to pro- 
tect them, and that the risks to species will always be 
balanced against the benefits of natural resource devel- 
opment, it becomes critical to understand what aspects 
of biodiversity are important to maintaining ecosystem 
function. 

The dichotomy between functional and descriptive 
approaches to soil ecology is no more apparent than in 
the discussion of the significance of soil biodiversity 
to biogeochemical cycling. The task of joining these 
approaches is constrained both by our metaphorical 
view of soil as a 'black box' and the experimental limits 
it imposes (Paul, 1989). Given the enormous breadth of 
the subject, we will not attempt to cover all aspects of 
biodiversity as they relate to biogeochemical cycling. 
Rather we present a view that incorporates ideas from 
several levels of resolution. We begin with some exam- 
pies of specific biogenic transformations in soils, rang- 
ing from those that are highly specialized to those that 
are much more widely distributed. This is followed by 
an argument which challenges the assumption that soil 
biota are highly functionally redundant and that much 
of the organization and function of ecosystems can be 
attributed to a select group of "keystone" organisms, 
instead placing greater emphasis on the importance 
of biotic interactions to biogeochemical cycling. We 
conclude with a discussion of how biodiversity may 
operate at different hierarchically arranged spatial and 
temporal scales to influence the structure and function 
of ecosystems. 

Biodiversity and biogenic transformations 

The importance of biodiversity to biogeochemical 
cycling can be viewed most directly through the specif- 
ic biogeochemical transformations that organisms per- 
form. Their effects on biogeochemical cycling occur 
through both direct and indirect means. Though vari- 
ously defined (Wolters, 1991), for the purposes of this 
discussion a direct effect is defined as any organism- 
induced modification that can, without further biolog- 
ical involvement, alter the transformations and trans- 
port of elements within soils. The following section 
reviews the direct effects of plants, bacteria, fungi and 
fauna on biogeochemical cycling in soils. 

Plants 
Plants play a critical role in biogeochemical cycling by 
serving as the primary source of fixed carbonaceous 
energy and as both a source and a sink of nutrients. 
Species specific differences in the organic constituents 
(e.g. cellulose, lignin) and nutrient content of plant 
tissues as well as patterns of biomass accretion and 
tissue senescence influence the extent and timing of 
organic matter decomposition and nutrient release in 
soil (Swift et al., 1979). These species specific factors 
apply equally well in agricultural as well as natural 
ecosystems. 

Plants also contribute directly to nutrient cycling 
through the weathering of primary minerals. This 
occurs principally through the production of root exu- 
dates that lower soil pH or chelate metals, releasing 
many essential nutrients (e.g. Fe, Ca, K, Mg, and Na) 
(Likens et al., 1977). Although some studies suggest 
that mineral weathering rates are lower in soils dom- 
inated by coniferous as compared to deciduous vege- 
tation (Knoll and James, 1987), the degree to which 
species differ in their contributions to mineral weath- 
ering and, thus, localized influences on mineral avail- 
ability is poorly known. The extent to which plant 
community structure determines, or is determined by, 
the spatial variation in soil biogeochemical properties, 
especially mineral nutrient availability, is a subject 
of much continued research (Grime, 1979; Tilman, 
1982). 

Bacteria 
Soil bacteria are responsible for some of the most 
specific biogenic transformations in elemental cycles 
(Alexander, 1977; Paul and Clark, 1989). In the nitro- 
gen cycle, many bacteria are involved in ammonifi- 
cation, but other N transformations are carried out 
by taxonomically narrow groups of microorganisms. 
Chemoautotrophic nitrification, for example, is accom- 
plished by relatively few obligate aerobic soil bacte- 
ria which oxidize NH3 to NO~- (e.g. Nitrosomonas, 
Nitrococcus) and NO~- to NO~- (Nitrobacter). Het- 
erotrophic nitrification is also known for several bacte- 
ria (e.g. Arthrobacter) and actinomycetes, but probably 
accounts for relatively low levels of NO 3 production. 
Other steps in the N cycle, such as dissimilatory NO 3 
and NO2- reduction (e.g. Mycobacterium, Clostridi- 
urn) and denitrification (e.g. Pseudomonas, Bacillus, 
Thiobacillus), are carried out by a few, widely dis- 
tributed genera (Payne, 1981). 
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Although biological N2-fixation is widely distribut- 
ed, the bacteria responsible for these transformations 
are often limited to a fairly narrow range of environ- 
mental conditions (Postgate, 1982). Asymbiotic N2- 
fixation is carried out by aerobic (e.g. Azotobacter, 
Beijerinckia), microaerophilic (e.g. Klebsiella, Bacil- 
lus) and anaerobic (e.g. Clostridium) organotrophic 
bacteria as well as free-living cyanobacteria that are 
sometimes abundant in soils. Symbiotic N2-fixation is 
best known for bacterial (Rhizobium, Bradyrhizobium) 
associations with legumes and actinomycete (Frankia) 
associations with numerous genera of nonleguminous 
angiosperms (e.g. Alnus, Casuarina, Ceanothus, Myri- 
ca).  

The role of bacteria in the phosphorus cycle appears 
somewhat less specialized. Although there are no 
microbially mediated gaseous fluxes of P, a wide 
range of soil bacteria (e.g. Pseudomonas, Bacillus) 
are involved in the solubilization of inorganic phos- 
phorus. As a group, soil bacteria are important to 
the short-term immobilization of P and the mineral- 

ization of organic phosphorus. Somewhat more spe- 
cialized groups of bacteria are involved in the trans- 
formations of metals in soils. Examples of these 
transformations include the reduction (e.g. Bacillus) 
and precipitation (e.g. Chlamydobacteriaceae) of iron 
as well as the chemolithotrophic oxidation of Fe 2+ 
under acid conditions (Thiobacillusferroxidans). Oth- 
er examples of specialization can be found in the sul- 
fur cycle. All microorganisms require sulfur for syn- 
thesis of amino acids, but many biogenic transforma- 
tions of sulfur including the oxidation of inorganic 
sulfur by chemolithotrophic (e.g. Thiobacillus) and 
photolithotrophic (e.g. Rhodospirillaceae) bacteria and 
dissimilatory reduction of SO42- (e.g. Desulfovibrio) 
are limited to few genera and occur under a fairly nar- 
row range of environmental conditions (Bettany and 
Stewart, 1982). 

An area of recent interest involves the organisms 
and conditions responsible for the production and con- 
sumption of methane. Methanogenesis is now attribut- 
ed to more than 50 known species of bacteria that 



are rare in most soils but common in a broad range 
of anaerobic habitats (Jones, 1991). Their growth and 
survival depends directly on the activities of associated 
microflora which enhance methanogenesis through the 
release of C substrates and the maintenance of reduc- 
ing conditions, or inhibit it through the production of 
alternative electron acceptors (i.e. SO42-, NO 3 , Fe 3+). 
Conversely, methane oxidation appears to be limited to 
relatively few genera of obligate aerobic bacteria (e.g. 
Methylomonas, Methylococcus) that are widely dis- 
tributed in terrestrial ecosystems (Topp and Hanson, 
1991). Though principally responsible for regulating 
fluxes of methane, they may also contribute to ammo- 
nium oxidation and O2 depletion which enhance N20 
production. 

Fungi 
Fungi are a major component of the soil biomass 
(Hawksworth, 1991) and are of considerable impor- 
tance in regulating ecosystem processes (see recent 
reviews by Cromack and Caldwell, 1992; Dighton 
and Boddy, 1989; Wainwright, 1992). Though often 
grouped by their specific enzymatic capabilities, most 
fungi have broad versatility in their chemoheterotroph- 
ic metabolism. Despite this versatility and their promi- 
nent role in plant litter decomposition (Cromack and 
Caldwell, 1992; Kjoller and Struwe, 1982), many fun- 
gi maintain more specialized mechanisms for obtaining 
energy and nutrients (Wainwright, 1992). For example, 
some species of fungi are able to use other sources of 
C, ranging from gaseous forms (CO, CO2, CH4) (e.g. 
Parkinson et al., 1991) and volatile organics (Fries, 
1973) to relatively complex compounds such as lignin, 
humic acids and phenolic acids that are important con- 
stituents of soil organic matter (B~tth and S6derstrOm, 
1980). 

The important role of many fungi (Wainwright, 
1992), including ectotrophic mycorrhizal species 
(Read et al., 1989), in the ammonification of organic N 
is well established, but their contribution in other areas 
of the N cycle has received little attention. Nitrifica- 
tion, for example, has long been known for Aspergillus 
flavus, but the broader range of fungal involvement has 
only recently been described (Killham, 1987). Though 
autotrophic nitrification by bacteria is often assumed 
to dominate, the heterotrophic activities of fungi may 
account for a significant proportion of the nitrifica- 
tion in acid forest soils (e.g. Schimel et al., 1984). 
The extent of fungal nitrification in other soil systems 
remains poorly known. In contrast, several genera of 

fungi are known to play a role in nitrite reduction (e.g. 
Fusarium, Acremonium and Aspergillus sp.) though 
few studies have demonstrated significant levels of 
complete denitrification in fungi. Early evidence of 
N2-fixation in fungi has not held up to scrutiny though 
their ability to scavenge combined forms of nitrogen 
from the atmosphere may be widespread (Wainwright, 
1992). 

The role of fungi in the oxidation of elemental and 
reduced forms of inorganic sulfur is now known to be 
important in soils (Lawrence and Germida, 1988) and 
numerous genera appear to be involved (Wainwright, 
1992). Similar to roots and their mycorrhizal sym- 
bionts, some free-living fungi (Aspergillus and Peni- 
cillium) also excrete organic acids and Fe siderophores 
that solublize insoluble forms of phosphate (Sollins 
et al., 1981) and contribute to the weathering of soil 
minerals (Mehta et al., 1979). 

Methylation of halide ions by some wood-rotting 
fungi in the presence of cellulose represents another 
specialized biogenic transformation in fungi. Harper 
(1985) showed that through this process fungi could 
make a substantial contribution to the global budget of 
atmospheric chloromethane (CH3C1) which is impor- 
tant in regulating stratospheric ozone levels. While 
chloromethane production has been reported for sever- 
al species ofFomes andAgaricus bisporus, this biosyn- 
thetic capability is poorly known for most other cel- 
lulosic species, especially those of agricultural soils 
where cellulosic fungi are common (Broder and Wag- 
ner, 1988; Harper and Lynch, 1985; Killham et al., 
1988). 

One particularly important feature of the mycelial 
growth habit is the ability of fungi to overcome the 
physical and chemical constraints imposed by soil 
structure and the patchy distribution of substrates to 
access and translocate nutrients from regions of enrich- 
ment to regions of depletion (Cairney, 1992; Jennings, 
1990). The hyphal growth form also allows some fun- 
gi to accumulate nutrients and to sequester cytotoxic 
elements (e.g. AI, Ca, Fe, Mn) away from growing 
hyphal tips (Cromack and Caldwell, 1992). 

Foul, la 

The effects of soil fauna on soil processes have been 
described in several recent reviews (Anderson, 1988; 
Hendrix et al., 1990; Lee and Pankhurst, 1992; 
Wolters, 1991). From the standpoint of function, soil 
fauna are most often classified by size (Swift et al., 
1979; Fig. 1) into three major groupings; microfauna, 



mesofauna and macrofauna. The soil microfauna are 
composed mainly of protozoa and nematodes, num- 
bering as high as 107 m -2 and 109 m -2, respective- 
ly, in some soils (Anderson, 1988). They feed pri- 
marily on fungi and bacteria, though predatory and 
parasitic forms are also abundant. Their direct effects 
on biogeochemical cycling occur principally through 
their feeding on and assimilation of microbial tis- 
sue and the excretion of mineral nutrients. Due to 
their high consumption levels, short generation times 
and fast turnover rates they tend to track the dynam- 
ics of bacterial and fungal populations. The impor- 
tance of bacterial-feeding protozoa to the release of 
ammonium-N and enhanced N-uptake by plants has 
been shown in several studies (e.g.Clarholm, 1985; 
Kuikman and van Veen, 1989). The effects of micro- 
bivorous nematodes are more variable, having both 
stimulatory and inhibitory effects on microbial popu- 
lations and nutrient release (e.g. Ingham et al., 1985). 

Soil mesofauna comprise a diverse assemblage of 
organisms ranging from soil microarthropods (prin- 
cipally mites and Collembola) to the often abun- 
dant but poorly known enchytraeidae. Soil enchy- 
traeids directly affect biogeochemical cycling through 
their geophagic processing of soil organic matter and 
changes in the pore size distribution that may affect 
solute transport and O2-availability (Didden, 1990). 
The direct effects of microarthropods on biogeochem- 
ical cycling result from the enhanced mineralization 
of nutrients during their feeding on soil microflo- 
ra and fauna and from the comminution of plant 
detritus and fecal deposition, changing the surface 
area for microbial attack and the leaching of water- 
soluble constituents (Seastedt, 1984). Species specific 
differences in their contributions to biogeochemical 
cycling are poorly known. Though many microarthro- 
pods are fungivorous, others are bacterivorous or 
predatory, feeding on a number of micro- and meso- 
faunal groups. Recent studies indicate, however, that 
many microarthropods are omnivorous, shifting troph- 
ic habits as resources change, a characteristic that 
makes their arrangement into functional groups dif- 
ficult (Moore et al., 1988; Mueller et al., 1990; Walters 
et al., 1988). 

Soil macrofauna are represented by a morphologi- 
cally and behaviorally diverse group of organisms that 
includes millipedes, termites and earthworms. Their 
direct effects on biogeochemical cycling occur through 
the comminution and burial of plant detritus, improv- 
ing the resource availability to microbes and medi- 
ating the transfer of solutes and particulates deeper 

into the soil profile. They also affect biogeochemical 
cycling through a physical rearrangement of soil par- 
ticles, changing the pore size distribution and, as a 
result, patterns of infiltration and gaseous emission. 
Effects of earthworms are universally recognized, but 
soil turnover by ants and termites may be equally 
important (Lobry de Bruyn and Conacher, 1990). 

Of the macrofauna, earthworms provide one of the 
best examples of the union of functional and taxo- 
nomic approaches to biodiversity in soils. The familiar 
ecological categories of earthworms (Bouch6, 1971; 
Lee, 1959) clearly describe their niche separation with- 
in a soil volume. Polyhumic epigeic and epiendogeic 
species occupy litter and surface soil layers; meso- 
and oligohumic endogeic species inhabit mineral soil 
within the rhizosphere and beyond; and anecic species 
exploit both the surface litter as a source of food and the 
mineral soil as a refuge. The activities of earthworms 
within these categories influence biogeochemical pro- 
cesses in various ways. For example, epigeic species 
facilitate the breakdown and mineralization of surface 
litter, while anecic species incorporate organic mat- 
ter deeper into the soil profile and enhance aeration 
and water infiltration through burrow formation (Lee, 
1985). 

An alternative to the redundancy-keystone dualism 

The examples above represent only a sampling of the 
rich and varied ways in which organisms contribute 
directly to biogeochemical transformations in soils. 
Although their functional diversity can be quite high, 
it is exceeded to a large degree by the richness of soil 
species. For this reason, many authors have argued 
that an accounting of species richness contributes little 
to understanding ecosystem function, primarily due to 
the high degree of functional redundancy assumed for 
many soil species (di Castri and Younes, 1990). It is 
generally inferred from this that a loss of species will 
not necessarily be reflected by a change in rates of 
biologically mediated processes and biogeochemical 
transformations (Franklin, 1993). Though redundan- 
cy in a single function may be common among many 
soil biota, the suite of functions attributable to any one 
species is unlikely to be redundant. Furthermore, func- 
tionally similar organisms often have different envi- 
ronmental tolerances, physiological requirements and 
microhabitat preferences (Perry et al., 1989). As such, 
they are likely to play quite different roles in the soil 
system. 
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Many authors have called for an approach to bio- 
diversity protection that targets "keystone" organisms 
(species and functional groups), that is, those that play 
exceptionally important roles in maintaining the orga- 
nization and function of ecosystems. Although there 
is little doubt that some organisms have an overrid- 
ing influence on ecosystem processes, the keystone- 
organism approach has recently been called into ques- 
tion (Mills et al., 1993), due largely to its tenden- 
cy to disregard the importance of biotic interactions 
in regulating ecosystem function. Biotic interactions 
can be either positive (e.g. mutualistic, associative) 
or negative (e.g. competitive, predatory) in function. 
The importance of negative interactions to regulating 
soil processes has been the subject of much research 
(Coleman et al., 1983; De Ruiter et al., 1993; San- 
tos et al., 1981). Recently, there has been a grow- 
ing interest in understanding the positive interactions 
in soils and whether they may confer greater stabili- 
ty and resiliency to ecosystem function (Perry et al., 
1989). Taken as a whole, the more complex the biot- 
ic interactions, the greater the probability that indirect 
effects will be important to regulating ecosystem func- 
tion (Price, 1988). Thus, the diversity that supports 
these complex interactions will be important to reg- 
ulating the processes that determine biogeochemical 
cycling. 

For these reasons, an approach that relies less on 
the redundancy-keystone dualism and more on under- 
standing the complexity and specificity of biotic inter- 
actions (Mills et al., 1993) will yield greater returns in 
determining the significance of biodiversity to ecosys- 
tem function. This point is made clearer by reviewing 
the broad range of biotic interactions in soils that con- 
tribute to biogeochemical cycling. 

Biodiversity, biotic interactions and indirect effects 

Due to their vast diversity, large populations and long 
evolutionary history, microorganisms have contribut- 
ed greatly to the rich and complex interactions among 
soil organisms (Price, 1988). These interactions range 
from highly specific symbioses to diffuse mutualisms. 
Mycorrhizal symbioses are among the best known 
examples of plant-microbe interactions and play a 
key role in regulating plant productivity and nutrient 
cycling (Allen, 1992; Barea, 1991). Mycorrhizal fun- 
gi are found in 75-80% of all vascular plants species. 
Although these associations are often assumed to have 
weak specificity, Molina et al. (1992) have shown that 

many are highly specific, emphasizing the importance 
of diversity to ecosystem function. 

Somewhat more complex interactions are found in 
the tripartite associations of plants, symbiotic VAM 
fungi and rhizobia that enhance plant nutrient uptake 
(Allen, 1992). In addition to this well known associa- 
tion, other tripartite interactions such as those involv- 
ing the N-fixer Frankia, the VAM fungus Glomus, and 
Alnus trees have been shown to stimulate N2-fixation 
and enhance the productivity and P content of host 
plants in soils of low fertility (Jha et al., 1993). In many 
cases, one or more of the mutualists have a restricted 
or obligate relationship with the plant, making these 
relationships especially sensitive to the loss of species 
(Janos, 1980; Perry et al., 1989). 

Other strictly microbial interactions have also 
been described. In one particularly intriguing exam- 
ple, Lynch and Harper (1985) described a tripar- 
tite association on straw where the activities of fun- 
gal cellulases supply simple sugars to an N2-fixing 
bacteria. The third partner in the association is a 
polysaccharide-producing bacterium which helps to 
maintain the anaerobic environment necessary for 
nitrogenase activity. While Lynch and Harper (1985) 
report gains of up to 84 kg N ha -1, incredibly, other 
bacteria/bacteria associations have been described that 
may double those gains (Halsall and Gibson, 1986). 

There are also important symbiotic interactions 
between microorganisms and soil fauna. In one promi- 
nent example, termites in the subfamily Macroter- 
mitinae culture 'fungus gardens' on leaf cuttings 
or fecal pellets, harvesting the fungi (Termitomyces 
spp.) as a primary food source (Lee and Pankhurst, 
1992). In another example, the pantropical earth- 
worm, Pontoscolex corethrurus, primes its symbiot- 
ic gut microflora with secreted mucus and water to 
increase their degradation of ingested organic matter 
and the release of assimilable metabolites (Barois and 
Lavelle, 1986). These interactions can have profound 
effects on the distribution and decomposition of soil 
organic matter. 

Interactions among organisms in the root zone can 
indirectly affect plant growth and nutrient uptake. The 
effects of root-infecting pathogens on plant produc- 
tivity are well known and can have many far-reaching 
implications for biogeochemical cycling (e.g. Rovira et 
al., 1990). Though often attributed to microbial antag- 
onism or soil mycostasis, soil fauna are increasingly 
recognized as potential suppressants of root pathogens. 
For example, some species of fungivorous amoebae 
(Charkraborty et al., 1983), nematodes (Barnes et al., 
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Fig. 3. A diagram of the belowground food web for the Lovinkhoeve experimental farm (from De Ruiter et al., 1993) 

1981) and Collembola (e.g. Onychiurus spp.; Curl 
et al., 1985) are known to selectively feed on phy- 
topathogenic fungi (e.g. Gaeumannomyces, Fusari- 
um, Rhizoctonia), effecting a quantitative change in 
the incidence of root disease and plant productivity. In 
other cases, the feeding activities of some plant par- 
asitic nematodes (Meloidogyne sp.) can reduce popu- 
lations of root nodulating N-fixing rhizobia to levels 
sufficient to reduce plant growth (Ali et al., 1981). 

Plants can also promote heterotrophic interactions 
in the root zone that increase mineral nutrient avail- 
ability. For example, the C sources supplied in root 
exudates can stimulate bacterial growth and CO2 pro- 
duction. The CO2 attracts protozoan grazers, enhanc- 
ing the release of microbial N in the form of NH + for 
plant uptake (Clarholm, 1985). 

Apart from the rather specific relationships above, 
there are many complex interactions in detritus food 
webs that are important to regulating organic matter 
decomposition and nutrient cycling. For example, sev- 
eral research groups have used reconstructed gnoto- 
biotic food chains to investigate the importance of 
trophic interactions to regulating nutrient dynamics 
(Coleman, 1985). Working with grassland soils, Cole- 
man and colleagues (Coleman et al., 1983; Ingham et 
al., 1985) concluded that bacteria-bacterivore (proto- 
zoa and nematodes) interactions contributed more to N 

and P mineralization than the more conservative fungi- 
fungivore nematode interactions. In a related study, 
Elliott et al. (1980) showed that soil amoebae can be an 
important trophic link between bacteria and bacteriv- 
orous nematodes, increasing nematode growth and 
C mineralization. Recent studies by Brussaard et al. 
(1991) provide a further example of the complex inter- 
actions that can occur in simple bacteria-bacterivore 
food chains. Using pre-sterilized soil microcosms 
reconstituted with increasingly more complex suspen- 
sions of soil organisms (bacteria and protozoa plus: 
bacterivore nematodes, bacterivore mites, or all three) 
they observed changes in the populations of amoebae 
and N mineralization rates that were attributed to both 
stimulatory and competitive interactions between bac- 
terivorous fauna. 

Soil mesofauna may have many other important 
indirect effects on soil processes. For example, the 
size and composition of microarthropod communities 
can influence the structure of microbial communities 
through their dispersal of fungal propagules (Visser, 
1985), selective grazing (Newell, 1984) and/or the 
regrowth of fungi in response to different grazing inten- 
sities (Hanlon and Anderson, 1979). 

In order to incorporate more of the functionally 
rich interactions among organisms, several researchers 
have used a biocide approach to quantify biotic and 



process level responses to the selective inhibition of 
targeted functional groups (e.g. Ingham et al., 1986; 
Parker et al., 1984). For example, Santos et al. (1981) 
used biocide exclusions to investigate biotic interac- 
tions and the regulation of creosote litter decompo- 
sition in desert soils. In general their results showed 
that nematophagous mites were important in regulat- 
ing populations of bacterivorous nematodes at lev- 
els which maintained higher bacterial activity and 
greater litter decomposition rates than where bacteri- 
vore nematodes were more abundant. 

Other examples come from our studies of con- 
ventional (CT) and no-tillage (NT) agroecosystems in 
Georgia. Our research has focused on the hypothesis 
that rates of litter decomposition and N dynamics are 
tied to differences in the composition of decomposer 
communities and their trophic interactions (Beare et 
al., 1992; Hendrix et al., 1986). Related studies from 
this site have shown that the composition of fungal 
(Beare et al., 1993), nematode (Parmelee and Alston, 
1986) and microarthropod (Mueller et al., 1990) com- 
munities differ between CT and NT soils. Furthermore, 
Crossley et al. (1992) showed that long-term (14 yr) 
management of these soils has resulted in a greater 
decline in the diversity of orbatid mites in CT (5 gen- 
era) than in NT (15 genera), as compared to the 24 
genera present under pre-cultivation conditions. Alter- 
natively, prostigmatid mites have increased in response 
to cultivation. In a recent study, biocides were used 
to investigate the relative importance of fungal and 
bacterial pathways in decomposer food webs (Beare 
et al., 1992). In this study, applications of a fungicide 
reduced fungal densities in surface applied litter in NT, 
resulting in lower fungivorous microarthropod popu- 
lations and slower rates of decomposition as compared 
to untreated controls (Fig. 2). Bacteria appeared to 
play a greater role in buried litter decomposition in CT 
soils, though bacterial populations were not strongly 
regulated by bacterivorous fauna. Exclusion of fun- 
givorous microarthropods revealed their importance in 
regulating fungal populations and fungal-mediated N 
immobilization in surface residues of NT as compared 
to CT. Despite the interesting differences in decompos- 
er pathways there was little evidence of tight linkages 
between microbivorous fauna and higher trophic levels 
(e.g. predatory microarthropods) as has been observed 
in other systems (e.g. Santos et al., 1981). 

As shown above, grouping species into functionally 
related trophic categories is increasingly the preferred 
approach to integrating information on the diversity of 
soil biota. Using this approach, conceptual models of 
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belowground food webs emphasize the diversity and 
complexity of interactions in soils (Fig, 3; De Ruiter 
et al., 1993). Model simulations have furthered our 
understanding of these interactions and their signifi- 
cance to biogeochemical cycling (Hunt et al., 1987; 
Moore et al., 1988). The importance of integrating 
biodiversity into models of belowground food webs is 
discussed in an adjoining review. 

Biodiversity and hierarchical scales of influences 

Spatiotemporal heterogenei O, 

Factors such as resource availability, microclimatic 
conditions, soil solution chemistry and soil structure 
can significantly influence the size, composition and 
distribution of soil biotic communities (Wolters, 1991). 
In turn, characteristics of the soil community struc- 
ture affect the location and rate of interspecific interac- 
tions and biogeochemical transformations in soils, fac- 
tors which are important to determining the functional 
properties of ecosystems (Anderson, 1988). Soils can 
viewed as being composed of a number of biologically 
relevant spheres of influence that define much of their 
spatial and temporal heterogeneity. Examples of these 
spheres include the detritusphere, the drilosphere, the 
porosphere, the aggregatusphere and the rhizosphere 
(Fig. 4). They are formed and maintained by biologi- 
cal influences that operate at different spatial and tem- 
poral scales. Although not mutually exclusive, each 
sphere has fairly distinct properties that regulate the 
interactions among organisms and the biogeochemical 
processes that they mediate. 

Probably more than any other biological factor, the 
composition and structure of plant communities deter- 
mine, directly or indirectly, the physical, chemical and 
biological properties of soils. Individual plants can 
have markedly different zones of influence in soils. 
For example, recent studies by Belsky et al. (1993) 
and Coleman et al. (1991) in the savanna of East 
Africa report very different patterns of influence by 
Acacia (Acacia tortilis) and Baobab (Adansonia dig- 
itata) trees on the physical (bulk density), chemical 
(organic matter, N, P, K, Ca) and biological (miner- 
alizable N, microbial biomass, nematodes and plants) 
properties of the understory environments extending 
from the base of these trees. These effects may result 
from a number of plant specific factors ranging from 
differences in canopy closure or litter quality and quan- 
tity in the aboveground environment to differences 
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in root architecture, water use efficiency or nutrient 
uptake in the belowground environment. 

The detritusphere 
The diversity and structure of aboveground plant com- 
munities can be important to determining spatial and 
temporal heterogeneity in the detritusphere, i.e. the 
zone of recognizable plant and animal detritus under- 
going decay (Fig. 4). Numerous studies have shown 
that the structure of decomposer communities is influ- 
enced by the chemical composition of plant detritus 
(Garrett, 1951; Kj¢ller and Struwe, 1982; Swift et 
al., 1979). In many cases, distinct communities of soil 
organisms, such as fungi (Wicklow et al., 1974) or 
microarthropods (Petersen and Luxton, 1982), can be 
ascribed to ecosystems of similar vegetational cover. 
Diversity in microfungal communities often correlates 
well with the variance in the composition of the plant 

community (Christensen, 1989), a relationship that can 
be tied to the patchy distribution of resources. Pertur- 
bations to the soil ecosystem such as over-grazing, 
cultivation, and fertilizer applications tend to reduce 
microhabitat heterogeneity and the diversity of cor- 
responding microfungal communities (Boddy et al., 
1988; Christensen, 1989; Gochenauer, 1981). The dis- 
tribution of microhabitat patches (e.g. leaf litter types, 
twigs) also affects their colonization by fungivorous 
fauna and the intensity of fungivore grazing, factors 
that influence rates of fungal regrowth (Bengtsson et 
al., 1993). Furthermore, microhabitat patches may cre- 
ate a mosaic of aerobic and anaerobic microsites that 
promote the activities of N2-fixing and denitrifying 
microorganisms in the detritusphere (Aulakh et al., 
1991; Lynch and Harper, 1985). Finally, patterns of 
microbial and faunal colonization and the resulting 
trophic interactions can influence the magnitude and 



timing of nutrient fluxes in litter (Beare et al., 1992; 
Parker et al., 1984). 

Relationships between litter quality (chemical com- 
position), decomposition and mineral nutrient dynam- 
ics are well known for single species litter (Melillo 
et al., 1982; Taylor et al., 1989; Swift et al., 1979). 
However, in most terrestrial ecosystems residues of 
different plant species rarely occur in isolation and 
are often found in close proximity to each other. 
Some authors have proposed that nutrient releases 
from rapidly decaying litter stimulate decomposition 
of adjacent recalcitrant litter (Seastedt, 1984) while 
others suggest inhibitory compounds such as pheno- 
lics and tannins may slow the decomposition of lit- 
ter mixtures (e.g. Harrison, 197l). Recent studies by 
Blair et al. (1990) provide support for these hypotheses, 
showing that interaction between litter types can alter 
decomposer communities and rates of nutrient release 
from that predicted by results from single species litter. 
Similarly, in a study of forest floor processes, Chap- 
man et al. (1988) found that nutrient availability, leach- 
ing, heterotrophic activity and selected faunal popula- 
tions were higher in spruce/pine mixtures, but lower in 
spruce/alder and spruce/oak forests relative to spruce 
monocultures. The number and frequency of interact- 
ing litter types will depend on the richness of plant 
species and their patterns of distribution. 

The drilosphere 
Many soil fauna actively change the size and distri- 
bution of plant litter on the soil surface. For example, 
microarthropods and millipedes fragment plant litter, 
increasing the surface area for microbial attack and 
mixing the fragments with other detritus (Anderson et 
al., 1985; Seastedt, 1984). Macrofauna such as earth- 
worms and termites redistribute plant litter both verti- 
cally and horizontally in the soil environment, creating 
patches of organic matter that are both substrates and 
refugia for microorganisms and fauna (Lee, 1985). For 
instance, some earthworms form leaf litter middens 
around their burrow openings (Hole, 1981) creating 
a patchwork of organic matter-enriched sites that are 
heavily colonized by organisms such as saprophyt- 
ic fungi, oribatid mites, millipedes and enchytraeids 
(D6zsa-Farkas, 1978; Hamilton and Sillman, 1989). 
This zone of earthworm influence, including midden 
litter and the soil volume descending along the burrow 
wall is often referred to as the "drilosphere" (Hamilton 
and Dindal, 1983; Lavelle et al., 1989; Fig. 4). Drilo- 
sphere soils are enriched in N, P, and humified organic 
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matter as compared to the surrounding soils. They are 
also estimated to contain a high percentage of the whole 
soil N2-fixing and denitrifying bacteria (Bhatnagar, 
1975). However, the nature of these influences differs 
between species, in accordance with their ecological 
classification. For example, Shaw and Pawluk (1986) 
observed that deep burrowing anecic earthworms had 
effects on the soil fabric that were localized in the drilo- 
sphere. But where endogeic species were also present, 
their activities tended to homogenize the surface soil 
horizons. Clearly, these interactions can greatly affect 
the heterogeneity of organisms and processes in soils. 

The porosphere 
Soil structure can be defined as the arrangement of 
solids and voids in soils covering a range of sizes from 
nanometers to centimeters (Oades, 1993). The influ- 
ences of soil biota span the full range of sizes, affect- 
ing the pore size distribution through biopore develop- 
ment and the formation and disruption of soil aggre- 
gates. This milieu, termed the "porosphere" (Vannier, 
1987) is occupied by organisms ranging from bacte- 
ria, protozoa and nematodes inhabiting water-films 
to microarthropod and mycelial fungi that are aerial 
inhabitants of larger pores (Fig. 4). 

By physically rearranging soil particles, larger soil 
biota such as plant roots, earthworms and other macro- 
fauna create smooth, cylindrically shaped macropores. 
These biopores extend considerable distances in the 
soil, forming channels for the preferential flow of 
water and nutrients under some conditions. The size 
and configuration of biopores appears to depend great- 
ly on the species from which they are formed (Lee 
and Foster, 1991). Probably the best known exam- 
ples come from the activities of macrofauna, particu- 
larly ants, termites and earthworms. Mound-forming 
ants and termites have pronounced and often patchy 
effects on soil structure and nutrient cycling (Lobry de 
Bruyn and Conacher, 1990). The denuded surfaces sur- 
rounding many mounds tend to increase surface runoff. 
However, mounds are also sites of nutrient enrichment 
due to subsoil nutrients brought to the surface and 
the storage of plant detritus in their galleries. Some 
species, notably the western harvester ant (Pogono- 
myrmex occidentalis), enrich their nests with VAM 
spores that are capable of high levels of endophyte 
infection (Friese and Allen, 1993). 

As noted previously, the burrowing activities of 
earthworms differ substantially among species, affect- 
ing biopore development and the processes they medi- 



16 

ate. For example, where deep burrowing species (e.g. 
Allolobophora) are present, soils have greater total 
porosity, increasing infiltration rates and the root- 
ing depth of plants over that of soils having only 
surface-dwelling species (Springett, 1985). Further- 
more, removal of earthworms can markedly affect 
the transport of sediment and nutrients. For instance, 
Sharpley et al. (1979) observed lower infiltration rates 
and greater surface transport of water-soluble nutrients 
(NH4 +, NO 3, dissolved P) in a pasture where earth- 
worms were removed with a broad-spectrum carba- 
mate biocide as compared to untreated soils. Interest- 
ingly, however, plots with earthworms had more than 
three-fold higher rates of sediment transport than plots 
without earthworms. Effects of earthworm removals 
in other ecosystems will undoubtedly depend on the 
composition of the macrofaunal communities and their 
specific burrowing and feeding activities. 

Macropores also provide sites of concentrated 
microbial activity and, as such, they are frequently col- 
onized by high numbers of microbivorous microarthro- 
pods, nematodes and protozoa (Lee and Foster, 1991). 
In other cases, microarthropods and perhaps other soil 
fauna use abandoned biopores as channels for vertical 
migration in response to changes in moisture availabil- 
ity (Malinda et al., 1982; as cited in Oades, 1993). In 
undisturbed soils, they can also be sites of concentrat- 
ed mycorrhizal inocula, increasing rates of mycorrhizal 
infection and phosphorous availability as compared to 
plants grown in plowed soils (Evans and Miller, 1988). 

Where they persist, macropores can also be sites 
of preferential root growth, enabling roots to penetrate 
compacted soils, thereby gaining access to water and 
solutes that may otherwise be of limited availability 
(Logsdon and Linden, 1992; Passioura, 1991). Fur- 
thermore, burrow walls are often enriched in nutrients, 
promoting root growth and increasing the potential for 
nutrient uptake by plants (Kladivko and Timmenga, 
1990). 

The aggregatusphere 
Soil organisms have many wide-ranging effects on soil 
aggregation that can influence the physical, chemi- 
cal and biological properties of soils (Lee and Fos- 
ter, 1991). Aggregates are comprised of a number 
of hierarchically arranged components, ranging from 
clay microstructures and fine particulate organic mat- 
ter to microaggregates (50-250 #m diam) made up of 
these primary particles and macroaggregates (>250 ~m 
diam) composed of smaller microaggregates (Oades 

and Waters, 1991). The aggregatusphere can be defined 
as encompassing all the organic matter constituents, 
primary particles and voids that span the complete 
hierarchical scale (Fig. 4). The primary boundaries of 
this sphere are those that limit the exchange of biota, 
solutes and gases across aggregate surfaces, properties 
that depend on the scale from which they are viewed. 

The contributions of soil biota to aggregate forma- 
tion occur principally through bioturbation. They are 
most apparent in soils of lower clay content and low 
shrink-swell capacities where the abiotic effects of wet- 
dry and freeze-thaw cycles are reduced (Oades, 1993). 
In many temperate regions the litter-feeding activities 
of surface-dwelling invertebrates, such as microarthro- 
pods, are responsible for large accumulations of par- 
ticulate and fecal aggregates in surface soils (Rusek, 
1985). In other soils, earthworm casts can account for 
nearly 50% of the macroaggregates (>250 #m diam) 
in surface horizons (Lee, 1985). The effects of earth- 
worms on the formation of soil aggregates can be high- 
ly species specific (Lee and Foster, 1991). Rates of 
cast production as well as the degree to which they are 
enriched with organic matter and nutrients also vary 
among species. For example, James (1991) found that 
the native Diplocardia spp. from a tallgrass prairie in 
Kansas were responsible for much more of the total 
cast production and a greater proportion of the total 
cast-associated organic matter and nutrients than the 
exotic Lumbricidae. Furthermore, the effects of one 
organism can modify the influences of another. Hamil- 
ton and Dindal (1989), for example, showed that the 
compost worm Eisenia fetida inhibited the feeding of 
Lumbricus terrestris on surface litter, causing a decline 
in L. terrestris populations and the 4 mm water-stable 
aggregates they form. 

When conditioned by drying and the activities of 
microorganisms, earthworm casts can have higher 
porosity and greater stability than non-casted aggre- 
gates (Lee and Foster, 1991; Shipitalo and Protz, 
1988). Several authors have concluded that the stability 
of earthworm casts is strongly influenced by the quan- 
tity and composition of organic matter they contain 
(Lee, 1985), properties that can be highly species spe- 
cific. Earthworms affect the stabilization of aggregates 
both directly, through the rearrangement of particles 
and the deposition of mucus, and indirectly, through 
the stimulation of microbial, principally fungal, activ- 
ity (Marinissen and Dexter, 1990). 

Microorganisms are the primary agents of aggre- 
gate stabilization. Both fungi and bacteria contribute 
to the stabilization of soil aggregates through the depo- 



sition of extracellular polysaccharides and formation 
of degraded, aromatic humic materials that form clay- 
polyvalent metal-organic matter complexes. Though 
not as persistent, fungi also contribute to aggregate 
stabilization through hyphal entanglement of particles. 
The influences of fungi and bacteria on aggregate stabi- 
lization vary widely among species and depend consid- 
erably on the nature of the available substrates (Aspiras 
et al., 1971), such as those that may be added or modi- 
fied in passage through the animal gut (Lee and Foster, 
1991) or the products of rhizodeposition (Reid and 
Goss, 1981). Soil micro- and meso fauna may indi- 
rectly influence soil aggregation through their effects, 
both stimulatory and inhibitory, on the activities of 
roots and microorganisms, although the mechanisms 
involved have been little studied (Elliott and Coleman, 
1988; Wolters, 1991). Furthermore, both the compo- 
sition of microbial communities and their contribution 
to aggregate stabilization can be influenced by the type 
of landuse management (Beare et al., 1993, 1994b) 

Various factors, including the rearrangement of 
mineral particles and the deposition of polysaccha- 
rides may create occluded micropores in aggregates, 
perhaps restricting the access of some microbivorous 
fauna to protected sites of microorganisms. For exam- 
ple, Elliott et al. (1980) presented evidence to show 
that by feeding on bacteria in pores inaccessible to 
nematodes, protozoa can serve as an important trophic 
link between bacteria and nematodes in finer-textured 
soils. Furthermore, Foster and Dormaar (1991) showed 
that amoebae can extend pseudopodia into narrow pore 
necks to consume bacteria, possibly confining bacteria 
to the interiors of aggregates. In selected microsites, 
organic matter may become sufficiently occluded so 
as to be protected from microbial decay (Beare et al., 
1994a; Elliott, 1986). This represents a potentially 
important mechanism by which organisms influence 
the accumulation and storage of soil organic matter. 
Still, the extent to which protected organic matter may 
be affected by mode of aggregate formation and stabi- 
lization remains largely unknown. 

Spatial variability in soil structure has often been 
attributed to biologically mediated properties. As sites 
of potentially high C availability and limited O2 diflu- 
sion, water-saturated aggregates can function as anaer- 
obic microsites, supporting high rates of denitrifica- 
tion (Tiedje et al., 1984). Spatially heterogeneous dis- 
tributions of aggregates coupled with differences in 
their organochemical composition may explain some 
of the high spatial variability in N cycling processes 
(e.g. nitrification, N mineralization) in many soils, par- 
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ticularly the "hotspots" of denitrification, reported by 
Robertson et al. (1988), Elliot et al. (1990) and others. 

The rhizosphere 
The zone of primary root influence can be termed the 
"rhizosphere" (Fig. 4). It is a temporally and spatially 
variable environment where the products of rhizodepo- 
sition stimulate microbial activity and where microfau- 
na track bacterial and fungal populations, thereby alter- 
ing the balance between N mineralization and immo- 
bilization (Clarholm, 1985; Coleman et al., 1988). The 
biomass of soil microflora and fauna is usually greater 
in the rhizosphere than in root-free soil (Bowen and 
Rovira, 1991 ), although species diversity does not nec- 
essarily parallel this trend. For example, some studies 
show that fungal species diversity is lower while the 
morphological diversity of bacteria and actinomycetes 
is higher in the rhizoplane as compared to soil outside 
this zone (Bowen and Rovira, 1991). The extent of 
these effects depend on characteristics of root growth, 
including their production, turnover and architecture. 

Root architecture both influences and is influenced 
by the physical, chemical and biological properties of 
soils. Developing root systems respond strongly to soil 
fertility. The proportion of total plant production allo- 
cated belowground and the architecture of the root sys- 
tem (e.g. root length, branching frequency and mycor- 
rhizal development) depend greatly on the distribution 
and availability of nutrients (Fitter, 1985). Increases in 
fine root proliferation, slower root turnover, and greater 
allocations of plant C to mycorrhizal associates tend to 
occur where nutrients are low or patchily distributed. 

Soil structure also influences root architecture. As 
mentioned previously, abandoned earthworm channels 
can be paths of preferential root growth and vice ver- 
sa. Root growth also appears to be influenced by the 
extent of aggregation in soil, often being greater in soils 
composed of smaller rather than larger aggregates (e.g. 
Donald et al., 1987). Roots also influence the stabili- 
ty of aggregates, principally through the deposition of 
polysaccharides in the rhizosphere and their removal of 
soil water. These effects can be highly species specif- 
ic, both increasing and decreasing aggregate stability 
(Reid and Goss, 1981). As such, they may have fairly 
localized effects on the aggregation of soils. Further- 
more, Jastrow (1987) and Miller and Jastrow (1990) 
have shown that the formation of water-stable aggre- 
gates can be related to the biomass of roots as well as 
the composition of the plant community. 
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Differences in root architecture determine the quan- 
tity and location of rhizodeposited organic matter (Curl 
and Truelove, 1986; Feldman, 1988). Roots of dif- 
ferent species also vary in the composition of exu- 
dates and their rates of deposition. Depending on their 
source, root exudates can inhibit the growth of phy- 
topathogenic microorganisms and alter the composi- 
tion of the rhizosphere community. Though not well 
studied, mycorrhizal symbionts also influence charac- 
teristics of root exudates that shape the composition 
and activity of the rhizosphere community (e.g. Meyer 
and Linderman, 1986). 

Biodiversity and the scale of biogeochemical processes 

The fluxes of elements in ecosystems are a product of 
biogeochemical processes that occur at different hierar- 
chical levels. Anderson (1988) argued that ecosystem- 
level fluxes are the net effect of processes that occur 
across a mosaic of microsites, varying in the degree to 
which they promote or inhibit a given process. He fur- 
ther suggested that any perturbations (e.g. flooding) to 
the soil system that impose synchrony on the microsite 
processes will be manifested as fairly distinct flushes of 
activity (e.g. N mineralization, denitrification), alter- 
ing the regulatory balance between microsites. While 
many perturbations will have only relatively transient 
influences on microsite processes (e.g. extreme wet- 
ting or drying) others may markedly alter the mosaic 
of patches and microsites in soils (e.g. intensive cul- 
tivation, forest clearcuts), resulting in a much more 
persistent effect on the processes they mediate. 

Through a hierarchy of interactions, biodiversity 
in both the aboveground and belowground environ- 
ments is critical to developing and maintaining the 
diverse mosaic of resource patches and microsites in 
soils. The broad array of distinct resource and refuge 
types (e.g. leaf litter types, fecal pellets, macropores, 
aggregates) that comprise these patches are a prod- 
uct of diversity at different spatial and temporal scales 
(e.g. plant communities, macrofaunal communities). 
Swift (1984) referred to the species assemblages occu- 
pying these distinct resources as "unit communities". 
Due to differences in the colonization of individual 
patches and the interactions among colonizing species, 
the diversity of species (and presumably functions) in 
the total community Cmetacommunity") occupying a 
given resource is expected to be greater than that of 
any single patch (Wilson, 1992). Although many of 
the biological interactions that cross different spatial 
and temporal scales will encourage a diversification of 

microsites and microsite processes, others may tend to 
reduce the discontinuity between patches. For exam- 
ple, the comminution and mixing of leaf litter by some 
mesofauna, mentioned previously, may serve to frag- 
ment patches into a relatively homogeneous mixture, 
thereby reducing the number of unit communities and 
eliminating their patchy distribution. In this way, some 
organisms may reduce the structural and functional 
diversity in soils by altering the patch mosaic. As a 
result of these complex interactions, diversity at one 
hierarchical level (e.g. plant, macrofauna communi- 
ties) within an ecosystem may influence the diversity 
of both structure (e.g. species, functional groups) and 
function (e.g. lignin degradation, N immobilization, 
denitrification) at other hierarchical levels (e.g. detri- 
tusphere, rhizosphere, aggregatusphere). It is through 
this influence that biodiversity may contribute most 
significantly to the functioning of soil ecosystems. 

In conclusion, advances in understanding the sig- 
nificance of biodiversity to biogeochemical cycling 
will come from taking a broader view of biodiversity. 
Such a view will necessarily encompass many levels 
of resolution from: 1) individual organisms and their 
specific biogenic transformations to 2) the complex 
interactions between organisms that have important 
direct and indirect effects on biogeochemical process- 
es and, finally 3) the influence of biodiversity at one 
spatiotemporal scale on the diversity of structure and 
function at other levels of organization. 
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