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A B S T R A C T   

Urbanization is threatening terrestrial biodiversity and ecosystem functions. Nematodes, as one of the most 
abundant animals on Earth, play diverse roles within soil food webs and contribute to vital ecosystem services. 
However, the effects of urbanization on soil nematode functional groups, and the ecological functions and ser-
vices they provide remain poorly understood. Here, we investigated functional groups of soil nematodes across 
12 cities in China and validated the results by using a global nematode dataset. Specifically, we found the 
proportions of omnivores (by 45~60%) and predators (by 40~50%) as well as temporal ecosystem stability (by 
10~20%), as indicated by the normalized difference vegetation index, were reduced in urban ecosystems, while 
the proportions of fungivores and bacterivores increased (30–60% and 10–20%, respectively). We identified total 
soil phosphorus and nitrogen as the main drivers influencing soil nematode feeding groups in urban ecosystems. 
Soil pH, mean annual precipitation, and mean annual temperature were predominant factors in non-urban 
ecosystems. We further demonstrated that nematode functional guilds contributed to ecosystem stability in 
urban ecosystems, but this was not true in non-urban ecosystems. Our findings evidence the homogenization 
effects of urbanization on key functional guilds of soil nematodes and their roles in maintaining ecosystem 
stability. The fact that ecosystem stability and the abundance of nematode functional guilds are closely related 
and driven by climatic, edaphic, and anthropogenic factors may help in setting priorities for urban soil 
management.   

1. Introduction 

Urban soils are crucial components of terrestrial ecosystems by 
providing essential ecosystem services (Delgado-Baquerizo et al., 2021; 
Eisenhauer et al., 2017), including green space establishment, water 
infiltration, and nutrient cycling (Yang et al., 2018). Unfortunately, soils 
in cities are threatened by construction activities, soil sealing, and 

pollution (FAO, 2020; Lorenz and Lal, 2009). Soil research seeks to 
comprehend the complex interrelations by considering interactions be-
tween physical, chemical, and biological factors (Decaëns, 2010), and 
their feedback on urban soil properties and processes. However, 
research addressing issues in urban soils is scarce and less attention is 
paid to urban soil management (McDonald et al., 2020). A multifaceted 
understanding is vital for developing effective management strategies 
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that can maintain or improve urban soil health, functionality, and 
resilience, in response to environmental pressures and human activities 
(Wall et al., 2015). 

Soil biota forms an essential component for the restoration and 
conservation of soil health (Sun et al., 2023; Wardle et al., 2004). 
Including soil biota in soil health assessment allows a better under-
standing of aboveground-belowground interactions and thereby the 
development of holistic management regimes (Lehmann et al., 2020). It 
also contributes to improving predictions of the effects of 
human-induced environmental changes on biodiversity and ecosystem 
properties (Fierer et al., 2009), thereby promoting more sustainable 
approaches to land management in urban ecosystems. As global trends 
move towards increasing degrees of urban area, it is becoming important 
to understand the response of biodiversity in urban places (Pavao--
Zuckerman and Coleman, 2007). Urbanization may be associated with 
increased soil compaction and decreased soil nutrient concentrations 
which are critical factors impacting soil biota (Lepczyk et al., 2017). 
However, knowledge of changes in the structure and function of soil 
biota in urban ecosystems is limited (Beninde et al., 2015). Especially 
soil biota is less studied in urban environments, hampering predictions 
on the impact of urbanization on the functions and services provided by 
urban soils. 

Nematodes are among the most abundant soil fauna on Earth (van 
den Hoogen et al., 2019), and changes in their abundance and diversity 
can greatly influence ecosystem services provided by urban soils (Park 
et al., 2013). Soil nematodes are key components of the soil food web 
and are characterized by different feeding groups spanning from pri-
mary decomposers to predators (Gebremikael et al., 2016). Bacterivore 
and fungivore nematodes consume bacteria and fungi, respectively, 
which may promote soil nutrient cycling. Herbivore nematodes feed on 
plant root material and function as parasites directly interacting with 
plants (Topalović and Geisen, 2023). Predatory and omnivorous nem-
atodes rely on a variety of food resources, making them ideal bio-
indicators of soil ecosystems (Yeates et al., 1993). Given their diverse 
roles as bacterivores, fungivores, herbivores, omnivores, and predators 
in urban soils, the contributions of different nematode feeding groups to 
ecosystem services in urban soils remain unknown. 

Comprising an important part of soil biota, nematodes are tightly 
interconnected forming ‘soil networks’ delivering ecosystem services 
(Morriën, 2016). The complex network of interactions between soil 
biota plays a key role in regulating ecosystem functions, from nutrient 
cycling and carbon sequestration to soil fertility and stability (Potapov 
et al., 2021). Closely connected taxa form modules, which are associated 
with certain processes and services (Creamer et al., 2016). In soil nem-
atodes, feeding groups are widely characterized as functional guilds. 
However, taxa from different feeding groups might also interact in 
providing certain functions, and therefore ecosystem services may 
benefit from increased diversity within feeding groups (Cesarz et al., 
2015). 

Here, we applied an annotation-free framework to detect nematode 
functional guilds (Shan et al., 2023), which is a de novo method for 
defining nematode functional groups. Together, we also annotated the 
nematodes by classic feeding groups according to the published litera-
ture (Yeates et al., 1993). We investigated how nematode functional 
guilds as well as feeding groups respond to urbanization by comparing 
paired sites in 12 Chinese cities, including urban and non-urban sites. 
We selected two typical land-use types for both non-urban and urban 
environments. In the non-urban environments, four independent sites 
from natural habitats (Mostly consisting of natural or close to natural 
forests) and four independent sites from agricultural habitats (Culti-
vated with maize) were implemented. Further, we extracted data from a 
global nematode survey to validate our findings on the response of soil 
nematodes to urbanization (van et al., 2020; Yao et al., 2023). We aimed 
to decipher the relationship between soil nematodes and ecosystem 
services and explore how this relationship is modulated by edaphic and 
climatic factors in urban ecosystems. We hypothesized that (1) the 

relative abundance of nematode functional guilds and feeding groups 
defined as high trophic levels, i.e., omnivores and carnivores that are 
sensitive to land-use changes, is decreased in urban compared to 
non-urban sites, and (2) the proportion of nematode functional guilds 
are correlated with temporal ecosystem stability, with the correlations 
being determined by edaphic, climatic, and societal factors in both 
urban and non-urban sites. 

2. Materials and methods 

2.1. Study design and soil sampling 

We collected soil samples from 12 cities across China, representing 
regions with various climates ranging from subtropical to temperate 
between May and August 2021. To investigate the urbanization effects, 
we collected samples located outside of urban areas, non-urban envi-
ronments, and within the urban area, the urban environments. We also 
selected two land-use types for both non-urban and urban environments. 
In the urban environments, four independent sites from urban parks and 
four independent sites from urban residential areas were employed. In 
each city, the four independent sampling sites of each land-use type 
were located to each other at a distance of at least 1 km. Thus, we have 
192 soil samples (12 cities × 4 land-use types × 4 replicates) for the 
present study (Fig. S1, Table S1). We randomly established a 20 m × 20 
m plot for soil sampling at each sampling site. Within the plot, we 
collected a total of nine soil cores using a soil corer (5.5 cm in diameter, 
0–10 cm in depth) and combined them into a composite sample. The 
samples were carefully transported under ice to the laboratory, and an 
aliquot subsequently used for molecular analysis was stored at − 20 ◦C. 
The remaining soil was air-dried before being subjected to physico-
chemical analysis. 

2.2. Soil abiotic properties 

Soil texture, pH, moisture, total carbon (TC), total nitrogen (TN), and 
total phosphorus (TP) were measured as soil abiotic variables. A sub-
sample of the soil (10 g) was sieved through a 2.0 mm sieve and frac-
tionated into sand (particle size, 50–2000 μm), silt (2–50 μm), and clay 
(<2 μm) using the ultrasonic energy method (Roscoe et al., 2000). The 
results of the particle size analysis were expressed as percentages of the 
total weight of oven-dried soil. Soil pH was measured using PHS-3C 
(Shanghai Leici) after shaking in soil-water (1:5 w/v) suspension for 
30 min. Soil moisture content was determined using 10 g of fresh soil 
dried at 105 ◦C for 48 h to constant weight. TC and TN were measured 
using an elemental analyzer (Elemental Analyzer System Vario Macro 
Cube, Langenselbold, Germany). TP was measured by Inductively 
Coupled Plasma-Atomic Emission Spectrometry (ICPS-7500) using the 
triacid digestion-ICP-AES method (Lu, 1999). 

2.3. Climate and vegetation properties 

For each sampling site, we extracted mean annual precipitation 
(MAP) and temperature (MAT) from WorldClim version 2.1 (http:// 
www.worldclim.org/) at a spatial resolution of 30 s (Fick and Hij-
mans, 2017). Further, we retrieved the annual maximum value of the 
Normalized Difference Vegetation Index (NDVI) between 2000 and 
2020 for each sampling site with a spatial resolution of 30 m × 30 m 
(data was downloaded from Chinese National Ecosystem Science Data 
Center; http://www.nesdc.org.cn/sdo/detail?id=60f68d757e28174f0e 
7d8d49). The temporal variation of NDVI values was documented to 
reflect ecosystem stability over a long-term period (Wu et al., 2023). In 
the present study, we calculated ecosystem temporal stability as the 
ratio of the annual mean to the standard deviation of the NDVI. 
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2.4. Soil nematode community sequencing 

Soil samples were thoroughly mixed and 10 g of soil was used for 
genomic DNA extraction using the MP FastDNA spin kit for soil (MP 
Biomedicals, Solon, OH, USA) according to the manufacturer’s in-
structions. The quality and quantity of the extracted DNA were certified 
with 1% agarose gel electrophoresis and Nanodrop-2000 spectropho-
tometer (NanoDrop Technologies Inc. Wilmington, DE, USA), respec-
tively. The V4 region of the 18S rDNA gene was chosen for amplicon 
sequencing using primer pair NF1–F/18Sr2b-R (Porazinska et al., 2009). 
PCR amplification was performed as follows: initial denaturation at 
95 ◦C for 3 min, followed by 30 cycles of denaturing at 95 ◦C for 30 s, 
annealing at 55 ◦C for 30 s, extension at 72 ◦C for 30 s, and single 
extension at 72 ◦C for 10 min, and ended by holding at 4 ◦C. The PCR 
mixtures contained 4 μL 5 × TransStart FastPfu buffer, 2 μL dNTPs (2.5 
mM), 0.8 μL forward primer (5 μM), 0.8 μL reverse primer (5 μM), 0.4 μL 
TransStart FastPfu DNA Polymerase, 10 ng template DNA, and 20 μL 
ddH2O. The PCR reactions were performed in triplicate and with a 
negative control replacing template DNA with ddH2O. The PCR product 
was extracted from 2% agarose gel and purified using the AxyPrep DNA 
Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) according 
to the manufacturer’s instructions and quantified using Quantus™ 
Fluorometer (Promega, Madison, WI, USA). Purified amplicons were 
pooled and sequenced on an Illumina MiSeq PE300 platform (Illumina, 
San Diego, USA) by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, 
China). 

2.5. Sequence data processing 

Sequence data were processed using the UPARSE-UNOISE3 pipeline 
implemented in USEARCH v11, which showed the best balance between 
resolution and specificity in amplicon data analysis among current 
analysis pipelines (Himbeeck et al., 2024). Paired-end reads were 
merged using the command -fastq_mergepairs with the parameter of 10 
maximum in sequences. For quality filtering, we set the parameter 
“maxee” value to 1.0, which indicated the maximum nucleotide error 

was 1.0 for each sequence. Then, sequences were dereplicated and 
singleton sequences were removed before phylotype determinations 
using the command -fastx_uniques. After that, denoised representative 
sequences were obtained using the command -unoise3. The taxonomy of 
the sequences was assigned using SILVA v138 (Quast et al., 2013). The 
resulting ASVs were then filtered and those successfully assigned to 
“Nematode” were retained, which resulted in a rarefied 2300 sequences 
per sample for downstream analysis. 

2.6. Determination of feeding groups and functional guilds of nematodes 

The feeding group for each nematode ASV was allocated according to 
the record collection from NEMAPLEX (http://nemaplex.ucdavis.edu/) 
with the taxonomy information collected from amplicon sequencing. 
Subsequently, the most relevant functional guilds of nematodes to 
ecosystem stability were determined using the Ensemble Quotient 
Optimization method, which was designed to find out an assemblage of 
species (nematode ASVs in the present study) that as a whole is most 
strongly indicative of a functional readout (Shan et al., 2023). The re-
sults were further subjected to cross-validation implemented in the R 
package mEQO and visualized in aggregation networks using the R 
package visNetwork (Almende et al., 2022; Shan et al., 2023). 

2.7. Statistical analyses 

All the analyses and figures were generated using R 4.1.2 (R Core 
Team, 2022). In the analyses, we considered four categories of variables, 
i.e., space, climate, urban, and edaphic factors, to explore variations in 
nematode functional guilds in both urban and non-urban soils. Space 
was included as the latitude and longitude aiming to account for any 
potential influence of spatial autocorrelation. Climate variables were the 
MAT (mean annual temperature) and MAP (mean annual precipitation). 
To quantify the impact of urbanization, the population density for each 
city was retrieved from the World Bank (https://data.worldbank.org/). 
The edaphic variables were soil texture, pH, and soil nutrients. To 
quantify the contribution of each explanatory variable to variations in 

Fig. 1. The proportion of nematode feeding guilds and functional groups. Different letters indicate the significant (P < 0.05) differences between groups tested by 
Tukey’s HSD. 
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nematode richness, represented by ASV numbers in the present study, a 
random forest (RF) analysis with 5000 permutations was performed to 
evaluate the most important factors using the R package rfPermute 
(Archer, 2020). To analyze variations in nematode community compo-
sition in non-urban and urban environments, nonmetric multidimen-
sional scaling (NMDS) calculated with Jaccard distance was performed 
using metaMDS in the R package vegan (Oksanen et al., 2020). To 

determine the direct and indirect effects of environmental variations on 
soil nematode feeding groups, a partial least squares path model 
(PLS-PM) was constructed using the R package plspm (Sanchez et al., 
2015). To build the model, four categories of variables and the land-use 
type (0 and 1 for non-urban and urban, respectively) were defined as 
latent variables. To examine the effects of environmental variables on 
the relationships between the proportion of functional guilds and 
ecosystem stability, a multiple regression tree analysis was performed 
and visualized using the R package ggparty (Borkovec and Madin, 
2019). The differences in the proportions of nematode feeding guilds 
and functional groups between land-use types were compared using 
Tukey’s HSD test. 

Further, to validate the findings in our study, we also retrieved data, 
including the abundance of nematode feeding groups, climate, soil, and 
NDVI values, from the published global dataset (van den Hoogen et al., 
2019; 2019). In the global dataset, the spatial resolutions for nematodes 
and environmental variables were matched (1 km). We extracted the 
sites located in urban areas within the global nematode dataset, which 
finally resulted in 22 cities outside of China. By co-extracting compa-
rable non-urban sites in the vicinity of those cities, we calculated the 
urban effects on soil and nematode feeding groups. 

3. Results 

3.1. Urban effects on soil properties, nematodes, and ecosystem stability 

For the proportion of feeding guilds and functional groups, the dif-
ferences between the two habitats within non-urban sites, i.e., farmlands 
and forests, were not significant (Fig. 1). This was the same case for the 
two habitats within urban sites, i.e., parks and residential areas (Fig. 1). 
Parks were greater in the proportion of herbivores than farmlands, 
omnivores were higher in farmlands and forests than in parks and res-
idential areas (Fig. 1). Forests have the highest proportion of functional 
groups that were most related to ecosystem stability, followed by 
farmlands, parks and residential areas (Fig. 1). In both the global and our 
nematode dataset, the proportion of predatory (by 40~50%) and 
omnivore nematodes (by 45~60%), ecosystem stability (by 10~20%), 
and sand content (by 7~25%) was significantly lower in urban than non- 
urban soils (Fig. 2A). By contrast, both the proportion of bacterivore and 
fungivore nematodes were higher in urban than in non-urban soils, with 
the difference being greater for fungivores than for bacterivores 
(30–60% and 10–20%, respectively; Fig. 2A). In the national dataset, we 
also found the content of total phosphorus to be increased in urban 
compared to non-urban soils (by ~15%; Fig. 2A). NDVI was decreased in 
urban than non-urban soils by 38% and 49% for the global and our 
nematode dataset, respectively (Fig. 2A). Soil pH was increased in urban 
than non-urban soils by 8% and 10% for the global and our nematode 
dataset, respectively (Fig. 2A). Further, nematode community compo-
sition was homogenized, with a narrower confidence interval in urban 
compared to the non-urban soils (Fig. 2B). 

3.2. Environmental drivers of the relative abundance of nematode feeding 
groups 

Soil chemical factors including TP and TN were identified as the 
main drivers of the relative abundance of nematode feeding groups, 
while in non-urban soils, pH, MAT, MAP, and longitude were more 
important (Fig. 3). Further, climatic factors and soil properties were 
significantly negatively associated with the relative abundance of 
nematode feeding groups in the pathway analysis (Fig. 4). Land-use 
change from non-urban to urban increased the proportion of bacter-
ivores but decreased that of predators. Space, i.e. distance between sites, 
showed significant positive effects on the proportion of fungivores. 

Fig. 2. Effects of urbanization on nematode communities. Panel A, changes of 
nematode feeding groups, soil properties, and ecosystem stability in urban and 
non-urban soils. Points represent mean values of changes in response ratios 
calculated by the differences between urban and non-urban sites divided by the 
values in non-urban sites. Bars are 95% confidence intervals. Points to the right 
of the dashed line indicate that the properties are higher in urban sites 
compared to the corresponding non-urban areas. *, **, *** represent significant 
differences from zero, p < 0.05, 0.01, and 0.001, resulting from students t-tests. 
ns, not significant (p > 0.05); na, data not available. SOC, soil organic carbon; 
TC, soil total carbon; TN, soil total nitrogen; TP, soil total phosphorus. Panel B, 
nematode community composition as indicated by non-metric multidimen-
sional scaling (NMDS). Circles represent 95% confidence intervals. 
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Fig. 3. Environmental factors associated with variations in the relative abundance of nematode feeding guilds in urban (upper panel) and non-urban soils (lower 
panel). Bars show the importance of the random forest predictor, with * and ** representing significant differences from zero at p < 0.05 and 0.01, respectively. 

Fig. 4. Pathways associated with variations in nematode feeding guilds. Partial Least Squares Path Modeling (PLS-PM) of the direct and indirect associations among 
space (average distance among sites to control for spatial autocorrelation), climate, urban population, land use (urban compared with non-urban), and soil properties 
in driving the proportion of nematode functional guilds. Different categories of predictors (climate, soil, population, land use, and spatial influence) are grouped in 
the model for graphical simplicity. Numbers adjacent to arrows are the coefficients of the relationship, only significant relationships are included; red and blue 
represent significant negative and positive relationships, respectively. In the analyses, we considered four categories of variables, i.e., space, climate, urban, and 
edaphic factors, to explore variations in nematode functional guilds in both urban and non-urban soils. Space was included as the latitude and longitude aiming to 
account for any potential influence of spatial autocorrelation. Climate variables were the MAT (mean annual temperature) and MAP (mean annual precipitation). To 
quantify the impact of urbanization, the population density for each city was retrieved from the World Bank (https://data.worldbank.org/). The edaphic variables 
were soil texture, pH, and soil nutrients. Goodness-of-Fit of the models for bacterivores, fungivores, herbivores, omnivores, and predators were 0.81, 0.83, 0.79, 0.80, 
and 0.78. 
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3.3. Associations between nematode functional guilds and ecosystem 
stability 

While the proportions of bacterivores, fungivores, herbivores, and 
omnivores were significantly (P < 0.05) related to temporal ecosystem 
stability in urban sites, this was not the case in non-urban sites (P > 0.05; 
Fig. 5). All five nematode feeding groups interactively contributed to 
ecosystem stability (Fig. 6A). The proportion of functional guilds was 
significantly lower in urban than non-urban soils (Fig. 6B and C). MAP, 
latitude, and population density contributed to the classification of the 
relationships between nematode functional guilds and stability in a 
regression tree (Fig. 6D). The separation nodes were 1266 mm, 37.9 ◦C, 
and 1575 people per km2 for MAP, latitude, and population density, 
respectively. 

4. Discussion 

4.1. Urban effects on soil nematode functional groups 

In both the global dataset and the cities across China, we found that a 
lower proportion of nematode predators and omnivores were present in 
urban than non-urban soils, which supports our first hypothesis. Overall, 
habitat loss and fragmentation have been identified to be responsible for 
the reduced abundance and diversity of animals and plants in cities 
(Beninde et al., 2015; Fahrig, 2003). We found that urban areas were 
also characterized by lower sand content in the present study. The 
mechanisms responsible for the fact, however, remain unclear. Three 
indirect reasons might be related to this result. First, new residential 
sites were documented to have significantly lower sand contents 
compared to old residential sites (Scharenbroch et al., 2005), which 
might be applied to the sites in the present study. Secondly, the initial 
processes of urbanization significantly altered soil conditions in a vari-
ety of ways, within which removal and replacement of topsoil was the 
most common (Marcotullio et al., 2008). Given the fact that the contents 
of sand were lower in the remaining subsoil compared with the removed 

or reformed surface soils, the altered soil might be shown with charac-
teristics of lower sand content. Further, soil sealing due to urban infra-
structure constructions, e.g., architecture in residential areas and pave 
roads in urban parks, causes the urban soil surface to be impervious 
(Pickett and Cadenasso, 2009). Thus, infiltration is limited for most 
urban soils, resulting in a relatively different hydrological condition of 
urban soils, compared to the soils in the open field including forests and 
farmlands. Lower sand content may have contributed to the lower 
relative abundance of nematode predators and omnivores, as the ideal 
pore size for nematodes is > 30 μm (Erktan et al., 2020). Smaller pore 
sizes associated with lower sand content in urban soils likely cooccur 
with lower soil organic carbon (Kong et al., 2009), which might detri-
mentally affect nematodes, especially large body-sized predators and 
omnivores. However, these effects have to be evaluated in future 
studies. Further, other factors associated with urbanization, such as 
pollution, were shown to reduce the diversity of native plants, and more 
adverse climatic conditions in urban compared to non-urban ecosystems 
likely contributed to the reduction in nematode predators and omni-
vores known to be more sensitive to disturbances than bacterial and 
fungal feeding nematodes (Zhao and Neher, 2013). 

Increased relative abundance of bacterial and fungal-feeding nema-
todes in urban ecosystems supports our first hypothesis. Bacterial and 
fungal-feeding nematodes grow fast and quickly recover from popula-
tion declines (Bongers, 1990). Thus, microbivore nematodes likely serve 
as important drivers of nutrient cycling in both urban and non-urban 
ecosystems, and this is supported by generally high densities of nema-
todes in urban ecosystems (Li et al., 2022). Notably, the increase in 
fungivore nematodes in urban ecosystems exceeded that of bacterivores 
and the content of total nitrogen was the most important driver for 
fungivores in urban sites. Therefore, the proportion of fungivores is 
supposed to be driven by mineralized fertilization (Ferris et al., 2004). 
Compared to other nematode trophic groups, fungivore nematodes were 
positively related to the spatial distance of the study sites in our path 
analysis. This suggests that fungivore nematodes may be less sensitive to 
habitat fragmentation than other nematode feeding groups, potentially 

Fig. 5. Relationship between the proportion of nematode feeding guilds and ecosystem stability. A-E, The linear relationships between the proportion of nematode 
feeding guilds and ecosystem stability. Statistics (r- and p-values) for the correlation analysis are indicated. Lines indicate significant relationships between the 
proportion of nematode feeding guilds and ecosystem stability. Solid and dashed lines represent significant (p < 0.05) and non-significant (p > 0.05) relationships, 
respectively. F, the contribution of the proportion of nematode feeding guilds to ecosystem stability tested by random forest analysis. The relative importance of each 
driver (%incMSE) was shown in the x-axis and the color bars denote the corresponding variables were significant (P < 0.05) and the grey bars were not significant (P 
> 0.05). 
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due to the abundant fungal food sources (Anthony et al., 2023; Tedersoo 
et al., 2014). It is worth noting that our findings were consistent across 
global and continental scales and valid for the traditional and molecular 
methods. Given the complementary effects of the two techniques, we 
provide the possibilities of concurrently exploiting both methods that 
are used for soil nematode community analysis (Donhauser et al., 2023). 

4.2. Urban effects on the association between nematodes and ecosystem 
stability 

Nematode functional guilds most strongly associated with temporal 
ecosystem stability comprised bacterivores, fungivores, herbivores, and 
omnivores in urban sites partly supporting our second hypothesis. This is 

Fig. 6. Functional guilds of nematode ASVs associated with ecosystem stability. (A) aggregation network of the functionally cohesive group of nematodes that are 
most associated with ecosystem stability. The thickness of links represents the cohesion of two nodes. The nodes are nematode ASVs colored by feeding guilds. The 
size of each node represents the degree of each node. (B) Proportion of the detected functional guild in urban and non-urban ecosystems. (C) Relationship between 
the proportion of nematode functional guild and ecosystem stability. (D) Regression tree showing the effects of environmental factors on the relationships between 
ecosystem stability and the proportion of detected functional guild. ***, p < 0.001 as indicated by Wilcoxon test. Lines indicate significant relationships between the 
proportion of nematode feeding guilds and ecosystem stability. 
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consistent with earlier findings that niche complementarity among soil 
animals enhances ecosystem functions (Hättenschwiler et al., 2005; 
Heemsbergen Hal, 2004), suggesting that nematode functional groups 
complement each other in supporting ecosystem functions and 
long-term ecosystem stability. Further, nematodes of the same feeding 
group may detrimentally affect each other due to competition and this 
may contribute to reduced ecosystem stability (Zheng et al., 2022). The 
competitive interactions were documented to be an important process in 
shaping nematode species coexistence (Ettema, 1998). Moreover, the 
mechanisms were also evidenced by relevant experiments that found the 
substances controlling interspecific competition in nematodes (Bose 
et al., 2014). 

The fact that the relative abundance of nematode feeding groups, 
except for predators, correlated with temporal ecosystem stability in 
urban but not in non-urban ecosystems may have been due to the fact 
that non-urban ecosystems are generally less variable in time than urban 
ecosystems (Price et al., 2019). In contrast to bacterivore nematodes, 
fungivores, herbivores, and omnivores were negatively correlated with 
temporal ecosystem stability. Among nematode feeding groups, bac-
terivores are most opportunistic and quickly respond to external inputs 
(Bongers and Bongers, 1998), and therefore may not reflect long-term 
changes in plant community composition (Lorenz and Lal, 2009). 
Their ability to quickly respond to changes in resource availability and 
environmental changes likely explains their higher proportion in urban 
than non-urban soils and thereby their association with lower temporal 
ecosystem stability. 

Our results that the relative abundance of nematode functional 
guilds, a sub-community detected to collectively contribute to 
ecosystem stability by the de novo method, was significantly correlated 
with temporal ecosystem stability in both non-urban and urban eco-
systems also support our second hypothesis. Further, it confirms the 
usefulness of functional guilds in reflecting ecosystem properties. As 
discussed above, nematodes of the same feeding group may hamper each 
other due to occupying similar niches (Vestergård et al., 2019), and this 
may compromise their contributions to ecosystem processes and in the 
long term to ecosystem stability. Further, nematodes can occupy 
different niches, and contribute to greater nutrient use efficiency. 
Resource depletion may result in greater diversity as nematodes are 
forced to seek additional food sources (Neher, 2010). Climate variables, 
i.e., MAP, as well as latitude, longitude, and population density, were 
the main classifiers of the associations between temporal ecosystem 
stability and the relative abundance of nematode functional guilds. This 
is consistent with the idea that ecosystem stability emerges from the 
functional organization of food webs (de Castro et al., 2021). Moreover, 
less precipitation (<1266 mm) and low latitudes (<38◦) modified the 
association between temporal ecosystem stability and nematode func-
tional guilds. It is documented that conclusions about the effects of ur-
banization on nematodes were not elucidated (Szabó et al., 2023). As 
increased population density is associated with an increased demand for 
resources, it may potentially result in over-exploitation of resources in 
soil (Smith et al., 2016), thus impacting the soil nematodes. This re-
inforces the importance of sustainable management of urban soils, 
which only is possible by improved knowledge of the response of soil 
biota, such as nematodes, contributing to the main functions of soils. 

5. Conclusion 

Combining global data and data from cities across China, the results 
of our study suggest that urbanization is associated with a reduced 
abundance of key functional guilds of soil biota, resulting in simplified 
nematode communities and reduced temporal ecosystem stability. 
These results were due to the detrimental effects of urbanization on 
edaphic factors, such as the soil structure and nutrients. The findings call 
for actions to pay more attention to soil biodiversity in cities, especially 
for key functional guilds. For example, by improving the habitat integ-
rity and resource availability of those taxa. Our assessment of soil 

properties and nematode communities as soil biodiversity indicators 
provides novel insights into the drivers and regulating screws for man-
agement strategies towards more healthy soils in cities. 
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