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Abstract Healthy soils are essential for sustainable
agricultural development and soil health requires careful
assessment with increasing societal concern over envir-
onmentally friendly agricultural development. Soil health
is the capacity of soil to function within ecological
boundaries to sustain productivity, maintain environmental
quality, and promote plant and animal health. Physical,
chemical and biological indicators are used to evaluate soil
health; the biological indicators include microbes, proto-
zoa and metazoa. Nematodes are the most abundant
metazoa and they vary in their sensitivity to pollutants and
environmental disturbance. Soil nematode communities
are useful biological indicators of soil health, with
community characteristics such as abundance, diversity,
community structure and metabolic footprint all closely
correlated with the soil environment. The community size,
complexity and structure reflect the condition of the soil.
Both free-living and plant-parasitic nematodes are effec-
tive ecological indicators, contributing to nutrient cycling
and having important roles as primary, secondary and
tertiary consumers in food webs. Tillage inversion,
cropping patterns and nutrient management may have
strong effects on soil nematodes, with changes in soil
nematode communities reflecting soil disturbance. Some
free-living nematodes serve as biological models to test
soil condition in the laboratory and because of these
advantages soil nematodes are increasingly being used as
biological indicators of soil health.
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1 Introduction

As the human population increases, so does the demand for
resources, especially food. To meet the increasing demand
for food, inappropriate soil management such as intensive
use of chemical fertilizers and pesticides poses a hazard to
soil health, and modern agriculture must be made
sustainable. Healthy soils are essential in sustainable
agricultural development and the use of indicators to
assess soil health is increasingly popular. Soil health is “the
continued capacity of soil to function as a vital living
system, within ecosystem and land-use boundaries, to
sustain biological productivity, maintain the quality of air
and water environments, and promote plant, animal, and
human health”!"). The concept of soil health is very similar
to soil quality, which is “the capacity of a specific kind of
soil to function, within natural or managed ecosystem
boundaries, to sustain plant and animal productivity,
maintain or enhance water and air quality, and support
human health and habitation”). Soil quality is related to
soil function, while soil health is primarily an ecological
characteristic, and is defined as “a living, dynamic system
whose functions are mediated by a diversity of living
organisms that require management and conservation”*..
Established soil quality determination considers many
parameters, and soil health assessment requires a compre-
hensive combination of chemical, physical and biological
indicators, and both trends and natural attributes can be
discerned for soil health”. Many methods are used to
assess soil health including the Wisconsin Soil Health
Scorecard"”! and the Cornell Soil Health Assessment!®!. As
most soil processes are mediated by living organisms, soil
health is “the capacity of soil to function as a vital living
system”. Biological indicators are therefore key when
monitoring soil quality and health.

Biological indicators include microbes, protozoa and
metazoa. Nematodes, the most abundant type of
metazoan!’l, live in various types of soils. Nematodes
vary in terms of their sensitivity to pollutants and
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environmental disturbances, and the nematode commu-
nities are widely accepted as simple indicators of soil
quality and soil health™. Soil nematode (free-living and
plant-parasitic) are correlated with the extent of nitrogen
cycling and decomposition”). Free-living nematodes
reflect the biodiversity of soil ecosystems and soil
health!' . Many soil nematode indices are used to measure
the health of agricultural and natural soils such as the
Shannon index, the maturity index (MI) for free-living
nematodes and the plant-parasitic index (PPI) for parasitic
nematodes. The indices are used to monitor changes in
land use, environmental disturbance and the effects of
management practices.

Soil nematodes are widely used to evaluate forests,
grasslands and agricultural systems!'']. Both morphologi-
cal and molecular methods are currently the most
commonly used for identification'*). In the laboratory
several soil nematodes have been used to evaluate soil
toxicity, with Caenorhabditis elegans the most widely
used!’]. This nematode offers many advantages. The
genome was completely sequenced in 1998 and many
mutant and transgenic strains are available!'*!. C. elegans
is thus ideal for evaluation of soil conditions. Soil
nematodes have recently been widely used for soil health
assessment, aided by developments in analytical and
identification methods.

2 Common indicators and tools used to
assess soil health

As shown in Fig.1, soil health can be assessed by
integrating physical, chemical, and biological data. The
physical indicators include water storage capacity, bulk
density, and texture, of which water storage capacity is the
most frequently used!'”!. The chemical indicators include
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Fig. 1 Common indicators of soil health: (a) microbes are
positively related to soil chemical indicators; (b) microbes are
essential for soil physical properties; and (c) soil protozoa and
several taxa of metazoa feed on microbes.
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the levels of total organic matter/carbon, available
phosphorus and potassium, and pH!'*). Soil health is
broadly defined as “the capacity of a living soil to function,
within natural or managed ecosystem boundaries”'®! and
biological indicators are the most relevant!'”). These
include microbes, protozoa and metazoa. Using soil
organisms as indicators of soil health has several
advantages: (1) sensitivity to changes in management;
(2) well correlated with beneficial soil functions; (3) useful
for elucidating ecosystem processes; and (4) comprehen-
sible and useful to land managers™!. Microbes are essential
for soil fertility. The microbial indicators are positively
related to soil organic carbon/matter levels and vegetation
cover, and negatively to soil levels of potentially toxic
elements!'®!. Soil protozoa are the smallest primary
consumers of bacteria and fungi, having essential roles in
nutrient cycling and energy transfer to higher trophic
levels. They provide the leverage between soil manage-
ment and the soil microbiota to improve soil health!").
Earthworms form the largest component of the soil faunal
biomass, having important roles in soil formation, water
regulation, nutrient cycling, primary production, climate
regulation, pollution remediation and agricultural ser-
vices””). Soil nematodes may be the optimum health
indicators because their taxonomy and feeding habits are
well understood'”). Soil nematodes contribute to nutrient
cycling and have important roles in soil food webs as
consumers at various levels. Soil disturbance changes the
soil nematode communities and the soil nematodes also
exert some effects on the soil environment, soil organisms
and the growth of plants. For example, free-living
nematodes may promote plant growth indirectly by
altering the soil microbial community'),

3 Soil nematodes as biological indicators of
soil health

Soil nematodes are the most abundant metazoa on Earth.
They are found at all trophic levels of the soil food web in
combination with plants, bacteria, microarthropods, and
other nematodes®”. Nematodes have long served as
bioindicators and the ecological indices of nematode
communities reveal natural and human-induced changes
in soil ecosystems”’). The use of soil nematodes as
indicators of health offers many advantages and their use
for the assessment of soils is increasing because of their
high diversity and abundance and their essential and
various roles in ecosystem function'**!. The diversity,
community structures and functions of soil nematodes are
important indices of soil health; the anthropogenic
disturbances in agriculture (tillage inversion, cropping
patterns and nutrient management) may influence soil
nematodes'””!. Nematode community structure/function
evaluation is typically based on the abundance and
diversity of certain species, genera or trophic groups!'".
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3.1 Ecological and functional characteristics of nematodes
determined as indicators

Soil nematodes have been divided by feeding habit into
bacterivores, fungivores, herbivores, omnivores and pre-
dators”®®). Most soil nematodes are bacterivores and
fungivores which feed on bacteria and fungi. They have
major roles in the decomposition of organism in soils, and
thus changes in bacterivores and fungivores may reflect
changes in decomposition pathways'?’!. Free-living nema-
todes (beneficial nematodes), which constitute 60% to 80%
of all soil nematodes, include bacterivores, fungivores,
omnivores and predators. All engage in nutrient cycling
and energy transfer within the soil food web, enhancing
that web and soil ecology. Increased microbial activity may
enhance the numbers of bacterivores; acidification or
metal-induced stress may decrease bacterivore but increase
fungivore numbers!”). Herbivores feed on plants and more
than 4100 species of plant-parasitic nematodes have been
identified. They cause damage valued at over 80 billion
USD annually and the most damaging nematodes are root-
knot nematodes (Meloidogyne spp.) and cyst nematodes
(Heterodera and Globodera spp.)'**!. Using nematicides to
control herbivores is an effective measure but it decreases
the populations, diversity, and maturity of fungivores and
bacterivores at the same time!*”). Omnivores and predators
represent the smaller proportion of soil nematodes, feeding
on bacteria, fungi, protist and nematodes. They are
sensitive to environmental disturbance and their densities
in undisturbed soils are higher than in disturbed soils*!.
Increasing N fertilization may reduce the relative abun-
dance of omnivores and predators in wheat fields" .

Soil nematodes have also been categorized according to
life strategy into colonizers (r-strategists) and persisters
(K-strategists).”!. Colonizers exhibit short generation
times, produce many small eggs and quickly exploit
nutrient-rich habitats. Persisters have larger bodies, lay
fewer eggs, live longer and barely respond to transient
availability of high-level food. All nematodes have been
placed on a colonizer-persister (c-p) scale from 1 to 5. The
c-p 1 group includes principally bacterial feeders exhibit-
ing explosive population growth in microbe-rich soils and
tolerance to pollution-induced stress. The c-p 5 group is
composed principally of omnivores, predators and plant
feeders that are more sensitive to pollutants and other

disturbances!”.

3.2 Soil nematode community and diversity indicators

The soil nematode community may be influenced by soil
conditions, the community characteristics of soil nema-
todes including abundance, diversity, community structure
and metabolic footprints, and then the soil conditions will
be reflected in the size, complexity, structure and metabolic
footprint of the soil nematode community. Species/
community measures, diversity measures and maturity

indices have been used to assess these communities. The
species/community measures include the number of taxa,
absolute abundances and trophic structure based on
relative abundances. Diversity measures include the
Shannon index, the Simpson index and trophic
diversityt'”.

Numerous community indices have been used to assess
and monitor soil condition. These include MI, enrichment
index (EI), channel index (CI), structure index (SI), the
fungivore/bacterivore (F/B) ratio, nematode channel ratio
[NCR=B/(B + F)], ratio of obligate plant parasites to
bacterivores and fungivores [Pp/(B + F)] and ppIt 0321,
MI is the weighted mean c-p of all individuals in a
representative soil sample. MI is inversely related to the
extent of soil disturbance, being less than two in nutrient-
enriched disturbed systems, but about four in undisturbed
environments. EI reflects food availability and soil organic
matter enrichment, in turn reflecting the sensitivities of
functional nematode guilds'**). CI is calculated using the
numbers of bacterivores and fungivores, revealing the
predominant pathway of organic matter decomposition by
bacteria and fungil®’!. SI is calculated using an indicator
weighting system based on the importance of the
functional guilds along hypothesized trajectories of
structure and provides location of the food web along the
structure trajectoryt>?!. PPI, which is an MI equivalent for
plant-feeding nematodes, is positively correlated with soil
disturbance. Changes in the relative abundances of
nematodes feeding on bacteria or fungi mirror changes in
decomposition routes and energy channel widths. NCR
“indicates the contribution of the various primary con-
sumers of detritus in the process of decomposition of soil
organic matter”'>*!. The value ranges from 0 to 1 (totally
fungus mediated to totally bacteria mediated), with higher
values in organic systems. Pp/(B + F) describes the
differences between detritus and grazing food webs and
yields the matter and energy transfer rates from autotrophs
to heterotrophs. High values “indicate the consumption of
living plant tissue by herbivores and the dominance of
the grazing food web”, and low values “indicate the
predominance of the detritus food web associated with the
decomposition of dead tissue by bacteria and fungi”**).

The soil nematode community has high and useful
information content as nematodes respond rapidly to
changes in the soil and therefore the structure of the
nematode community can be used as an instrument to
assess soil conditions.

3.3 Soil nematode community and diversity changes follow
soil conditions

Soil nematode community structure and diversity may be
influenced by soil management practices and farming
patterns (Fig.2). Soil nematodes closely reflect soil
conditions, including those of agricultural soils subjected
to continuous cropping, a common situation in Chinal?'!.
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Fig. 2 The soil nematode diversity in (a) continuous cropping
soil is lower than in (b) rotation cropping soil.

Continuous strawberry cropping reduces nematode diver-
sity, the predominant decomposition pathway changing
from bacterial to fungal as NCR decreases, whereas plant-
feeder abundance increases significantly, showing that the
soil may be harmful to plant growth under continuous
cropping™*!. When banana is rotated with papaya, pine-
apple or rice, the abundance and functional metabolic
footprint of bacterivores, fungivores and omnivore-carni-
vores were found to increase®*). Maize-soybean rotation is
an agricultural practice in which soybean cyst nematode,
Heterodera glycines, is effectively controlled””*>1. Zhong
et al. found that reduced-till, no-till and added-residue
patterns increased the numbers of bacterivores, omnivores,
and carnivores. The latter pattern also increased fungivore
numbers but not those of plant parasites’®®). Some studies
indicate that soil nematodes may be strongly influenced by
tillage management practices'”>~’1. Both abundance and
diversity were higher in large soil macroaggregates, and
soil nematode activity and abundance increased more
under no-tillage and ridge-tillage than when standard
tillage was employed. In organic soybean production the
abundance of all nematode feeding groups was affected by
the tillage system(®™,

Root exudates act as olfactory compounds and soil
chemokines as taste compounds and are nematode
attractants across different nematode taxa and feeding
guilds™®!. Adding nutrients (chemical/organic) directly
influenced the soil nematode community, thus changes in
soil nematodes reflect the effects of nutrient applications
on soil health®®. Nitrogen fertilization increased total
nematode abundance but decreased nematode generic
richness. Increasing N fertilization resulted in minor
changes in bacterivores but decreased the abundance of
omnivores and predators, and fungivores were suppressed
by high N fertilization (300 kg-ha '-yr ' N)®'1. In tropical
secondary forests (P-poor soils), P additions suppresses the
density of total nematodes and omnivore-predators and
degrade the structure and trophic links of the soil food

web*?1. The application of an organic fertilizer such as
manure increased the nematode functional metabolic
footprints. Plant-parasitic nematodes were controlled by
adding organic amendments and then promoted plant
growth!*%!.

Soil nematodes reflect the consequences of anthropo-
genic interventions (environmental pollution and agricul-
tural activities) and the principal features of natural
biocenoses (vegetation type, geographic location and
climatic conditions)**!. The nematode community indices
therefore allow useful assessment of soil health.

3.4 Frontier methods of soil nematode community and
diversity identification

Nematodes are the most abundant organisms in soils and
their communities are very diverse. Over 2270 nematode
genera in 256 families containing about 2300 species have
been fully described!'?. Morphological and molecular
identification are the most common methods (Fig. 3(a)).
Morphological identification commenced in the nineteenth
century, and nematodes can be identified to the family and
genus levels, and some species may be identified based on
the morphological features of adult females'*'!. However,
such work requires extensive training and expertise and is
both time consuming and error prone because some
nematodes lack distinctive morphological features.
Molecular identification has recently evolved rapidly,
identifying specimens that cannot be identified morpholo-
gically because they are male or female sub-adults*). The
PCR-based methods include PCR-restriction fragment
length polymorphism identification, random amplification
of polymorphic DNA, PCR single-strand conformational
polymorphism identification, amplified fragment length
polymorphism identification, and PCR-denaturing gradient
gel electrophoresis!*). qPCR allows accurate real-time
measurement of the number of copies synthesized during
each PCR cycle. However, these are costly and low-
throughput tools compared to high-throughput sequencing
(HTS)M**!. Although all these PCR-based methods are
widely used to identify nematodes the tests are not
standardized. Also, PCR-based techniques identify only
known species and are low-throughput, slow techni-
ques!'?. If the species are unknown and the sample
numbers high, qPCR-based methods are inadequate. High-
throughput identification was commercialized in 2005,
Metagenetic approaches can be used to assay many
samples simultaneously, with 16S or 18S rRNA gene
fragments targeted**!. The method identifies and quanti-
fies the relative abundances of all or some species in a
complex nematode population. Metagenetic approaches
are now common, given the developments in Sanger
sequencing and second-generation sequencing techni-
quest®l. HTS is now routine. Many nematode studies
have used HTS to define entire nematode communities.
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HTS shows that bacterivore numbers were reduced, and
those of herbivores, fungivores and predators/omnivores
increased in burnt compared to unburnt plots. Bacterivores
were more abundant in nitrogen-enriched plots*?). Geisen
used morphological and molecular (qPCR and HTS)
methods to analyze soil nematode communities and the
results show that HTS afforded the highest taxonomic
resolution and sample throughput'*’], although the various
methods yielded similar outcomes.

Combined use of morphological and molecular methods
has afforded new insights. When sample numbers are
large, HTS is optimal. HTS does not require expertise in
morphological identification, and is therefore more feasible
for scientists with little knowledge of morphological
identification!*”). Both the morphological and molecular
methods can effectively identify and analyze nematode
community structure, and this has a critical role in
evaluating soil health using the soil nematode community
structure.

3.5 Caenorhabditis elegans as an example to evaluate soil
health

Soil nematode data (community diversity and the ecolo-
gical indices) can be used to assess soil condition
(Fig. 3(b)). For example, many laboratories use free-living
nematodes (principally C. elegans) for preliminary assess-
ment of soil condition**]. The advantages of C. elegans are
(1) a short lifespan, (2) simple and inexpensive cultivation
(300-350 eggs per nematode), (3) availability of the
complete genome sequence and many genetically modified
strains, and (4) a rapid response to environmental
change*”). C. elegans can be used to rapidly assess
chemical toxicity, with soil pollutants inhibiting C. elegans
growth and reproduction”®. Kim et al. used an offspring
counting assay as a bioassay for soil ecotoxicity evaluation
to evaluate the chemical toxicity of several metals’®'!. The
toxicity trend for each metal was classified according to the
number of offspring. They also found that cation exchange
capacity, water holding capacity, and clay and silt fractions
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C. elegans

and

Incubation 24 h in soil

reduced the numbers of offspring, whereas the electrical
conductivity and sand fractions increased the numbers>*,
Physical, chemical and biological parameters affect the
growth, reproduction and movement of free-living nema-
todes such as C. elegans, and these organisms can be used
for the preliminary evaluation of soil condition.

4 Future perspectives

Nematode community structure reflects soil condition.
Evaluating soil quality based on changing diversity and
structure of the soil nematode community is becoming
more popular. Unhealthy soils are associated with the
excessive use of chemical fertilizers and pesticides,
especially in long-term monocropping systems. Soils are
increasingly subject to degradation, pollution, deteriora-
tion in physicochemical properties, reduced biodiversity
and low productivity. Soil nematodes are involved in
nutrient cycling, energy transfer and global soil carbon
cycling. Increasing bacterivore and fungivore abundance
may enhance the decomposition of soil organisms and
reduce soilborne pathogen impacts because of their trophic
structure. Lowering herbivore abundance can promote
plant growth. Also, predators which are sensitive to
environmental change can be used to evaluate fertilizer
impacts (Fig.4). Classifying soil nematodes using mole-
cular approaches will increase the accuracy rate. C. elegans
is a free-living nematode that can be used to evaluate soil
health and some environmental impacts under laboratory
conditions. In summary, the use of soil nematodes for soil
health assessment may be more widely adopted and
particularly molecular approaches can be used more
widely. Application of the C. elegans model to address
agricultural and ecological questions 1is just the
beginning. Importantly, a set of comprehensive integrated
and optimized approaches to increase crop productivity
and nutritional quality while decreasing nematode disease
in harvested products will become increasingly widely
used.
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Fig. 3 Methods for soil health assessment: (a) determination of soil nematode community and diversity; and (b) evaluation of soil health

with the nematode Caenorhabditis elegans.
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in the rhizosphere ecosystem.
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