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The soil provides a great variety of microhabitats for myriad organisms of different size, physiological
activity, behavior and ecosystem function. Besides abundance of participating soil organisms, their
species diversity facilitates maximum exploitation of the resources available in the different habitats. At
various levels of resolution, species can be categorized into classes performing ecosystem functions and,
within each functional class, into guilds of species with similar life course characteristics. Measurement
of the diversity and abundance of species within a functional class provides insights into the nature of
ecosystem functions and services and to the health of the soil. At higher resolution, species diversity
within guilds of a functional class may infer the degree of exploitation of available resources and the
complementarity of an ecosystem service; diversity among the guilds of a functional class may indicate
successional complementarity of the services. A diversity of guilds within a functional class expands the
range of conditions over which ecosystem services are performed while species diversity within a
functional class and its guilds contributes to the magnitude of the services. Consequently, diversity of
species within functional classes is a key element of the biological component of soil health. In the
context of ecosystem services and soil health, the biomass or metabolic activity of species are more
useful measures of their abundance than numbers of individuals. Thus, understanding of soil health and
ecosystem function requires, besides knowledge of species diversity within functional classes, assess-
ment of the range of functions currently performed in the system and the abundances of organisms by
which they are performed. We propose a diversity-weighted abundance product for comparison of the
functional magnitude of different assemblages of like organisms.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

are functioning within prescribed ranges about their individual
optima. If we consider the biological component of the soil as a

In this paper, we introduce ideas and principles with regard to
the importance of diversity as a basis for the strength and resilience
of ecosystem services. To illustrate the principles we use data
relating ecosystem services to nematode assemblages because
those data are available to us in an appropriate format. However,
the principles and approaches are applicable to any or all soil or-
ganisms, indeed to any assemblage of organisms in any ecosystem.
We establish a basis for others to apply these principles to
ecosystem services and organism assemblages of interest.

The provision of ecosystem services is a prominent theme
among definitions of soil health. In discussing plant disease, Sora-
uer (1908) introduced the concept of latitude of health whereby a
plant is considered healthy if its necessary physiological processes
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meta-organism, the fields of oscillation of ecosystem functions
constitute the “latitude of health” of the soil system. When condi-
tions are such that one or more ecosystem functions of interest are
no longer operative, the soil is in an unhealthy condition relative to
that function (Fig. 1A).

The soil provides a three-dimensional matrix of differing mi-
crohabitats for a great variety of organisms and the potential for a
wide range of space—trait combinations (sensu Lennon et al., 2012).
The differences among microhabitats are determined by the par-
ticulate, porous, and stratified configuration of soil, from the
disruption of its symmetry by roots, burrows and impervious zones,
from the effects of physical and chemical gradients, and from
diurnal, seasonal and stochastic climatic events. At the nucleus of
each microhabitat is, or has been, a resource of some form that is
available for exploitation by the combinations of organisms of
different species and trophic habits with traits suitable for that
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Fig. 1. A. Species diversity within functional classes determines the latitude of health
of the system as a whole. B. Diversity of species within guilds and of guilds within a
functional class are determinants of the latitude of health for that function. The
magnitude of the function may vary when it is performed by different guilds within
the functional class of species. The shaded area might be considered the zone of op-
timum health as it encompasses the maximum activity of all contributors to the
function.

space. Consequently, bottom-up and top-down forces and ambient
conditions drive waves of activity in each microhabitat (e.g.,
Georgieva et al., 2005; Zelenev et al., 2006). The microhabitats are
linked by organism migrations, the patterns and ranges of which
vary among taxa. Linkage strengths, the degrees of interactions and
exchanges among microhabitat patches, are determined by patch
proximity, conduits between patches provided by plant roots, fis-
sures or burrows, and the propensity of incumbent species for
interpatch movement. However, given the structural characteristics
of the medium, the rate of movement between patches is likely
slower than that in aerial or lotic environments.

Diversity is the condition of being comprised of different types
of entities, such as species. Indices of diversity are essentially
measures of the uncertainty of the outcome of repeated samples;
that uncertainty is reduced as the entities are more evenly
dispersed. Indices of species diversity calculated for soil organisms,
including nematode assemblages, have been used to make in-
ferences about stability and resilience of the soil ecosystem (e.g.,
Freckman and Ettema, 1993; Bulluck et al., 2002; Neher and Darby,
2009). However, the functional characteristics of the system may
have little relationship to the species diversity of whole assem-
blages. Whittaker (1960, 1972) introduced the partitioning of spe-
cies diversity across different spatial scales. With the rationale that
the overall biological diversity of a community is greater if the
species belong to different taxa, Pielou (1975) applied the parti-
tioning of species diversity into hierarchically-nested categories
that correspond to different taxonomic ranks. Following the same
logic, diversity can be calculated and partitioned in relation to any
relevant classification system, for example a classification of species
based on their ecosystem function (Tuomisto, 2010).

Herein we draw a distinction between the trophic group and
functional class of organisms. Trophic grouping reflects the source
of food for a group of organisms; we use functional class to include
the organisms of several trophic groups that may contribute to the
same ecosystem function. Just as a diversity of response to envi-
ronmental change is critical to the functional resilience of eco-
systems (De Ruiter et al., 1998; Elmqvist et al., 2003; Cadotte et al.,

2011), the latitude of health of the soil is extended by the range of
adaptations of the species in a functional class because the func-
tion is performed by some of the species under conditions that are
limiting to others (e.g., Ferris et al., 1996, 1998; De Ruiter et al,,
1998). The magnitude of a function is the integral performance of
all species within a functional class under prevailing resource and
environmental conditions. We apply the term “species diversity of
a functional class” to describe the diversity of organisms providing
a specified ecosystem service. The activity of a functional class and
its component guilds has greater magnitude and latitude with
greater species diversity because differences in body size, behav-
ioral attributes and physiological adaptations among species result
in greater exploitation of available resources (Fig. 1B). The
magnitude of a function is determined also by the abundance of
individuals. When one or a few species are at greater abundance
than others in a functional class, diversity is decreased but the
effect of that on the magnitude of the ecosystem function may be
offset by the greater activity in a proportion of the microhabitats.
Herein, we explore the concept that both the biological diversity
and the abundance of soil organisms are indicators of soil health.
Finally, we propose diversity-weighted abundance as a measure of
the functional magnitude of different assemblages of indicator
organismes.

2. Model and application
2.1. Measures of diversity

Species diversity (D) takes into account both the number of
species (species richness) and the degree of equality of their
abundances (Macarthur, 1965; Hill, 1973; Jost, 2006, 2007; Tuo-
misto, 2010, 2011). Species richness (R) is the number of species
present in the dataset of interest. When all R species are equally
abundant, each has a proportional abundance equal to the recip-
rocal of the actual number of species (1/R), and the mean of their
proportional abundances is also 1/R. When the species are not
equally abundant, the mean of their proportional abundances can
be expressed as 1/9D, where 9D is the effective number of species
(also known as true diversity or Hill number). The entity 1/ID is
calculated as the weighted generalized mean, with exponent g-1, of
the proportional species abundances where the proportional
abundances are used as the weights (Hill, 1973; Tuomisto, 2010,
2011). The parameter q in 4D defines the order of the diversity.
Large values of q assign greater weight to abundant species and
small values of q to rare species. In effect, the parameter q de-
termines the type of mean that is used; here we use q = 1, which
defines the geometric mean and causes each species to be weighted
exactly by its proportional abundance. When q = 1, D, is calculated
with the equation

R
'D=exp - pi-In(pi) (1)
i1

For other values of q, 9D is calculated by the equation

(2)

In these equations, R is richness (the actual number of types
observed) and p; is the proportional abundance of the ith type.
Incidentally, 'D equals the exponential of the Shannon entropy
(Shannon and Weaver, 1949), an index of diversity frequently used
in ecological studies (Hill, 1973; Jost, 2006; Tuomisto, 2010).
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2.2. Measures of abundance

Among the challenges of assessing diversity is the selection of a
measure of “abundance” appropriate for the questions at hand.
Abundance might be measured as number of individuals, biomass
of individuals, or as some measure of the functional activity of in-
dividuals. Clearly, interpretations of diversity may differ depending
upon the abundance measures used because individuals of
different species may differ substantially in size and impact on
resources. In assessing ecosystem function, biomass of individuals
is probably more informative than their numbers but reflects
accurately neither the rate at which size is acquired, nor the rate at
which a resource is utilized, unless repeated assessments are made.
An alternative is to measure abundance as the metabolic footprint
of species in an attempt to quantify the amount of C utilized in
production and respiration averaged over the life course of the
individuals (Ferris, 2010).

To illustrate the importance of an appropriate measure of
abundance in terms of resource requirements, resource provision
and ecosystem function, we calculated the true diversity, at a global
rather than microhabitat resolution, of 735 species of predator
nematodes (and guilds within that functional class) and the
equivalent data for their target/potential prey, 765 herbivore spe-
cies. The calculations are based on abundances measured as equal
numbers of individuals of each species or as equal metabolic foot-
prints of each species (using data assembled in http://plpnemweb.
ucdavis.edu/Nemaplex). When all 736 species of predator nema-
todes have the same number of individuals their species diversity is
736 but the species diversity is quite low when based on the
metabolic footprints of that constant number of individuals
(Fig. 2A, left hand columns). When the species are equally repre-
sented in terms of metabolic footprints, their species diversity
based on the numbers of individuals equivalent to the metabolic
footprints is much lower (Fig. 2A right-hand columns). Differences
in diversity assessment based on measure of abundance as
numbers of individuals or metabolic footprints are similarly
demonstrated for herbivore nematodes (Fig. 2B). Clearly, interpre-
tation of prey availability to meet requirements of the predator
assemblage will be quite different depending on the measure used
for abundance.

2.3. Resolution and scale

2.3.1. Patch size

An important decision in measuring diversity is the choice of
sample unit size. Assessment of abundance may be based on
samples from a single point, within a quadrat, or on composite
samples of various sizes from multiple points. It may be based on
quantifying the individuals actually present at each location or on
the number aggregated at an attractant. Clearly, the single point
and quadrat measures come closer to assessing the species richness
and abundance in a patch than the composite sample and attrac-
tant methods, but how large is the patch in which individual spe-
cies are either interacting or contributing to an ecosystem service in
a complementary manner? To illustrate the issue, we use data from
Sanchez-Moreno et al. (2009) to determine species richness and
true diversity of bacterial-feeding and fungal-feeding nematodes as
means from 40 soil samples of either single 100 g cores, composites
of three cores, or composites of nine cores (Fig. 3). Estimates of both
species richness (representing actual number of species) and true
diversity (representing effective number of species) increased with
sample unit size, dampening to an apparent upper asymptote with
the rate of increase in richness greater than that in diversity. The
inferred ecosystem function of the nematode assemblages is that of
nutrient mineralization during the decomposition of root exudates
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Fig. 2. True diversity (effective number of species) of 735 species of nematodes with
inferred predatory habits (panel A) and 765 species with herbivore habits (panel B).
Diversity is calculated for equal abundance of each species, whether measured as
numbers of individuals or metabolic footprints, for numbers of individuals where
metabolic footprint is held constant for each species or for metabolic footprint where
number of individuals is held constant for each species.

and organic residues. If diversity is an important component of
effective utilization of resources and the complementary contri-
bution of species to ecosystem function, as we suggest in Fig. 1, then
the effective number of species in single core samples indicates
complementarity of function on a microhabitat scale, in three-core
samples on a local scale and in nine-core samples on a field scale.

2.3.2. Trophic and life history characteristics

Species diversity within functional classes of organisms may be
examined at different levels of functional resolution. At one level,
probably with greatest practical applicability, the diversity of all the
species that contribute to the same function may be calculated. At a
higher level of resolution, species within a functional class may be
separated into guilds based on their life history strategies and
feeding habits. In the case of soil nematodes, the life history
component of guild classification is based on grouping into five life
history categories that range from rapidly growing and reproducing
r-selected opportunists to slow-growing K-selected taxa (Bongers,
1990; Bongers et al., 1991; Bongers and Bongers, 1998; Ferris and
Bongers, 2009; Ferris, 2010). The feeding habits of guilds are
determined by observation of behavior or inferred from the
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Fig. 3. Actual and effective number of species (i.e., species richness and true species
diversity, respectively) of bacterial- and fungal-feeding nematodes contributing to the
ecosystem service of N-mineralization in soil samples representing areas of three
different sizes. Each measurement is a mean of 40 observations of soil samples of 100,
300, and 900 g soil, with metabolic footprints used as the measure of species abun-
dance. Data from Sanchez-Moreno et al. (2009).

configuration of the stoma and other feeding structures (Yeates
et al,, 1993). Any of the five life-history categories may include
nematodes with different feeding habits, resulting in a matrix of
functional guilds (Ferris et al., 2001). When species diversity within
a functional class is calculated, R in eq. (1) or (2) refers to the
number of species. When guild diversity within a functional class is
calculated, R refers to the number of guilds.

2.4. Model application to nematode assemblages

2.4.1. Ecosystem function: nutrient mineralization and soil fertility

Bacterivore and fungivore nematodes contribute significantly to
N-mineralization in soil by excreting, in mineral form, N assimi-
lated in excess of their body needs (Ingham et al., 1985; Ferris et al.,
1997; Chen and Ferris, 1999; Okada and Ferris, 2001). The guilds of
this functional class include both the first responders to resource
enrichment and those important in a successional context in
continuing the function after the most labile resources have been
depleted (Bongers and Ferris, 1999; Ferris et al., 2001; Ferris and
Matute, 2003).

Using data from Sanchez-Moreno et al. (2009), we illustrate the
contributions to the ecosystem service of nutrient mineralization of
the number of individuals in a functional class and the diversity of
species in the class (Fig. 4). During the first four sampling periods in
that study, diversity in the functional class, based on metabolic
footprints of individuals, was greater in the organic plots with
conservation tillage than in the conventional plots with standard
tillage. In the same time range, abundance of individuals was not as
great as in the later sampling periods when it was distinctly greater
in the organic plots than in the conventional plots. However, in the
later periods, species diversity was similar in the two sets of plots.
The increase in abundance of individuals in this functional class
was largely due to increases in abundance of the bacterivore genus
Acrobeloides and the fungivore genera Aphelenchoides and Aphe-
lenchus. Those increases in abundance reduced the effective num-
ber of species, and hence reduced true diversity. We suggest that
these data indicate greater ecosystem service in the organic plots
during the early part of the series due to the high diversity and
consequent complementarity of access to resources by taxa
adapted to different conditions. In the latter part of the series,
magnitude of the ecosystem service would be attributed to greater
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Fig. 4. Total abundance of individuals contributing to the nutrient mineralization
function in field plots subjected to conventional agricultural practices with standard
tillage (AbCST) or organic practices with conservation tillage (AbOST) and species di-
versity (effective number of species), based on abundance measured as metabolic
footprints, in the same plots (DivCST and DivOST). Data from Sanchez-Moreno et al.
(2009).

abundance and metabolic footprints of individuals even though
resources may not have been fully exploited in all microhabitats
(Figs. 1 and 4). Thus, by definition, the data indicate greater soil
health in the organic conservation tillage plots than in the con-
ventional standard tillage plots throughout the period of
observation.

2.4.2. Management of species abundance and diversity

From an applied perspective, Ferris et al. (2012) separated
nematode prey into the amplifiable prey (bacterivores and fungi-
vores), which can be augmented by organic amendment without
enhancing potential damage to plants, and target prey (herbivore
species), which might be suppressed by a greater abundance of
predators. In that context, subdivision of prey diversity into
amplifiable and target components is of interest. Analysis of the
ecosystem function of the regulation of opportunistic species, and
soil suppressiveness to pest species, may require assessment of the
species diversity and abundances of individuals of guilds in two
functional classes. One functional class consists of species of
specialist and generalist predators of other nematodes. The other
class consists of species that constitute prey for the predators; it
includes guilds of herbivore, bacterivore and fungivore species, and
perhaps others. To understand the dynamics of these interactions,
two sets of abundance and diversity calculations are appropriate —
one for the predators and one for their prey resources.

In banana plantations in Costa Rica (data from Ferris et al., 2012),
species richness and true diversity of species within functional
classes and guilds within functional classes were greater for her-
bivores, microbivores and predators in organic production systems
than in conventional systems (Fig. 5A). In addition, the biomass of
each functional class was much greater in the organic than the
conventional system (Fig. 5B), from which we infer that the
magnitude of ecosystem services, and the range of conditions un-
der which they are provided, are greater in the organic system.
Therefore, the two conditions of greater abundance of individuals
contributing to each function and greater diversity within each
functional class resulting in greater complementarity of function
among microhabitats satisfy the definition of soil health.

2.5. Model application to other organism assemblages

Many groups of organisms contribute to soil ecosystem services.
For example, the protozoa are important contributors to nutrient
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Fig. 5. A. Species richness and true diversity, based on numbers of individuals, of soil
nematode assemblages in functional classes and in guilds within functional classes in
organic and conventional banana production systems in Costa Rica. B. Biomass of the
different functional classes of nematodes in the two management systems.

mineralization (Clarholm, 1985; Griffiths, 1994). Thus, species di-
versity of protozoa might be partitioned into functional guilds with
abundances determined by most probable number techniques
(Adams and Welham, 1995) and based on numbers of individuals,
biomass of individuals, or an assessment of the physiological ac-
tivity of individuals determined by growth or activity rates. A range
of experimental constructs is possible, including measure of the
ecosystem service at different levels of diversity but at similar
levels of resource availability. A broader-spectrum analysis of the
relationship between nutrient mineralization and organism di-
versity would include guilds of both nematodes and protozoa in the
diversity assessment. In fact, all organisms in the soil ecosystem,
through their excretion functions, contribute to nutrient minerali-
zation. However, current identification constraints probably pre-
clude timely assessment of diversity at that magnitude and such
whole system approaches underscore the potential of evolving
molecular procedures.

Among other applications to ecosystem function are the di-
versity of engineers of soil structure and of organisms that have
beneficial symbiotic relationships with plants. For example,
mycorrhizal fungi may constitute more than 10% of soil microbial
biomass and conceivably the effectiveness of their access and
transfer to plants of nitrogen, phosphorus and other minerals will
be related to species diversity (Johnson et al., 2006; Fitter et al.,
2011). Such questions, involving both mycorrhizal fungi and fungal
endophytes, might be addressed at the individual plant species or
at the plant community level. Again, some measure of abundance of
individual species or functional types is required, for example,
colony-forming units, spore abundance, proportional root coloni-
zation or fungal biomass. The basic hypothesis tested here would be
that both abundance and diversity contribute to the magnitude and
resilience of the function and consequent impact on growth of a
plant or plant community.

A potential application of the relationship of ecosystem function
to abundance and diversity at the microbial level is to base the
assessment on functional groups determined by the range of
organic substrates that are degraded (Degens and Harris, 1997;
Degens et al., 2001; Liu et al., 2008). The assessment of catabolic
richness and catabolic diversity of soil organisms by such
biochemical analyses provides functional substitutes for species
abundance, richness and diversity.

In this paper, we have suggested that the abundance and di-
versity of generalist and specialist predatory nematode species has
a regulatory impact on abundance of their prey (Fig. 5). However,
suppressiveness of soil to pathogens or parasites of plants may be a
function of the abundances and diversity of many functional
groups, including fungi and microarthropods (Nordbring-Hertz
et al., 2006; Read et al., 2006). These organisms vary in their ability
to exploit different microhabitats and in their mechanisms of pre-
dation. Inclusion of a greater spectrum of regulators or agents of
suppression in diversity assessments will surely provide greater
insights into the suppressiveness or regulatory function. Again, the
potential for molecular profiles of organisms of similar function is
evident. However, as important as such methods may become, we
stress the need for observation and experimentation at an organ-
ismal level to provide the basis for partitioning into functional
groups and to guilds within functional groups.

3. Discussion
3.1. The importance of diversity

The examples presented herein underscore the importance of
considering multiple metrics of indicator species of soil health and
its component ecosystem services. They also provide a reminder
that the abundance and diversity of organisms, again measured on
a functional basis, are important determinants of the magnitude of
ecosystem services. High diversity among species of a functional
class may increase the probability that one or more taxa within a
functional guild will be adapted to exploit differences in changes in
the availability of resources. Some microcosm experiments support
that hypothesis (Wagg et al., 2014); others do not (Wardle et al.,
1997). High abundance of species within a functional class may
offset a lack of diversity but will not support exploitation of re-
sources in all microhabitats. In the examples provided, by
expressing abundance of organisms in terms of their metabolic
footprints, or biomass as a proxy for metabolic activity, and
assessing their diversity, we incorporate the three components
(biomass, activity and diversity) of biological assessment of soil
condition.

In experiments to determine the influence of functional
composition and functional diversity on ecosystem processes, Til-
man et al. (1997) varied diversity as the number of plant species per
plot, functional diversity as the number of functional groups per
plot and functional composition as the types of functional groups in
a plot. Functional groups were based on intrinsic physiological and
morphological differences of plants reflected in their phenology
and life history characteristics. Here we apply similar structure to
functional classes of the nematode assemblage that perform
various ecosystems services but the approach is similarly applicable
to other taxa of organisms or to combinations of taxa.

The partitioning of diversity within functional classes recog-
nizes that the magnitude and latitude of ecosystem services may
differ among guilds (Fig. 1B). The life history or other characteristics
of species in one guild of a functional class may be quite different
from those in another; one guild may consist of opportunistic
species while those in another guild have more conservative life
history characteristics. If the only organisms present are those in
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the first guild, the function may be performed very rapidly but, for
the function to persist, organisms of other guilds must be present
(Fig. 1B). Average within-guild diversity may provide a measure of
functional complementarity, the integral contribution of organisms
differing slightly in their specialties and adaptations but with the
same general life course trajectories. The effective number of
functional guilds (i.e., the diversity of guilds within a functional
class) may provide a measure of continuity of the complementarity;
that is, the successional contribution of different guilds to the same
ecosystem service.

3.2. Maximum diversity, diversity thresholds and designed diversity

If, as we suggest, diversity is important for the complementarity
of function of soil and other ecosystms, the question becomes: how
much diversity is relevant? As common in biological systems, the
relationship between the magnitude of ecosystem service and di-
versity is probably one of diminishing returns. That is, at some level,
the additive contribution of diversity to an ecosystem service be-
comes minimal. The measures that we have applied to functional
classes do not have open-ended scales in the soil, at least not in the
short term, as soils are less subject to sudden invasions or extinc-
tions than above ground or aquatic habitats. Consequently, we can
assume a finite number of species within the cadre of organisms
contributing to each function. For example, a maximum of 16 taxa
of bacterivore and fungivore nematodes was recorded in samples
from the organic and conventional plots under different soil tillage
regimes (Fig. 4). If all those taxa were equally abundant in all plots
at all sampling periods, either numerically or as metabolic foot-
prints, then, per definition, the maximum possible true species
diversity of nematodes contributing to nutrient mineralization
would have been 16. Therefore, we have a measure of the upper
limits of diversity of the functional class for these plots and can use
that as a measure of how close the systems are to their maxima. Of
course, given the oscillations in species abundance likely to occur in
soil micropatches (De Ruiter et al., 1998; Georgieva et al., 2005;
Zelenev et al., 2006), true diversity will seldom be at a maximum. A
maximum diversity of 7.8 for the functional class was observed in
the organic conservation tillage plots, approximately 50% of the
theoretical maximum diversity (Fig. 4). Such assessments might
provide a framework for stewardship of the systems with the goal
of enhancing functional complementarity across soil microhabitats
in both spatial and successional contexts.

However, ecosystem services may not be maximized at
maximum diversity. For example, if the desired service is the
mineralization of nutrients in a system where labile organic ma-
terials are supplied regularly, say monthly, the importance of suc-
cessional changes to guilds of organisms that exploit more
recalcitrant materials is reduced and the effective number of
functional guilds at which the service is provided might be low. In
this example, high species diversity concentrated in guilds of
enrichment opportunists, and consequently low guild diversity,
would offset the immobilization effect of exploitative pulses in
microbial biomass. If, on the other hand, the system is amended
with more complex organic materials and at a lower frequency, a
greater diversity of guilds might be desired so that successional
complementarity would continue the service; that is, the guild
diversity threshold would be higher. Similarly, if regulation of
opportunistic species by higher-order predators was a goal, a high
diversity threshold of prey taxa would be important so that a range
of resources of different size and activity are provided to sustain the
higher-order guilds.

In the studies of Tilman et al. (1997), functional composition and
diversity of functional groups were the principal determinants of
the ecosystem service. Those authors concluded that overall

function of the ecosystem is strongly affected by change in species
composition resulting from invasions, and by changes in nutrient
enrichment and management practices. In other plant diversity
studies, Finn et al. (2011) and Diaz and Cabido (2001) determined
that greater diversity of plants representing different functional
and temporal traits increased complementarity in resource use and
productivity. There are many examples of ecosystem engineering of
agricultural production systems via the use of crop rotation and the
mixtures of cultivars employed in soil-building cover crops (Altieri,
1999; Ferris et al., 2004; Lin, 2011).

3.3. Functional magnitude

Clearly, the magnitude of an ecosystem service is a function of
both the diversity of species performing the function, as proposed
herein, and of their abundance. In simple terms, ten species of
nematodes with a total metabolic footprint of 1000 will more
effectively access available resources and be active over a wider
range of conditions than a single species with the same total
metabolic footprint. We propose diversity-weighted abundance (8),
the product of the relevant diversity and abundance parameters for
the ecosystem function of interest, as a means of comparing func-
tional magnitude among guilds performing the same function in
different assemblages of like species.

=

0= ("D)*- N Ai (3)

i=1

where 9D is the true diversity and A; is the numerical, biomass, or
metabolic footprint abundance of the R species in the functional
class of interest, or of guilds within the functional class, and b is a
coefficient of average dissimilarity among the species (0—1 range)
in functionally important traits such as feeding or behavior. The
parameter b allows consideration of the fact that some species are
functionally more similar than others, and that species diversity
can be expected to increase the functional magnitude of an
assemblage to a greater degree when the species are functionally
more dissimilar.

To illustrate the diversity-weighted abundance concept we use
hypothetical data for four herbivore species inhabiting a fixed area
of landscape (Fig. 6). For this example, for no other reason than to
demonstrate use of Equation (2), we set q = 2 and arbitrarily pro-
vide greater weight to more abundant species in the diversity
calculation. We set b at 1, giving equal importance to both diversity
and abundance. When each species is present at equal biomass,
true diversity is equal to species richness; when different numbers
of species are present at unequal biomasses, true diversity is less
than species richness (Fig. 6A). From Fig. 6A, we calculate the
arbitrary units of plant carbon mineralized at 100-unit biomass
increments for each species diversity level. That allows calculation
of 6 at each biomass and diversity level and the corresponding
magnitude of the mineralization function (Fig. 6B).

We concluded that in the Costa Rica banana study (Fig. 5)
greater abundance of individuals contributing to each function and
greater diversity within each functional class result in greater
complementarity of function among microhabitats. We use the
data to calculate 6 for each functional class of nematodes as in-
dicators of the relative soil health of the organic and conventional
production systems (Table 1). The functional magnitude of all
functional classes is greater in the organic than the conventional
system. Of the two decomposition channels, that driven by bac-
terivores is much more active than that driven by fungivores in
both systems. We infer that the function of regulation of opportu-
nistic species by predation is greater in the organic system even
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Fig. 6. Hypothetical data to illustrate the concept and a potential application of di-
versity-weighted abundance (0). The mineralization of plant-bound carbon from a
constant amount of plant biomass by above-ground herbivore assemblages at different
abundance and species diversity (A) and its relationship with diversity weighted-
abundance calculated at 100 unit increments in biomass for each herbivore assemblage
(B).

though the relatively small flow through the herbivory channel is
greater in the conventional system. In the latter system, herbivore
nematodes are regulated not by predation but by three to four
applications of nematicides each year.

Data do not currently exist for extensive testing of the hypoth-
esis that diversity-weighted abundance of nematodes or other soil
organisms, where abundance is measured in terms of biomass or
physiological activity, is a reliable indicator of ecosystem function.
Validation of the hypothesis will require future experimentation
with collection of appropriate data on abundance, species diversity
and associated measures of ecosystem function. However, as an
illustration of concept, we present data from field experiments in
which mineral N in soil samples was measured in relation to the
biomass of species of bacterial-feeding nematodes where abun-
dance had been manipulated by the use of cover crops and different
frequencies of irrigation (Ferris et al, 2004) (Fig. 7A). In this
example, there is no improvement of goodness-of-fit provided by
use of diversity-weighted abundance (Fig. 7C) rather than un-
weighted abundance (Fig. 7B) as the independent variable. How-
ever, we consider that the rationale of the underlying principles
(Fig. 1) warrant further exploration of the concept. Regarding the
variability within this and similar datasets, it is useful to reflect that
(1) nematodes are not the only contributors to N-mineralization;
they are also indicators of the presence, abundance and activity of
other organisms that participate in the function (Yeates et al.,
2009), and (2) these data are derived from field studies with
associated environmental variability and sampling constraints
affecting both dependent and independent variables.

3.4. Biological assessment of soil health

There is a variety of biological indicators proposed for assess-
ment of soil health (Dick, 1997; Van Straalen, 1998; Van Bruggen
and Semenov, 2000; Bending et al., 2004; Kools et al., 2005). The
quantification of species diversity within functional classes can be
added to that list. Another useful nematode-based component of
soil health assessment is a faunal analysis, which provides a
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Fig. 7. The relationship between mineral N levels and diversity (A), abundance (B) and
diversity-weighted abundance (0) (C) of bacterial-feeding nematode species in field
plots subjected to different irrigation and cover crop frequencies. In each case, abun-
dance is measured as nematode biomass. Data from Ferris et al. (2004).

measure of habitat quality, soil food web condition, and the nature
of ecosystem services available (Ferris et al., 2001). Additionally,
metabolic footprints provide assessment of the magnitude of the
ecosystem services based on the life course, behavioral and meta-
bolic profiles of species assigned to a range of functional guilds
(Ferris, 2010). Similar abundance, diversity and activity measures
could be used for other indicator organisms. Quantification of

Table 1

Diversity-weighted abundance (0) for functional classes of soil nematode assem-
blages in organic and conventional banana production systems in Costa Rica. Means
and standard errors are based on 13 samples for each production system.

Bacterivores Fungivores Predators Herbivores

Organ. Conv. Organ. Conv. Organ. Conv. Organ. Conv.

6 mean 1067 108 33 11 874 50 350 85
Std. error 323 30 16 04 152 22 111 16
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various biological components of soil health will be further facili-
tated by current and evolving methods via DNA and metabolic
profiles (Helder et al., 2004; Gans et al., 2005; Holterman et al.,
2008).

4. Conclusions and emergent hypotheses

1. Species diversity and species abundance in functional classes of
organisms that provide ecosystem services are important
measures of the biological component of soil health.

2. High species diversity combined with high species abundance
within functional classes facilitates exploitation of resources,
and greater contribution of organisms to ecosystem services, in
a spatially diverse habitat.

3. High diversity and abundance among guilds within functional
classes promotes successional complementarity of ecosystem
services.

4. While species diversity assessments indicate the potential for
exploitation of resources and the complementarity of contri-
butions to ecosystem services, assessment of the magnitude of
the services requires determination of biomass and metabolic
activity of the participant organisms.

5. Diversity-weighted abundance (0) provides an integral indicator
of the functional magnitude of ecosystem services in different
assemblage combinations of similar species.

References

Adams, M.J., Welham, SJ., 1995. Use of the most probable number technique to
quantify soil-borne plant pathogens. Annals of Applied Biology 126, 181—-196.

Altieri, M.A., 1999. The ecological role of biodiversity in agroecosystems. Agricul-
ture, Ecosystems and Environment 74, 19—31.

Bending, G.D., Turner, M.K,, Rayns, F., Marx, M.-C., Wood, M., 2004. Microbial and
biochemical soil quality indicators and their potential for differentiating areas
under contrasting agricultural management regimes. Soil Biology and
Biochemistry 36, 1785—1792.

Bongers, T., 1990. The maturity index: an ecological measure of environmental
disturbance based on nematode species composition. Oecologia 83, 14—19.
Bongers, T., Alkemade, R., Yeates, G.W., 1991. Interpretation of disturbance-induced
maturity decrease in marine nematode assemblages by means of the Maturity

Index. Marine Ecology Progress Series 76, 135—142.

Bongers, T., Bongers, M., 1998. Functional diversity of nematodes. Applied Soil
Ecology 10, 239—251.

Bongers, T., Ferris, H., 1999. Nematode community structure as a bioindicator in
environmental monitoring. Trends in Ecology and Evolution 14, 224—228.
Bulluck III, L.R., Barker, K.R,, Ristaino, J.B., 2002. Influences of organic and synthetic
soil fertility amendments on nematode trophic groups and community dy-

namics under tomatoes. Applied Soil Ecology 21, 233—250.

Cadotte, M.W., Carscadden, K., Mirotchnick, N., 2011. Beyond species: functional
diversity and the maintenance of ecological processes and services. Journal of
Applied Ecology 48, 1079—-1087.

Chen, J., Ferris, H., 1999. The effects of nematode grazing on nitrogen mineralization
during fungal decomposition of organic matter. Soil Biology and Biochemistry
31, 1265—-1279.

Clarholm, M., 1985. Interactions of bacteria, protozoa and plants leading to
mineralization of soil nitrogen. Soil Biology and Biochemistry 17, 181—-187.

De Ruiter, P.C., Neutel, A.M., Moore, ].C., 1998. Biodiversity in soil ecosystems: the
role of energy flow and community stability. Applied Soil Ecology 10, 217—228.

Degens, B.P, Harris, J.A., 1997. Development of a physiological approach to
measuring the metabolic diversity of soil microbial communities. Soil Biology
and Biochemistry 29, 1309—1320.

Degens, B.P., Schipper, L.A., Sparling, G., Duncan, L.C,, 2001. Is the microbial com-
munity in a soil with reduced catabolic diversity less resistant to stress or
disturbance? Soil Biology and Biochemistry 33, 1143—1153.

Diaz, S., Cabido, M., 2001. Vive la différence: plant functional diversity matters to
ecosystem processes. Trends in Ecology and Evolution 16, 646—655.

Dick, R.P,, 1997. Soil enzyme activities as integrative indicators of soil health. In:
Pankhurst, C., Doube, B., Gupta, V.V.S.R. (Eds.), Biological Indicators of Soil
Health. CAB International, Wallingford, UK, pp. 121-156.

Elmqvist, T., Folke, C., Nystrom, M., Peterson, G., Bengtsson, J., Walker, B., Norberg, ].,
2003. Response diversity, ecosystem change, and resilience. Frontiers in Ecology
and the Environment 1, 488—494.

Ferris, H., 2010. Form and function: metabolic footprints of nematodes in the soil
food web. European Journal of Soil Biology 46, 97—104.

Ferris, H., Bongers, T., 2009. Indices developed specifically for analysis of nematode
assemblages. In: Wilson, MJ., Kakouli-Duarte, T. (Eds.), Nematodes as Envi-
ronmental Bioindicators. CAB International, Wallingford, UK, pp. 124—145.

Ferris, H., Bongers, T., de Goede, R.G.M., 2001. A framework for soil food web di-
agnostics: extension of the nematode faunal analysis concept. Applied Soil
Ecology 18, 13—29.

Ferris, H., Matute, M.M., 2003. Structural and functional succession in the nematode
fauna of a soil food web. Applied Soil Ecology 23, 93—110.

Ferris, H., Pocasangre, L.E., Serrano, E., Munoz, ]J., Garcia, S., Perichi, G., Martinez, G.,
2012. Diversity and complexity complement apparent competition: nematode
assemblages in banana plantations. Acta Oecologica 40, 11—18.

Ferris, H., Venette, R.C,, Lau, S.S., 1996. Dynamics of nematode communities in to-
matoes grown in conventional and organic farming systems, and their impact
on soil fertility. Applied Soil Ecology 3, 161-175.

Ferris, H., Venette, R.C., Lau, S.S., 1997. Population energetics of bacterial-feeding
nematodes: carbon and nitrogen budgets. Soil Biology and Biochemistry 29,
1183—-1194.

Ferris, H., Venette, R.C., Scow, K.M., 2004. Soil management to enhance bacterivore
and fungivore nematode populations and their nitrogen mineralization func-
tion. Applied Soil Ecology 24, 19—35.

Ferris, H., Venette, R.C.,, van der Meulen, H.R,, Lau, S.S., 1998. Nitrogen mineraliza-
tion by bacterial-feeding nematodes: verification and measurement. Plant and
Soil 203, 159—-171.

Finn, J.A., Kirwan, K., Connolly, ]., Sebastia, M.T., Helgadottir, A., Baadshaug, O.H.,
Bélanger, G., Black, A., Brophy, C., Collins, R.P., Cop, J. Dalmannsdéttir, S.,
Delgado, I, Elgersma, A., Fothergill, M., Frankow-Lindberg, B.E., Ghesquiere, A.,
Golinska, B., Golinski, P., Grieu, P., Gustavsson, A.-M., Hoglind, M., Huguenin-
Elie, O. Jorgensen, M. Kadziuliene, Z., Kurki, P, Llurba, R, Lunnan, T,
Porqueddu, C., Suter, M., Thumm, U, Lischer, A., 2011. Ecosystem function
enhanced by combining four functional types of plant species in intensively
managed grassland mixtures: a 3-year continental-scale field experiment.
Journal of Applied Ecology 50, 365—375.

Fitter, A.K,, Helgason, T., Hodge, A., 2011. Nutritional exchanges in the arbuscular
mycorrhizal symbiosis: implications for sustainable agriculture. Fungal Biology
Reviews 25, 68—72.

Freckman, D.W., Ettema, C.H., 1993. Assessing nematode communities in agro-
ecosystems of varying human intervention. Agriculture, Ecosystems and Envi-
ronment 45, 239-261.

Gans, J., Wolinsky, M., Dunbar, J., 2005. Computational improvements reveal great
bacterial diversity and high metal toxicity in soil. Science 309, 1387—1390.
Georgieva, S., Christensen, S., Stevnbak, K. 2005. Nematode succession and
microfauna-microorganism interactions during root residue decomposition.

Soil Biology and Biochemistry 37, 1763—1774.

Griffiths, B.S., 1994. Microbial-feeding nematodes and protozoa in soil: their effects
on microbial activity and nitrogen mineralization in decomposition hotspots
and the rhizosphere. Plant and Soil 164, 25—33.

Helder, J., van den Elsen, SJJ., Bongers, AM.T,, van der Wurff, AW.G., Bakker, ].,
Kammenga, J.E., 2004. Method for Determining Soil Condition. European Patent
Specification EP 1 613 772 B1.

Hill, M.O., 1973. Diversity and evenness: a unifying notation and its consequences.
Ecology 54, 427—432.

Holterman, M., Rybarczyk, K., van den Elsen, S., van Megen, H., Mooyman, P., Pena
Santiago, R., Bongers, T., Bakker, J., Helder, ]., 2008. A ribosomal DNA-based
framework for the detection and quantification of stress-sensitive nematode
families in terrestrial habitats. Molecular Ecological Resources 8, 23—34.

Ingham, RE., Trofymow, J.A., Ingham, ER. Coleman, D.C,, 1985. Interactions of
bacteria, fungi, and their nematode grazers: effects on nutrient cycling and
plant growth. Ecololgical Monographs 55, 119—140.

Johnson, N.C., Hoeksema, ].D., Bever, ].D. Chaudhary, V.B., Gehring, C.,
Klironomos, J., Koide, R., Miller, R.M., Moore, ]., Moutoglis, P, Schwartz, M.,
Simard, S., Swenson, W., Umbanhowar, J., Wilson, G., Zabinski, C., 2006. From
Lilliput to Brobdingnag: extending models of mycorrhizal function across
scales. BioScience 56, 889—900.

Jost, L., 2006. Entropy and diversity. Oikos 113, 363—375.

Jost, L., 2007. Partitioning diversity into independent alpha and beta components.
Ecology 88, 2427—-2439.

Kools, S.AE., van Roovert, M., van Gestel, C.A.M., van Straalen, N.M., 2005. Glyph-
osate degradation as a soil health indicator for heavy metal polluted soils. Soil
Biology and Biochemistry 37, 1303—1307.

Lennon, J.T., Aanderud, Z.T., Lehmkuhl, B.K., Schoolmaster Jr., D.R., 2012. Mapping
the niche space of soil microorganisms using taxonomy and traits. Ecology 93,
1867—-1879.

Lin, B.B., 2011. Resilience in agriculture through crop diversification: adaptive
management for environmental change. BioScience 61, 183—193.

Liu, Z,, Liu, G., Fu, B., Zheng, X., 2008. Relationship between plant species diversity and
soil microbial functional diversity along a longitudinal gradient in temperate
grasslands of Hulunbeir, Inner Mongolia, China. Ecological Research 23, 511-518.

Macarthur, R.H., 1965. Patterns of species diversity. Biological Reviews 40, 501—533.

Neher, D.A., Darby, BJ., 2009. General community indices that can be used for
analysis of nematode assemblages. In: Wilson, MJ., Kakouli-Duarte, T. (Eds.),
Nematodes as Environmental Bioindicators. CAB International, Wallingford, UK,
pp. 107—123.

Nordbring-Hertz, B., Jansson, H.-B., Tunlid, A., 2006. Nematophagous Fungi. Ency-
clopedia of Life Sciences. John Wiley & Sons, Ltd, pp. 1-11. http://dx.doi.org/
10.1038/npg.els.0004293.


http://refhub.elsevier.com/S0038-0717(15)00091-7/sref1
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref1
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref1
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref2
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref2
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref2
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref3
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref3
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref3
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref3
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref3
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref4
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref4
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref4
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref5
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref5
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref5
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref5
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref6
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref6
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref6
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref7
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref7
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref7
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref8
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref8
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref8
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref8
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref9
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref9
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref9
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref9
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref10
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref10
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref10
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref10
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref11
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref11
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref11
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref12
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref12
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref12
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref13
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref13
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref13
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref13
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref14
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref14
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref14
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref14
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref15
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref15
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref15
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref15
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref16
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref16
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref16
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref16
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref17
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref17
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref17
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref17
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref17
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref18
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref18
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref18
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref19
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref19
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref19
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref19
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref20
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref20
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref20
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref20
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref21
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref21
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref21
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref22
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref22
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref22
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref22
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref22
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref23
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref23
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref23
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref23
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref24
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref24
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref24
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref24
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref25
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref25
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref25
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref25
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref26
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref26
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref26
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref26
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref27
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref27
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref27
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref27
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref27
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref27
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref27
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref27
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref27
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref27
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref27
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref27
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref27
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref27
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref27
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref27
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref28
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref28
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref28
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref28
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref29
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref29
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref29
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref29
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref30
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref30
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref30
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref31
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref31
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref31
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref31
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref32
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref32
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref32
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref32
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref33
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref33
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref33
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref34
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref34
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref34
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref35
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref35
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref35
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref35
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref35
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref35
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref36
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref36
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref36
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref36
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref37
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref37
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref37
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref37
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref37
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref37
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref38
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref38
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref39
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref39
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref39
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref40
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref40
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref40
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref40
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref41
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref41
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref41
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref41
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref42
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref42
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref42
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref43
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref43
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref43
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref43
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref44
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref44
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref45
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref45
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref45
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref45
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref45
http://dx.doi.org/10.1038/npg.els.0004293
http://dx.doi.org/10.1038/npg.els.0004293

H. Ferris, H. Tuomisto / Soil Biology & Biochemistry 85 (2015) 101—109 109

Okada, H., Ferris, H., 2001. Temperature effects on growth and nitrogen minerali-
zation of fungi and fungal-feeding nematodes. Plant and Soil 234, 253—262.

Pielou, E.C., 1975. Ecological Diversity. John Wiley & Sons, New York.

Read, D.S., Sheppard, S.K., Bruford, M.W., Glen, D.M., Symondson, W.O., 2006. Mo-
lecular detection of predation by soil micro-arthropods on nematodes. Molec-
ular Ecology 15, 1963—1972.

Sanchez-Moreno, S., Ferris, H., Nicola, N.L.,, Zalom, F.G., 2009. Effects of agricultural
management on nematode — mite assemblages: soil food web indices as pre-
dictors of mite community composition. Applied Soil Ecology 41, 107—117.

Shannon, CE., Weaver, W., 1949. The Mathematical Theory of Communication.
University of Illinois Press, Urbana.

Sorauer, P., 1908. Handbuch der Pflanzenkrankheiten. P. Parey, Berlin.

Tilman, T., Knops, J., Wedin, D., Reich, P, Ritchie, M., Siemann, E., 1997. The influence
of functional diversity and composition on ecosystem processes. Science 277,
1300—-1302.

Tuomisto, H., 2010. A diversity of beta diversities: straightening up a concept gone
awry. Part I. Defining beta diversity as a function of alpha and gamma diversity.
Ecography 33, 2—22.

Tuomisto, H., 2011. Commentary: do we have a consistent terminology for species
diversity? Yes, if we choose to use it. Oecologia 167, 903—911.

Van Bruggen, A.H.V., Semenov, A.M., 2000. In search of biological indicators for soil
health and disease suppression. Applied Soil Ecology 15, 13—24.

Van Straalen, N.M., 1998. Evaluation of bioindicator systems derived from soil
arthropod communities. Applied Soil Ecology 9, 429—437.

Wagg, C., Bender, S.F, Widmer, F,, Van der Heijden, M.G.A., 2014. Soil biodiversity
and soil community composition determine ecosystem multifunctionality.
PNAS 111, 5266—-5270.

Wardle, D.A., Bonner, KI., Nicholson, K.S., 1997. Biodiversity and plant litter:
experimental evidence which does not support the view that enhanced species
richness improves ecosystem function. Oikos 79, 247—258.

Whittaker, R.H., 1960. Vegetation of the Siskiyou Mountains, Oregon and California.
Ecological Monographs 30, 279—-338.

Whittaker, R.H., 1972. Evolution and measurement of species diversity. Taxon 21,
213-251.

Yeates, G.W., Bongers, T., de Goede, R.G.M., Freckman, D.W., Georgieva, S.S., 1993.
Feeding habits in soil nematode families and genera — an outline for soil
ecologists. Journal of Nematology 25, 315—331.

Yeates, G.W., Ferris, H., Moens, T., van der Putten, W.H., 2009. The role of nematodes
in ecosystems. In: Wilson, M., Kakouli-Duarte, T. (Eds.), Nematodes as Envi-
ronmental Bioindicators. CAB International, Wallingford, UK, pp. 1—44.

Zelenev, V.V., van Bruggen, A.H.C.,, Leffelaar, P.A., Bloem, J., Semenov, A.M., 2006.
Oscillating dynamics of bacterial populations and their predators in response to
fresh organic matter added to soil: the simulation model ‘BACWAVE-WEB'. Soil
Biology and Biochemistry 38, 1690—1711.


http://refhub.elsevier.com/S0038-0717(15)00091-7/sref47
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref47
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref47
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref48
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref48
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref49
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref49
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref49
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref49
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref50
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref50
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref50
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref50
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref50
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref50
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref51
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref51
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref52
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref53
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref53
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref53
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref53
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref54
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref54
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref54
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref54
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref55
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref55
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref55
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref56
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref56
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref56
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref57
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref57
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref57
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref58
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref58
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref58
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref58
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref59
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref59
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref59
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref59
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref60
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref60
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref60
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref61
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref61
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref61
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref62
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref62
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref62
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref62
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref62
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref63
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref63
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref63
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref63
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref64
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref64
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref64
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref64
http://refhub.elsevier.com/S0038-0717(15)00091-7/sref64

	Unearthing the role of biological diversity in soil health
	1. Introduction
	2. Model and application
	2.1. Measures of diversity
	2.2. Measures of abundance
	2.3. Resolution and scale
	2.3.1. Patch size
	2.3.2. Trophic and life history characteristics

	2.4. Model application to nematode assemblages
	2.4.1. Ecosystem function: nutrient mineralization and soil fertility
	2.4.2. Management of species abundance and diversity

	2.5. Model application to other organism assemblages

	3. Discussion
	3.1. The importance of diversity
	3.2. Maximum diversity, diversity thresholds and designed diversity
	3.3. Functional magnitude
	3.4. Biological assessment of soil health

	4. Conclusions and emergent hypotheses
	References


