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More than half of the world’s tropical lowland rainforests have been lost

due to conversion to agricultural land (such as rubber plantations). Thus,

ecological restoration in degraded tropical lowland rainforests is crucial. The

first step to restoration is restoring soil functioning (i.e., soil fertility, carbon,

and nitrogen cycling) to levels similar to those in the primary tropical lowland

rainforest. This requires understanding soil nematode community assembly

in primary tropical lowland rainforest, which has never been explored in

this habitat. In this study, we measured species compositions of plant and

soil nematode communities and soil characteristics (pH, total and available

nitrogen, phosphorus, and soil water content) in a primary tropical lowland

rainforest, which is located on Hainan Island, China. We performed two tests

(the null-model test and distance-based Moran’s eigenvector maps (MEM)

and redundancy analysis-based variance partitioning) to quantify the relative

contribution of the deterministic (abiotic filtering and biotic interactions) and

stochastic processes (random processes and dispersal limitation) to the soil

nematode community. We found that a deterministic process (habitat filtering)

determined nematode community assembly in our tropical lowland rainforest.

Moreover, soil properties, but not plant diversity, were the key determinants

of nematode community assembly. We have, for the first time, managed to

identify factors that contribute to the nematode community assembly in the

tropical lowland rainforest. This quantified community assembly mechanism

can guide future soil functioning recovery of the tropical lowland rainforest.

KEYWORDS

biotic interaction, community convergenceordivergence, dispersal limitation, habitat

filtering, stochastic processes

Introduction

Tropical lowland forests harbor the most biodiversity, but these forests are also easily

destroyed due to their suitability for agricultural use (Corlett, 2011). As of now, over half

of the tropical lowland rainforest has been lost due to its conversion into agricultural

lands (i.e., rubber plantations and palm plantations). (Aleman et al., 2018). Thus,

ecological restoration is crucial to restoring the percentage of tropical lowland rainforests

worldwide (Brancalion et al., 2019). The first step in reforestation is restoring the soil

functioning of degraded soil (Zhang et al., 2019). Soil nematodes are the most abundant

soil-dwelling animal group on earth and are vital to soil function (i.e., processing soil
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organic nutrients and regulating soil microorganism

populations) (Ferris et al., 2001; Ruess, 2003; Pausch et al.,

2016; van den Hoogen et al., 2019). Thus, a deep understanding

of soil nematode community assembly in the primary tropical

lowland rainforest can aid the recovery of soil functioning

(Wang et al., 2022). That is because soil nematode community

assembly in the primary tropical lowland rainforest can easily

establish a restoration standard (Wang et al., 2022). For

example, soil nematode community assembly in the restored

tropical lowland rainforest should be comparable to that in the

primary tropical lowland rainforest.

Identification of different ecological processes that shape the

community assembly of different communities is the primary

focus of ecological research (Condit et al., 2002; Chave, 2013;

Chase, 2014). For more than a century, community ecologists

have debated whether the deterministic or stochastic processes

play a primary role in structuring ecological communities

(Hubbell, 2001; Chase and Myers, 2011; Trisos et al., 2014). This

debate has led to conceptual ideas that invoke multiple processes

ranging from niche-based habitat filtering and interspecific

competition (niche differentiation) to random dispersal and

demographic stochasticity (Weiher et al., 2011). The relative

contribution of deterministic and stochastic processes to

community assembly has been widely investigated for plant

communities, soil bacterial, and fungal communities in different

ecosystems (Zhang et al., 2015; Moroenyane et al., 2016; Tripathi

et al., 2018; Jiao et al., 2021; Ni et al., 2021). However, till now,

there has been no study investigating soil nematode community

assembly in the tropical lowland rainforest.

A recent global meta-analysis indicated that a deterministic

process may dominate soil nematode community assembly

globally (Luan et al., 2020). Thus, we hypothesized that

deterministic processes (habitat filtering) might also dominate

nematode community assembly in the tropical lowland

rainforest. To test this hypothesis, in the primary tropical

lowland rainforest on Hainan Island, we evaluated the

relative contributions of the deterministic and stochastic

processes to soil nematode community assembly by examining

the following: (i) species compositions of plant and soil

nematode communities in 20 plots of 400 m2 each and

(ii) soil characteristics (pH, total and available nitrogen, and

phosphorus, and soil water content) in each plot. With this

dataset, we first used a null model test to compare the observed

beta diversity and the beta diversity of simulated random

communities to determine if there is significant community

convergence, divergence, or random distribution. Then, we used

it to reveal the relative contributions of the deterministic process

(soil variables) and stochastic processes (dispersal limitation

and random process) to the beta diversity of the nematode

community. Finally, by determining the beta diversity of the

soil nematode community, we were able to quantify the relative

importance of soil variables and plant diversity if a deterministic

process dominated the nematode community assembly.

Materials and methods

Study site

The study site is the Xinglong National Forest Park

(110.16◦E, 18.77◦N) in Hainan Province, southern China

(Figure 1). It has a unique primary tropical lowland rainforest

with high species diversity. Its altitude ranges from 5 to 300m;

the area has a mean annual temperature of 24.5◦C, and the

lowest and the highest mean monthly temperatures are 18.7◦C

(January) and 28.5◦C (July), respectively (Guo et al., 2018).

The mean annual precipitation is ∼2,500mm, and most of the

precipitation is distributed between May and November.

Sampling

On 10 August 2021 (at the peak of the growing season),

we randomly sampled 20 plots in the adjacent undisturbed

secondary tropical rainforest. Each of these plots was 20 × 20

m2 and at least 100–300m apart (Figure 1). The elevation of all

20 plots ranged from 15 to 150m. Within a plot, all freestanding

trees with a DBH (diameter at breast height) of ≥1 cm were

measured and identified as species. The spatial locations (x- and

y- coordinates) for each plot were also recorded. We randomly

collected five soil cores (depth diameter of soil cores, 0–20 cm)

from each plot and mixed them into one soil sample. We

then used 100 g of soil to measure the soil properties, and

soil nematodes were extracted from another 100 g of soil using

Baermann’s funnel method (Barker et al., 1985). Then, we used

a microscope (Leica DM500) to measure nematode abundance

in each soil sample by identifying the first 100 nematodes

to the genus level based on their morphological traits. All

nematode images were identified to genus level for soils with

fewer than 100 nematodes. We followed the method used by

Yeates et al. (1993) to classify all the identified nematodes into

five functional groups: phytophagous nematodes, bacterivores,

fungivores, predators, and omnivores (Supplementary Table S1).

As described by Burt (2009), the soil N concentration was

determined using the Kjeldahl digestion method and an OIFS

3000 autoanalyzer (OI Analytical, College Station, TX, USA).

Both ammonium N and nitrate N were extracted from 2 g of

soil using a 2.0M KCl solution. The ammonium and nitrate

N extracts were further analyzed colorimetrically using a KCl

extract and an OIFS 3000 autoanalyzer (OI Analytical, College

Station, TX, USA). To determine the total P in the soil, we took

2.5 g of fresh soil, addedMehlich III solution, and then evaluated

the color change in the soil with a spectrophotometer after the

soil was digested with perchloric acid. Elemental analysis of P

was performed on the Mehlich III extracts using inductively

coupled plasma atomic emission spectroscopy (ICP-AES). Soil

pH was measured using a pH meter in a KCl suspension (UB-7,

UltraBASIC, Denver, CO, USA). The water content of the soil
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FIGURE 1

The map of our study site and detailed spatial location of our 20 × 20 m2 plots in the primary tropical lowland rainforest.

was determined by measuring the amount of weight lost upon

drying the soil at 100◦C for 48 h in an oven.

Statistic methods

We first calculated Bray–Curtis dissimilarities to represent

the beta diversity of the nematode community. To test whether

any observed beta diversity pattern was a random distribution

or showed species convergence or divergence, we first simulated

null communities in which species abundance values were

randomly assigned. Randomization procedures were applied to

calculate “null” distributions for both species composition (i.e.,

on the species × quadrat matrix) and all species (Götzenberger

et al., 2012). We reshuffled the species × quadrat matrices

with three constraints simultaneously, following the method of

Zhang et al. (2015, 2018); that is, keeping (1) the same number of

species (species richness) per plot in the simulated and observed

data; (2) the same number of total species occurrences per

region (i.e., the number of plots where the species occur in each

group of the five spatial scales); and (iii) the total abundance

of species in a region constant (i.e., the sum of the number

of quadrats occupied in all plots). We implemented this using

the function “randomized matrix” in the “Picante” package in R

software (Kembel et al., 2010). We then compared the observed

beta diversity to the beta diversity simulated in 1,000 randomly

assembled communities. Beta diversity was quantified using

the standard effect size index (SES) developed by Gotelli and

McCabe (2002):

SES = (beta diversityobserved

− beta diversityrandom)/beta diversitysd

where beta diversity observed and beta diversity random represent

observed beta diversity and mean beta diversity values of the

simulated null community, respectively. The beta diversitysd
represents the standard deviation of beta diversity values

generated from the 1,000 simulations. We used the Wilcoxon

signed-rank tests to examine whether SES was significantly

more than, less than, or ≈0, which indicated the prevalence of

significant species divergence, species convergence, and random

distribution, respectively.

Partitioning the spatial patterns in the
beta diversity of nematodes

We first used the “diversity result” in the “biodiversity”

package in r software to calculate plant diversity (richness

and abundance). Then, we used Moran’s eigenvector maps

(MEM) and the spatial location of each plot to quantify spatial

autocorrelations in nematode species composition in each plot.

The MEM was based on the principal coordinates of neighbor

matrix axes (Legendre and Legendre, 2012) and could be
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used to describe the spatial autocorrelations in beta diversity

(Zhang et al., 2015, 2018). We used the function “cmdscale”

in the “SpacemakerR” package in r software (Stephane, 2013)

to calculate MEM. We then used the r function“poly” to

quantify each variable’s polynomial terms, including the linear

and nonlinear relationships between soil variables and species

composition. While performing redundancy analysis (RDA)-

based variance partitioning, we used the method developed by

Blanchet et al. (2008) to forward-select significant soil variables

and purely spatial variables represented by MEM associated

with beta diversity of the soil nematode community. Finally,

we used variance partitioning to allocate variations in beta

diversity of nematode community to eight complementary

components: (a) “purely soil variables” (explained by soil factors

only), (b)“purely spatial variables” (spatial autocorrelation in

beta diversity independent of soil variables and induced by

dispersal limitation and biotic interactions), (c) “purely plant

diversity variables (explained by plant diversity (richness and

abundance) only),” (d) “spatially structured abiotic variables”

(spatial autocorrelation in beta diversity and merely induced

by soil variables), (e) “spatially structured plant diversity”

(spatial autocorrelation in beta diversity and merely induced

by plant diversity), (f) variables explained by both soil

variables and plant diversity, (g) variations in beta diversity

explained by soil variables, spatial variables, and plant diversity,

and “undetermined variables” (Legendre et al., 2009; Zhang

et al., 2018). Variation in beta diversity of the soil nematode

community explained by soil variables was represented by a +

d + f + g, whereas b + d + e + g showed the variation in the

soil nematode community explained by MEM. In addition, the

variation of the soil nematode community explained by plant

diversity was reflected by c+e+f+g. Variance partitioning was

performed using the function “varpart” in the “vegan” package

in R (Oksanen et al., 2016).

Results

There are a total of 29 genera of soil nematodes

across all plots in our primary tropical lowland

rainforest (Supplementary Table S1). Bacterivores had

the most (12) genera, whereas predators had the

fewest (2) genera (Supplementary Table S1). Both

phytophagous nematodes and omnivores had six genera

(Supplementary Table S1). In addition, fungivores had three

genera (Supplementary Table S1).

The nematode community converged, as indicated by a

significantly smaller SES than zero (Figure 2), indicating that the

deterministic processes (habitat filtering or exclusion of weak

competitors) dominated the nematode community assembly.

The deterministic process (habitat filtering), represented by

the soil variables, accounted for 63% of the variation in beta

diversity, respectively (Figure 3). By contrast, the stochastic

process (dispersal limitation), represented by spatial variables,

explained 22% of the variation in beta diversity (Figure 3). In

the tests of soil variables on beta diversity of soil nematode

communities, the forward selection analysis revealed that the

significant abiotic variables that predicted beta diversity of soil

nematode communities included pH, soil total and available

phosphorus, and soil water content (Supplementary Table S2).

When comparing the relative contributions of all soil variables

and plant diversity (richness and abundance) to the beta

diversity of the soil nematode community, we found that soil

variables explained 63% of the variation in beta diversity,

whereas plant diversity merely accounted for 25% of the

variations in beta diversity (Figure 3).

Discussion

We studied a primary tropical lowland rainforest to estimate

the relative importance of the deterministic and stochastic

processes in determining soil nematode community assembly

in tropical lowland rainforests. As we hypothesized, habitat

filtering was the major determinant of the soil nematode

community assembly in tropical lowland rainforests. Moreover,

soil properties determine soil nematode community assembly.

By comparing observed beta diversity to that simulated

from null communities, we found significant convergence

(SES < 0), indicating deterministic processes (habitat filtering

or exclusion of weak competitors) dominated community

assembly of soil nematodes (Kraft et al., 2008; De Bello

et al., 2012; Zhang et al., 2015, 2018). We further showed

that habitat filtering (indicated by soil variables) explained

63% of the variations in the beta diversity of soil nematodes.

We noted that our attribution of the effect of dispersal

limitation on the beta diversity of soil nematodes to purely

spatial variables might be an overestimate (Legendre et al.,

2009), which could be, despite our attempt to include the

important soil nutrient variables, because some significant

abiotic variables remain unaccounted for (Siefert et al., 2013).

However, given the high variations in beta diversity explained

by soil variables, we can easily judge habitat-filtering-dominated

soil nematode community assembly; this is consistent with

a recent meta-analysis, which showed that a deterministic

process dominated soil nematode community assembly at the

global scale (Luan et al., 2020). However, different results

have also been found in other ecosystems. For instance, Zou

et al. (2022) found that the stochastic processes are the

primary determinants of soil nematode community assembly

in three Asian mountains. In contrast, the deterministic

process dominated the community assembly of nematodes

in a tropical seasonal forest (Wang et al., 2022) and our

tropical lowland rainforest. The different soil (i.e., N-limited
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FIGURE 2

Distribution of standard e�ect size (SES) of beta diversity in our primary tropical lowland rainforest. SES that is significantly greater than, smaller

than, or approaching zero indicates significant trait divergence, trait convergence, or random distribution, respectively. The box plot shows the

median (line within the box), 25 and 75th percentiles (the boundaries of the box), and 90 and 10th percentiles (error bars) of SES at each spatial

scale. ***Indicates a p-value <0.001 based on the Wilcoxon signed-rank tests.

or P-limited) and plant diversity (e.g., high or low) types in

different ecosystems may result in inconsistent soil nematode

community assembly patterns between our study and other

studies. Thus, comparative research on the community assembly

mechanisms of soil nematode communities across different

ecosystems should be performed in the future to generate a

general community assembly mechanism of soil nematodes at

the global scale.

A null-model approach developed by Kraft et al. (2008)

and distance-based Moran’s eigenvector maps (MEM) and

redundancy analysis-based variance partitioning have widely

proven to be helpful in identifying community assembly

mechanisms of plant communities (Kraft and Ackerly, 2010;

De Bello et al., 2012; Myers et al., 2013; Zhang et al., 2015,

2018). However, no study used them to identify the relative

contributions of deterministic and stochastic processes to

community assembly of nematode communities. It remains

unclear whether they can also be applied to dissolve soil

nematode community assembly. In this study, the results clearly

demonstrated that they could successfully determine the key

determinants of community assembly of soil nematodes. We

recommend that these two methods be used to reveal the

community assembly of soil nematodes in future studies.

Soil properties and plant diversity are reported as the key

influences on the soil nematode community (Neher, 2010;

Viketoft et al., 2011; Liu et al., 2015; Wang et al., 2018).

However, the relative contributions of soil characteristics and

plant diversity to community assembly of the soil nematode

community remain unknown. Our variance partitioning results

clearly demonstrated that soil properties explained 63% of the

variations in the beta diversity of soil nematodes, whereas

plant diversity merely explained 25%. This indicated that soil

properties, but not plant diversity, dominated the soil nematode

community assembly in the tropical lowland rainforest.

However, we only measured plant diversity, and it is highly

possible that plant-derived resources (e.g., litter input) may be

more important than plant diversity in determining the beta

diversity of the soil nematode community. As a result, the plant-

derived resources should be measured in the future to identify

the relative contributions of soil properties and plant-derived

resources in driving the variation in beta diversity of the soil

nematode community.
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FIGURE 3

The variations of beta diversity are partitioned into eight complementary components if statistically significant (p < 0.05). Analysis was

performed, including all quadrants. These eight components include (a) “purely soil variables” (explained by soil factors only), (b) “purely spatial

variables” (spatial autocorrelation in beta diversity independent of soil variables and induced by dispersal limitation and biotic interactions), (c)

“purely plant diversity variables (explained by plant diversity (richness and abundance) only),” (d) “spatially structured abiotic variables” (spatial

autocorrelation in beta diversity and merely induced by soil variables), (e) “spatially structured plant diversity” (spatial autocorrelation in beta

diversity and merely induced by plant diversity), (f) variables explained by both soil variables and plant diversity, (g) variations of beta diversity

explained by soil variables, spatial variables, and plant diversity and “undetermined variables.” Variation in beta diversity of the soil nematode

community explained by soil variables is represented by a + d + f + g, whereas b + d + e + g shows the variation of the soil nematode

community explained by MEM. In addition, the variation of soil nematode community explained by plant diversity is reflected by c + e + f + g.

Conclusion

Overall, we gained invaluable insights into soil nematode

community assembly in tropical lowland forests. The first null-

model test, distance-based Moran’s eigenvector maps (MEM),

and redundancy analysis-based variance partitioning revealed

the community assembly of soil nematodes in tropical lowland

rainforests. Second, the deterministic process (habitat filtering)

dominated the community assembly of soil nematodes. Third,

soil properties but not plant diversity were the primary

determinants of soil nematode community assembly. This

quantified community assembly mechanism can guide future

soil functioning recovery of tropical lowland rainforests. For

example, since soil properties are the key determinants of

soil nematode communities, adding fertilization to improve

soil fertility is one key step to recovering the soil nematode

community and its induced key soil functioning in degraded

tropical lowland rainforest.
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