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Abstract

Researchers have used both soil nematode data and soil multifunctionality data as indicators of soil quality. However, the

relationship between soil nematodes and soil multifunctionality is poorly understood. This study explored the relationship

between soil nematode properties and soil multifunctionality in different land-use types in a subtropical karst region of Southwest

China. We selected the following five typical land-use types that differ in the degree of soil disturbance: cropland (maize-

soybean), sugarcane, mulberry, forage grass, and forest. Soil multifunctionality was calculated based on bulk density (BD), soil

pH, the ratio of soil organic carbon to total nitrogen (C: N), the contents of soil water (SWC), soil total nitrogen (TN), soil

organic carbon content (SOC), calcium (Ca), magnesium (Mg), microbial biomass carbon (MBC), microbial biomass nitrogen

(MBN), ammonium nitrogen (AN), and nitrate nitrogen (NN). We found that the abundance, Simpson dominance index,

and metabolic footprint of soil nematodes were highest in the forest, followed by sugarcane, cropland (maize-soybean) and

forage grass, and mulberry. Soil multifunctionality was significantly higher in the forest than in the other land-use types. Soil

multifunctionality was positively correlated with the abundance of total nematodes and all nematode trophic groups except

omnivores. A random forest model revealed that the dominant nematode genera (i.e., Coomansus and Acrobeloides) and the

rare genera (i.e., Wilsonema and Heterocephalobus) were closely associated with soil multifunctionality. Our results suggest

that the soil nematodes (especially keystone genera) may mediate the effects of ecosystem disturbance on soil multifunctionality.

These findings increase our understanding of the relationships between soil organisms and soil multifunctionality.
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ABSTRACT

Researchers have used both soil nematode data and soil multifunctionality data as indicators of soil quality.
However, the relationship between soil nematodes and soil multifunctionality is poorly understood. This
study explored the relationship between soil nematode properties and soil multifunctionality in different
land-use types in a subtropical karst region of Southwest China. We selected the following five typical
land-use types that differ in the degree of soil disturbance: cropland (maize-soybean), sugarcane, mulberry,
forage grass, and forest. Soil multifunctionality was calculated based on bulk density (BD), soil pH, the
ratio of soil organic carbon to total nitrogen (C: N), the contents of soil water (SWC), soil total nitrogen
(TN), soil organic carbon content (SOC), calcium (Ca), magnesium (Mg), microbial biomass carbon (MBC),
microbial biomass nitrogen (MBN), ammonium nitrogen (AN), and nitrate nitrogen (NN). We found that the
abundance, Simpson dominance index, and metabolic footprint of soil nematodes were highest in the forest,
followed by sugarcane, cropland (maize-soybean) and forage grass, and mulberry. Soil multifunctionality
was significantly higher in the forest than in the other land-use types. Soil multifunctionality was positively
correlated with the abundance of total nematodes and all nematode trophic groups except omnivores. A
random forest model revealed that the dominant nematode genera (i.e., Coomansus andAcrobeloides ) and
the rare genera (i.e., Wilsonema andHeterocephalobus ) were closely associated with soil multifunctionality.
Our results suggest that the soil nematodes (especially keystone genera) may mediate the effects of ecosystem
disturbance on soil multifunctionality. These findings increase our understanding of the relationships between
soil organisms and soil multifunctionality.

Keywords:

Soil nematodes, land use, soil quality, soil multifunctionality,karst region

1. Introduction

Although adequate soil quality is essential for food production and the functioning of global ecosystems,
soil quality is threatened by the growth of human populations, urbanization, and extensive and irrational
management of available cultivable land (Paz-Ferreiro and Fu, 2013; Bünemann et al., 2018). Soil quality
assessment provides a basic means to evaluate the sustainability of human-managed land systems (Doran
and Parkin, 1996). At present, soil quality is commonly assessed based on its physical structure, chemical
nutrient levels, and biological indicators (Paz-Ferreiro and Fu, 2013; Jing et al., 2015; Delgado-Baquerizo et
al., 2016; Liu et al., 2017). The biological indicators include soil nematodes, which are a main component
of the soil fauna (Bardgett and van der Putten, 2014) and which occupy multiple niches in soil detrital food
webs (Bongers and Ferris, 1999; Ferris et al., 2001). They are sensitive to environmental disturbances, which
makes them excellent ecological indicators, especially for evaluating the effects of environmental change and
agricultural management (Bongers, 1990; Yeates and Bongers, 1999; Neher, 2001). Although a number of
studies have used nematodes as indicators of the quality of soil or the health of different ecosystem types
and land-use types (Yeates, 1979; Porazinska et al., 1999; Berkelmans et al., 2003; Neher et al., 2005), few
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. studies have comprehensively analyzed whether the information indicated by soil nematodes is related to
data on other soil properties such as soil nutrients, physical properties, and microorganisms. Therefore, the
relationships between soil nematodes and soil physical, chemical, and microbial properties require further
study.

In recent years, many studies have used soil multifunctionality as an indicator of soil quality (Bunemann
et al., 2018). Early research mainly focused on the relationship between species diversity and individual
ecosystem functions, such as the effect of plant species richness on net primary productivity and nitrogen
accumulation (Hector et al., 1999; Hooper et al., 2005; Cardinale, 2011). Using a single ecosystem function
in place of a holistic ecosystem function can be highly misleading, however, because it may underestimate
the effects of biodiversity loss on soil functions (Gamfeldt et al., 2008). In other words, the assessment of
multiple functions is more useful than the assessment of a single function for understanding soil quality and
ecosystem processes (Zavaleta et al., 2010; Delgado-Baquerizo et al., 2020). Over time, research on ecosystem
multifunctionality has gradually expanded from terrestrial plants (Gamfeldt et al., 2008) to aquatic plants
(Cardinale, 2011) and to soil microorganisms (Chen et al., 2020; Delgado-Baquerizo et al., 2020). At present,
researchers generally agree that ecosystem functionality is related to aboveground biodiversity. However, the
relationship between soil nematodes and ecosystem multifunctionality is poorly understood.

Karst ecosystems are widely distributed in the world (Wang et al., 2019). They are fragile and are currently
experiencing extreme degradation in many regions. Karst rocky desertification has been identified as the
most severe ecological problem in Southwest China (Wang et al., 2019). The long-term extensive reclamation
of cropland (especially corn) is considered the main cause of the rocky desertification (Zhao et al., 2014b;
Wang et al., 2019). Land planted with corn is being reclaimed in Southwest China because the economic
benefits of corn cultivation are too low to alleviate poverty. Therefore, many farmlands have been protected
to form forests, and some farmlands have been transformed for the cultivation of sugarcane (Saccharum
officinarum L. ), mulberry (Morus alba L. ), and forage grass (Li et al., 2018a; Li et al., 2018b).

Different land-use types experience different disturbances and management practices resulting in changes in
soil quality or soil multifunctionality. How the land-use changes described in the previous paragraph affect
soil quality is not well known in the karst areas of Southwest China. The purpose of our study was to assess
the composition of soil nematode communities of different land-use types and determine the relationship
between soil nematode properties and soil multifunctionality. We tested two hypotheses: 1) the intensity of
agricultural disturbance (e.g., tillage and replanting frequency) is negatively correlated with soil nematode
abundance, diversity, and community maturity; and 2) there is a positive relationship between the properties
of soil nematode communities and ecosystem multifunctionality.

2. Materials and Methods

2.1 Study region and experimental design

The study was conducted in Huan jiang County (107deg51’-108deg43’E, 24deg44’-25deg33’N), Guangxi
Province, China (Fig. 1). The region has a subtropical monsoon climate, with a mean annual air tem-
perature ranging from 17.8 to 21.1degC, and a mean annual precipitation ranging from 1346 to 1498 mm.
The region has two seasons: a wet season (from April to August) and a dry season (September to March
of the following year). The region is interwoven with karst and non-karst areas and is characterized by flat
valleys surrounded by hills. The karst areas have calcareous lithosols (Wen et al., 2016; Li et al., 2017).

The study had a randomized complete block design with five blocks (about 9 km2 each) distributed over a
karst region. The distance between any two blocks ranged from 4 to 20 km. In each block, the following four
agricultural land-use types were randomly distributed: cropland (maize-soybean), sugarcane field, mulberry
field, and forage grass. The latter three land-use types were transformed from maize-soybean field and had
been managed continuously for about 15 years. All plots were located in valleys or on lower slopes. A
representative field was selected for each land-use type in each block. In each field, one plot (> 400 m2

each) was designated for soil sampling. In addition, five nearby mature forest sites (>50 years old and
located in the Mulun National Nature Reserve; 107deg53’-108deg05’E, 25deg06’-25deg12’N) were selected

3
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. for comparison. Detailed information on the study and study sites was provided by Li et al. (2018b).

2.2. Field sampling and analyses

Soil sampling was carried out in October 2016. Ten soil cores were randomly collected from the mineral
horizon (0-10 cm) of each plot. The soil cores were thoroughly mixed to form one composite sample per
plot. Bulk density (BD) was measured with metal rings. Soil water content (SWC) was determined after
drying about 10 g soils at 105degC for 24 h. Soil microbial biomass carbon (MBC) and microbial biomass
nitrogen (MBN) were measured with the chloroform fumigation-extraction method (Carter and Gregorich,
2006). Nitrate nitrogen (NN) and ammonium nitrogen (AN) concentrations were analyzed with an autoan-
alyzer (FIAstar 5000, FOSS, Sweden). For the determination of soil pH, soil was mixed with water (1:2.5
soil/water ratio) and assayed using a pH meter (FE20K, Mettler-Toledo, Switzerland). The dichromate
redox colorimetric method was used to determine soil organic carbon (SOC) content after wet oxidation
of soil. Soil total nitrogen (TN) was measured with an elemental analyzer (EA 300; Euro Vector, Italy).
To determine exchangeable magnesium (Mg) and calcium (Ca), soils were extracted with 1 M ammonium
acetate and assayed by inductively coupled plasma atomic emission spectroscopy.

2.3. Nematode extraction and index calculations

2.31. Nematode extraction and identification

Nematodes were extracted from 100 g of fresh soil using the Baermann funnel method (Barker, 1985). Turbid
nematode suspensions were cleaned by repeated settling at 4 degC (Zhao and Wang, 2021). After fixation
in a 4% formalin solution, nematodes were counted and identified to genus with the aid of a differential
interference contrast microscope (ECLIPSE 80i, Nikon, Japan) at 400–1000x magnification. The functional
guild was determined based on the known trophic behavior (bacterivore, fungivore, herbivore, predator, or
omnivore) and cp value of the genus (Yeates et al., 1993; Bongers and Bongers, 1998).

2.3.2 Index calculation

The nematode data were used to calculate the enrichment index (EI), structure index (SI), channel index
(NCR), Shannon-Wiener diversity index (H’), Margalef richness index (SR), Simpson dominance index (λ),
maturity index (MI), plant parasite index (PPI), and channel index (NCR) for each sample (Bongers, 1990;
Ferris et al., 2001). The formulas for these indices were as follows:

EI = 100 × (e/ (e+b)) (1)

SI = 100 × (s/ (s+b)) (2)

NCR = Ba/ (Ba + Fu) (3)

H’ =
∑n

i=1 Pi × ln Pi (4)

λ = [?]Pi2 (5)

SR = (S-1) / lnN (6)

MI or PPI =
∑n

i=1 v (i) × f (i) (7)

For EI and SI, where e represents the enrichment component (Ba1, Fu2), and b and s represent basal (Ba2 and
Fu2) and structure (Ba3Ba5, Fu3-Fu4, Om4-Om5, and Pr3-Pr5) components, respectively. All components of
b and s were calculated by [?]kb×nb and [?]ksxns, respectively, where kb and ks are the weightings assigned
to nematode functional guilds, and nb and ns are the nematode abundances of those guilds, and For NCR, Ba
and Fu represent the abundance of bacterivores and fungivores, respectively, in each sample; For H’ and λ,
Pi represents the relative abundance of taxon i of the sample; For MI and PPI, v(i) represents the colonizer-
persister (cp) value assigned to taxon i of nematodes other than herbivores, f(i) represents the frequency of
taxon i in the sample, and n represents the number of free-living nematodes and plant-parasitic nematodes
in a sample for calculations of MI and PPI, respectively.
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. 2.4 Data analysis

The effects of land-use type on soil physicochemical properties and nematode variables were determined using
one-way ANOVAs. Statistical significance was determined at p < 0.05. Pearson correlation analysis was
used to analyze the correlation between nematode variables and other biotic and abiotic variables. One-way
ANOVAs and Pearson’s correlation analysis were performed using IBM SPSS version 26.0 software (IBM,
USA). The network of nematode genera compositions in different land-use types were analyzed using Gephi
software. The network was constructed based on a Spearman rank correlation matrix of nematode biomass
data of each trophic group. The relationship between nematode biodiversity and soil multifunctionality
was evaluated by Spearman correlation analysis. The average approach was used to evaluate ecosystem
multifunctionality using the standardized average of 12 variables (Hooper and Vitousek, 1998). Z-score
transformation (overall mean of 0 and standard deviation of 1) was used to standardize the data for the soil
nematode community and ecosystem functions (Maestre et al., 2012; Bradford et al., 2014a). Z score data
were analyzed using SPSS 26 statistical software (SPSS Inc., Chicago, IL, USA). Statistical significance was
determined at p < 0.05. A random forest model was used to identify major nematode predictors of soil
multifunctionality. The model was analyzed using R software with the “Random Forest” package. A total
of 10 nematode genera were selected for random forest modelling.

3. Results

3.1 Soil nematode community

3.1.1 Total number of soil nematodes and trophic groups

A total of 56 genera of nematodes were identified in the soil samples.Coomansus was the dominant genus.
The abundances of total nematodes and of each trophic group were higher in the forest plots than in the
other four land-use plots (Fig. 2). The order of total nematode abundance was forest > sugarcane > forage
grass > cropland > mulberry (Fig. 2a). Bacterivore was the most abundant trophic group (Fig. 2b), and
bacterivore abundance and fungivore abundance were significantly higher in the forest plots than in the other
land-use plots. Herbivore, predator, and omnivore highest in the forest plots, lowest in the mulberry plots,
and intermediate in the other plots (Fig. 2d, e, and f).

3.1.2 Ecological index and metabolic footprint of the soil nematode communities

The nematode structure and maturity index were significantly lower in the mulberry plots than in the other
land-use plots. The footprint of soil nematodes and omnivores-predators were significantly higher in forest
and sugarcane plots than in forage grass, mulberry, or cropland plots (Table 1). The metabolic footprints
of herbivores, bacterivores, and fungivores did not significantly differ among land-use types. Whether in
forest or in agricultural plots, the sizes of the metabolic footprints of nematodes were in the following order:
predator and omnivore > herbivore > bacterivore > fungivore (Fig. S1). The nematode network pattern
was more complex in the forest plots than in the of agricultural plots (Fig. 3).

3.1.3 Relationship between soil nematode communities and soil physicochemical properties

Nematode trophic group structure and ecological indices were correlated with soil physicochemical properties
(Table 2). Total soil nematode abundances were negatively correlated with BD and positively correlated with
SOC, C: N, and Mg. Fungivore and herbivore abundances were positively correlated with TN and SWC.
Nematode EI was negatively correlated with pH and Ca. The abundances of Coomansus (the dominant
genus) and Plectus(a common genus) were positively correlated with most soil physicochemical properties,
while the abundance of Acrobeloides (a common genus) was negatively correlated with most soil properties
(Fig. S2).

3. 2 Relationship between nematode properties and ecosystem multifunctionality

Soil multifunctionality was significantly higher in the forests than in the four agricultural land-use types, and
did not significantly differ among the agricultural land-use types (Fig. 4). The ordinary least-squares (OLS)
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. regression models revealed a positive linear correlation between ecosystem multifunctionality and the abun-
dances of total nematodes and all nematode trophic groups except omnivores for total nematode abundance
(R2 = 0.297, p < 0.01), bacterivore (R2 = 0.16, p < 0.05), fungivores (R2 = 0.272, p < 0.01), herbivores (R2

= 0.218, p < 0.05), and predator (R2 = 0.175, p < 0.05) (Fig. 5). A total of 10 genera were incorporated in
the random forest model. The results showed that the most important nematodes associated with ecosystem
multifunctionality were predators and especially the following bacterivores:Coomansus (Spearman,p < 0.01),
Acrobeloide (Spearman, p< 0.01),Wilsonema (Spearman,p < 0.01), and Heterocephalobus (Spearman,p <
0.05) (Fig. 6).

4. Discussion

4..1 Effects of land-use type on soil nematode communities

In the current study, nematode abundance, diversity, and footprint were highest in the forest and sugarcane
plots, intermediate in the forage grass and cropland plots, and lowest in the mulberry plots. These results were
partially consistent with our first hypothesis, which was that these nematode properties would be negatively
correlated with the degree of agricultural disturbance. In previous studies, soil nematode abundance or
diversity was generally higher in less disturbed than in more disturbed ecosystems (Neher and Campbell,
1994; Ou et al., 2005; Li et al., 2007). With less disturbance and a relatively stable input of leaf litter
and rhizodeposition, forests may support a relatively complex nematode community structure and network
(Wardle, 1995). Natural forest ecosystems, like those in the current study, generally support more abundant
and diverse soil nematode communities than agricultural ecosystems (Gao et al., 2020), probably because soil
nematodes depend mostly on the distribution of soil organic matter (Ou et al., 2005; Quist et al., 2016). In
agricultural soils, nematode abundance was found to be higher with no-tillage than with conventional tillage
(Fu et al. (2000). In the current study, however, the abundance and diversity of nematodes were higher in
the sugarcane plots than in the forage grass plots, probably because almost all of the leaves are left on the
soil surface when the sugarcane is harvested, eventually providing a substantial input of organic matter to
support soil food webs. Tillage is often found to be the main cause of organic carbon depletion in agricultural
soil (Baker et al., 2007). Therefore, frequent tillage leading to lower organic carbon levels may partly account
for the lower abundance and diversity of soil nematodes in the maize-soybean plots. Nematode abundance
and diversity were the lowest in mulberry plots, which may be related to the frequent disturbances and
harvesting of leaves and branches of mulberry plants. In the studied area, the mulberry leaves are manually
harvested every 20 days from April to November, and all of the aboveground stems and branches are cut
and removed at the end of the growing season in July and December (personal communication with local
farmers) (Li et al., 2018b). In addition, compound fertilizer (N: P2O5: K2O = 15:15:15) was applied to
the mulberry plots in March and July at a rate of about 1,100 kg ha-1 each time, and weed control was
conducted every month (Li et al., 2018b; Zhang et al., 2021).

Nematodes in the genus Filenchus were previously reported to be more likely to occur in soils with abundant
organic matter (Okada and Kadota, 2003). Consistent with the latter report, we found that the nematodes
in the genus Filenchus were especially abundant in forest and sugarcane plots (Table S2), which had high
soil organic carbon contents (Table S1). The changes of soil nematodes in Fu2 and Pr4 functional guilds
might account for such changes of soil nematode communities between the five land use types.

The abundances of soil nematodes were significantly related to SOC, C: N, and Mg contents in the current
study. Previous studies reported that abiotic factors (e.g., soil physicochemical properties) had substantial
effects on soil biota (Viketoft, 2013; Zhao et al., 2014a). Yeates (1978) found a positive correlation between
nematode abundance and SOC content. In another study, the abundances of total nematodes, herbivores,
and omnivores were positively correlated with SOM content (Wall et al., 2002). That is reasonable because
the abundance of soil nematodes and the size of the entire food web are ultimately determined by the
availability of SOM (van den Hoogen et al., 2019).

We found that soil Mg content was correlated with nematode abundance and diversity, which is reasonable
because the stability of SOM in the karst region depends on organic matter complexes formed with Ca2+
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. and Mg2+ (Wen et al., 2016; Yang et al., 2016). Total nitrogen and the C/N ratio are also important factors
affecting nematode communities (Li et al., 2007). Change in soil carbon and nitrogen resources can affect
the microbial community and plant growth, and therefore change the food resources for different nematode
trophic groups (Ingham et al., 1985; Zhang et al., 2016), ultimately affecting the number, community com-
position, and ecological indices of soil nematodes (Guan et al., 2018). Moreover, the plots in the current
study were located in the karst area in Southwest China, where pH is strongly influenced by land-use type
(Table S1). Consistent with our results, previous studies reported that soil pH was an important factor
affecting soil nematode communities in various ecosystems in different regions (Röty and Huhta, 2003; Zhao
and Neher, 2014).

4.2 Relationship between nematodes and soil multifunctionality

Soil multifunctionality was significantly higher in the forest plots than in the other types of land-use plots,
indicating that the forest soil had stronger functions than the other four soils. In addition, there was no
significant difference in soil multifunctionality among the other land-use types although soil multifunctionality
tended to be higher in the forage grass plots than in the cropland, sugarcane, and mulberry plots. Although
soil disturbance tended to gradually decrease from cropland plots to sugarcane and then to mulberry plots,
nematode community properties and ecosystem multifunctionality did not gradually increase with these
differences in land use. However, previous studies have found that land-use intensity (Allan et al., 2015),
farming method (Zhang et al., 2019), and farmland management method (Luo et al., 2019) could directly or
indirectly affect ecosystem multifunctionality. Perhaps the determination of soil multifunctionality depends
on which indicators assessed. There is no uniform approach to the selection of indicators for quantifying
ecosystem multifunctionality (Hansen and Pauleit, 2014; Jing and He, 2021). For example, Zhang et al.
(2019) focused on C and N cycling to compare the resistance and resilience to dry-wet cycles under no-
tillage and ridge tillage. Delgado-Baquerizo et al. (2020) explored the role of soil biodiversity in regulating
multiple ecosystem functions; their multifunctionality index included nutrient cycling, decomposition, plant
production, and reduced potential for pathogenicity and belowground biological warfare. It follows that the
methods used for assessing ecosystem multifunctionality vary among studies. As a result, it is difficult to
compare multifunctionality values among studies (Bradford et al., 2014b; Dooley et al., 2015).

In line with our second hypothesis, there was a significant positive relationship between soil nematode ab-
undance and soil multifunctionality. In agreement with this finding, a synthetic study of worldwide data
reported that ecosystem multifunctionality was positively correlated with the diversity of soil nematodes
and other soil organisms (Delgado-Baquerizo et al., 2020). An increasing number of studies have demons-
trated that microbial communities help determine belowground ecosystem multifunctionality (Bradford et
al., 2014a; Delgado-Baquerizo et al., 2016). The current study shows that nematode abundance also helps
determine ecosystem multifunctionality.

According to several recent studies, multifunctionality may require high levels of biodiversity (Hector and
Bagchi, 2007; Maestre et al., 2012). It is unclear, however, which taxa have more important roles in regulating
ecosystem functions. Although common species are generally believed to determine the level of ecosystem
multifunctionality (Lohbeck et al., 2016), recent studies have found that rare species can also be important.
For example, Chen et al. (2020) found that bacterial and fungal taxa with a low relative abundance (˜1–3%)
were major contributors to multifunctionality. Regarding soil nematodes, almost all studies have focused
on the dominant taxa and have commonly overlooked rare taxa. In the present study, both rare genera
(e.g.,Wilsonema and Heterocephalobus ) and dominant genera (e.g.,Coomansus and Acrobeloide ) were found
to be important contributors to soil multifunctionality. Many taxa often share similar functions, and rare
taxa might not be necessary for maintaining those function. The functional importance of the rare taxa may
be due to the ‘insurance effects’, i.e., rare taxa may perform functions when common taxa do not (Jousset et
al., 2017). The rarity of taxa may be not permanent, and their abundance is influenced by both abiotic and
biotic factors (Gaston, 2008; Gudelj et al., 2010). The ecological role of the rare nematode genera is poorly
understood and warrants additional research.

5. Conclusions
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. Our soil nematode data indicate that soil quality was highest in the forest plots and lowest in the mulber-
ry plots. The main factors determining the properties of soil nematode communities may the intensity of
ecosystem disturbance and the quantity of resource input. The differences in soil multifunctionality among
the five land-use types generally matched the differences in soil nematode properties. Finally, soil nemato-
de properties were positively related with soil multifunctionality, which suggests that soil nematodes may
greatly affect soil functions. In addition, both the rare and dominant nematode genera contributed to soil
multifunctionality. These results increase our understanding of nematodes as ecological indicators and the
relationship between soil nematodes and soil multifunctionality.
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Table 1. Nematode community indices of five land-use types: cropland, sugarcane, mulberry, forage grass,
and forest.

Cropland Sugarcane Mulberry Forage grass Forest

EI 44.75±1.92 41.81±7.6 38.41±2.94 43.74±4.87 41.71±1.94
SI 85.05±5.14a 82.19±19.34ab 60.71±15.27b 63.27±24.39ab 83.19±10.54ab
NCR 0.58±0.10 0.57±0.11 0.7±0.09 0.53±0.08 0.51±0.05
H’ 2.22±0.12 2.09±0.13 2.37±0.21 2.55±0.17 2.28±0.28
SR 2.98±0.32 2.6±0.37 3.2±0.44 3.68±0.38 3.35±0.26
λ 0.16±0.02 0.2±0.03 0.15±0.04 0.14±0.03 0.24±0.08
MI 3.06±0.1ab 3.15±0.27a 2.49±0.1b 2.65±0.23ab 3.11±0.18a
PPI 3.53±0.26 2.66±0.35 3.56±0.20 3.33±0.38 3.25±0.41
Footprint 55.46±11.57b 101.52±33.28ab 35.71±10.01b 60.94±15.22b 163.87±33.15a

EI, enrichment index; SI, the structure index; NCR, nematode channel ratio; H’, Shannon diversity index;
SR, Margalef richness index; λ, Simpson dominance index; MI, maturity index; PPI, plant parasites index;
Footprint, total nematode metabolic footprint. Values are means ± SE. Different letters in the same row
indicate significant differences at p < 0.05 level.

Table 2. Pearson’s correlation coefficients between soil physicochemical properties and soil nematode varia-
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. bles.

BDb SWC SOC TN C: N pH Ca Mg AN NN

Totala -0.480* 0.299 0.579** 0.496* 0.615** 0.394 0.22 0.710** -0.175 0.379
Ba -0.364 0.26 0.430* 0.366 0.470* 0.193 0.144 0.487* 0.013 0.213
Fu -0.523** 0.408* 0.596** 0.521** 0.623** 0.189 0.089 0.680** -0.309 0.500*
He -0.573** 0.439* 0.492* 0.483* 0.460* 0.319 0.261 0.530** -0.281 0.328
Pr -0.332 0.165 0.435* 0.364 0.467* 0.384 0.196 0.570** -0.152 0.29
Om -0.219 0.125 0.246 0.23 0.266 0.3 0.172 0.298 0.121 0.024
EI 0.109 -0.161 -0.188 -0.252 -0.167 -0.509** -0.577** -0.101 -0.046 0.201
SI -0.052 -0.055 0.123 0.025 0.178 0.265 -0.081 0.269 0.062 0.027
NCR 0.142 -0.181 -0.082 -0.038 -0.061 0.273 0.322 -0.123 0.218 -0.305
H’ -0.019 0.159 -0.049 -0.033 -0.064 -0.098 -0.015 -0.188 -0.106 -0.023
SR -0.147 0.232 0.049 0.05 0.023 -0.093 -0.06 -0.013 -0.135 0.031
λ -0.262 0.077 0.303 0.279 0.308 0.256 0.165 0.442* -0.005 0.183
MI -0.121 -0.017 0.163 0.073 0.221 0.359 0.017 0.297 0.064 0.017
PPI 0.108 0.077 -0.094 -0.101 -0.11 -0.143 -0.084 -0.146 0.1 -0.192

a Total, Total nematode abundance; Ba, bacterivore; Fu, fungivore; Pr, predator; Om, omnivore; Pl, herbi-
vore. Nematode community indices include EI, enrichment index; SI, the structure index; NCR, nematode
channel ratio; H’, Shannon diversity index; SR, Margalef richness index; λ, Simpson dominance index; MI,
maturity index; PPI, plant parasites index.

b Environmental factors: BD, bulk density; SWC, soil water content; TN, soil total nitrogen; SOC, soil
organic carbon; C:N, ratio of soil organic carbon to total nitrogen; soil pH; Ca, calcium; Mg, magnesium;
AN: ammonium nitrogen; NN, nitrate nitrogen.

* and ** indicate significance at p < 0.05 and < 0.01, respectively.

Figure legends:

Fig. 1. Map of the study area and locations of sample sites. The two maps on the left indicate China and
Guangxi Province, and the map on the right indicates Huan jiang County. In the key, high/low indicates
altitude (m a.s.l.). The black dot indicates the location of farmland sample site. The red dot indicates the
location of forest sample site. In each sample site, five land-use types (cropland, sugarcane, mulberry, forage
grass, and mature forest) were selected.

Fig. 2. Abundances of total nematodes and different nematode trophic groups in the cropland, sugarcane,
mulberry, forage grass, and forest. (a) Total nematodes; (b) Bacterivores; (c) Fungivores; (d) Herbivores;
(e) Predators; (f) Omnivores. Values are mean ± SE. Within each panel, values with the same or no letters
are not significantly different (p > 0.05) according to the LSD test.

Fig. 3. Network visualization of the interaction strengths within the soil nematode communities of cropland,
sugarcane field, mulberry field, forage grass field, and mature forest. A connection stands for a strong
(Spearman’s p > 0.75) correlation. The size of each node is proportional to the biomass of the nematode
trophic group, and the nodes filled in purple are bacterivores, in light green are fungivores, in dark green are
herbivores, in blue are predators, and in orange are omnivores. The connecting lines are colored according
to interaction types; positive correlations are red, and negative correlations are green.

Fig. 4. Effects of land-use type on ecosystem multifunctionality. Values are means ± SE. Means with the
same letter are not significantly different (p > 0.05) according to the LSD test.

Fig. 5. Relationships between ecosystem multifunctionality index and soil nematode properties. Solid blue
line represents a significant linear regression according to an ordinary least squares (OLS) regression model.
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. The area shaded in light blue indicates the 95% confidence interval.

Fig. 6. Random forest regression model showing the main nematode genera associated with ecosystem mul-
tifunctionality. * and ** indicate that the genera were significantly associated with multifunctionality at p<
0.05 and < 0.01, respectively.

Fig. 1.

Fig. 2.
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Fig. 3.

Fig. 4.
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Fig. 5.

Fig. 6.
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