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Abstract 33 

Soil nematodes account for ~80% of all Metazoans and play key roles in 34 

supporting terrestrial ecosystem functions, yet their responses to pervasive nitrogen (N) 35 

deposition, a significant global change factor, and their potential context-dependencies 36 

remain unclear. In this study, we conducted a global meta-analysis of 629 paired 37 

observations from 93 studies to examine how climatic and pedological factors modulate 38 

the effects of N enrichment on soil nematodes, and to assess the spatial patterns of these 39 

N-induced effects. We found that N enrichment significantly decreased soil nematode 40 

diversity (-3.2%), maturity index (-6.1%), structure index (-12.3%), and the abundance 41 

of omnivorous-predatory nematodes (-28.3%), but had minimal effect on the nematode 42 

enrichment index and the abundance of total and other trophic groups of nematodes. 43 

The negative effects of N on soil nematodes were greater in grasslands than in forests 44 

and croplands, and the effects of NH4NO3 were greater than those of urea. Pedological 45 

factors (soil pH and ammonium), climate (mean annual temperature and aridity index), 46 

and N enrichment regimes (rates and types of N enrichment) were dominant modulators 47 

of N effects. With increasing rate of N enrichment, the effects of N on most soil 48 

nematode parameters shifted from negative in dry and cold climates to positive in wet 49 

and warm climates, and from positive to negative with increasing background soil pH. 50 

Our spatial prediction identified East Asia, South Asia, and Europe as critical regions 51 

where soil nematodes are most negatively affected by current N deposition. These 52 

findings suggest that N enrichment has global negative effects on soil nematode 53 

communities and food web complexity by soil acidification and NH4
+ accumulation, 54 



which may trigger cascading effects on the entire ecosystem. 55 

Keywords: Nitrogen enrichment, meta-analysis, nematode abundance, nematode 56 

ecological indices, environmental factor 57 

  58 



1 Introduction  59 

Nematodes comprise ~80% of all terrestrial multicellular animals, with an 60 

estimated 4.4 ± 0.64 × 1020 individuals inhabiting the upper soil layers worldwide, and 61 

store ~0.03 Gt of carbon (C) (Bardgett and van der Putten, 2014; van den Hoogen et al., 62 

2019). These organisms are ubiquitous across all major trophic levels of the soil food 63 

web and play critical roles in soil ecosystems. They influence microbial community 64 

diversity and structure through top-down regulation, affect soil carbon and nutrient 65 

cycling, and impact greenhouse gas emissions (Jiang et al., 2018; Kane et al., 2022; 66 

Yeates, 2003). Soil nematode respiration releases ~1.35 Gt of C annually, which is 67 

equivalent to 15% of C emissions from fossil fuel use, or 2.2% of total soil C emissions 68 

(van den Hoogen et al., 2019). Moreover, soil nematodes were reported to increase N2O 69 

emissions by a range of 53% to 748% (Hu et al., 2024a) and account for up to 40% of 70 

nitrogen (N) mineralization in agricultural soils (De Ruiter et al., 1993; Yeates, 2003). 71 

They are also closely linked to the structural and functional status of soil food webs 72 

(Bongers and Ferris, 1999; Ferris and Matute, 2003) and overall soil health (du Preez 73 

et al., 2018; Ugarte et al., 2013; Huang et al., 2024; Li et al., 2025). Thus, examining 74 

how the soil nematodes respond to environmental changes is fundamental for 75 

comprehensively understanding how terrestrial ecosystems adapt to our changing world 76 

(Eisenhauer and Guerra, 2019; van den Hoogen et al., 2019). 77 

Atmospheric deposition of reactive N has increased over the last century, reaching 78 

rates as high as 93.6 Tg N yr-1 in 2016 (Ackerman et al., 2019), leading to significant 79 

N enrichment in terrestrial ecosystems. This excess N input has profoundly altered 80 



ecosystem processes and soil communities (Phillips et al., 2024). Nitrogen enrichment 81 

significantly increases soil N availability, but causes imbalances or shortages of other 82 

essential nutrients such as phosphorus (Xu et al., 2022), shifts plant communities, and 83 

acidifies soils (Chen et al., 2015a; Li et al., 2023). These changes impact the abundance, 84 

structure, and function of soil nematodes, with studies reporting positive effects in 85 

croplands (Jiang et al., 2013b) and grasslands (Hou et al., 2023), negative effects in 86 

grasslands (Wei et al., 2012) and forests (Sun et al., 2013), and neutral effects in 87 

croplands (Betancur-Corredor et al., 2022) and grasslands (Song et al., 2016). The 88 

inconsistent effects may be attributed to variations in environmental conditions like 89 

ecosystem types, climates, N forms, and experimental durations, as well as habitat 90 

preferences of nematode trophic groups (Gallego‐Zamorano et al., 2023; Zhou et al., 91 

2021). Thus, integrating global observational data enables us to elucidate the impacts 92 

of N enrichment on soil nematodes across environmental gradients, which is crucial for 93 

clarifying the ecological consequences of global N deposition, and for providing a 94 

scientific basis in conservation of soil biodiversity in the context of global change. 95 

Existing meta-analyses have examined the response of soil nematodes to N 96 

addition, focusing mainly on nematode abundances and diversity (Gallego‐Zamorano 97 

et al., 2023; Xing et al., 2022b; Zhou et al., 2022). However, there has been little focus 98 

on ecological indices (e.g., maturity index, enrichment index and structure index), 99 

which are indicative of nutrient cycling efficiency, environmental disturbance, and 100 

trophic complexity, and provide critical insights into soil food web dynamics and soil 101 

health (Bongers, 1990; Bongers and Bongers, 1998; Yan et al., 2018; Zhang et al., 2024). 102 



The increase in the enrichment index indicates nutrient enrichment, whereas the 103 

decreases in the maturity and structure indices indicate environmental 104 

disturbance/stress and reduction in soil food web complexity, respectively (Bongers and 105 

Ferris., 1999; Ugarte et al., 2013; Ma et al., 2024; Yan et al., 2018). Therefore, this 106 

knowledge gap restricts our ability to link N enrichment-induced changes in soil 107 

nematodes to broader ecosystem functioning. Furthermore, given that N enrichment 108 

rates, climates, biomes, and pedological factors vary significantly across spatial scales 109 

and interact with one another (Ackerman et al., 2019; Chen et al., 2023), identifying 110 

how these factors combined affect soil nematode communities and their relative 111 

importance and potential influence pathways are critical for a global assessment and 112 

spatial extrapolation of soil nematode changes in the context of global change.  113 

To address these knowledge gaps, we conducted a global synthesis of field 114 

experiments examining the effects of N enrichment (N deposition or addition) on soil 115 

nematode communities, using a global dataset of 629 observations from 93 publications 116 

(Fig. S1). We aimed to answer the following questions: (1) How do the effects of N on 117 

soil nematodes vary with ecosystem types, climates, experimental durations, and forms 118 

and rates of N enrichment? (2) What are the key factors influencing N enrichment-119 

induced changes in soil nematodes? (3) What are the spatial patterns of soil nematode 120 

community changes in response to N deposition? Our global dataset includes paired N 121 

enrichment treatments (i.e., control vs. N enrichment), ecosystem types (cropland, 122 

forest, and grassland), climatic regions (tropical and temperate), durations of 123 

experiments (short- vs. long-term), and N forms (NH4NO3, urea, and organic fertilizer). 124 



To our knowledge, this study provides the most comprehensive global database and 125 

estimates of N enrichment effects on various aspects of soil nematode communities. 126 

 127 

2 Materials and methods 128 

2.1 Data compilation 129 

Peer-reviewed journal articles that conducted N enrichment experiments and 130 

measured indices of soil nematode communities were searched in Web of Science (Core 131 

collection; http://apps.webofknowledge.com/) and China National Knowledge 132 

Infrastructure (http://www.cnki.net) up to March 2025. The following terms were used, 133 

“nitrogen deposition” or “N deposition” or “nitrogen enrichment” or “N enrichment” 134 

or “nitrogen addition” or “N addition” or “nitrogen fertili*” or “N fertili*” or “nitrogen 135 

amendment” or “N amendment” or “nitrogen input” or “N input” or “nitrogen load*” 136 

or “N load*” and “nemat*” or “fauna”. This search resulted in 894 publications.  137 

We screened these publications according to the following criteria: (1) The 138 

experiment was conducted under field conditions with both control and N enrichment 139 

treatments, excluding laboratory, greenhouse, or pot experiments. (2) Initial 140 

environment conditions (i.e., climate, soil, and vegetation) were comparable between 141 

control and N enrichment treatments. (3) Experiments combining multiple treatments 142 

(e.g., fertilization and tillage) and control (no fertilization and no tillage or no 143 

fertilization and tillage) were excluded to avoid any potential confounding effects. (4) 144 

The type, rate, and duration of the N enrichment treatment(s) were clearly reported, and 145 

could be converted to kg N ha-1 yr-1. (5) At least one nematode index (abundance, 146 

http://apps.webofknowledge.com/
http://www.cnki.net/


diversity, or ecological indices) was reported. (6) Only the most recent data were 147 

selected, if multiple publications reported similar results from the same experiment. (7) 148 

If the results from the same experiment were reported in different publications, only 149 

one dataset was retained. (8) Results from different sites within the same publication 150 

were considered independent experiments. (9) We focused on the top 0-30 cm depth to 151 

avoid the influence of soil depth on N effect. Additionally, focusing on the surface soil 152 

layer could capture the most variations in the effects of N enrichment on soil nematodes 153 

because this soil layer is the dominant habitats for soil nematodes while the enriched N 154 

usually enters this layer (Jones, 1975; Gallego‐Zamorano et al., 2023; Hu et al., 2024b). 155 

(10) The mean, standard deviation (SD) or error (SE) or coefficient of variation (CV), 156 

and sample size of the control and N enrichment treatments could be directly obtained 157 

or calculated. We followed the preferred reporting items for meta-analysis (PRISMA) 158 

guidelines (Fig. S1) for reviewing, searching, and selecting the dataset. Finally, 629 159 

paired observations from 93 studies were included in our global database (Figs. S1 and 160 

S2; Supplementary text S1). 161 

From each publication, we extracted the means, SD, or SE or CV and sample sizes 162 

(n) directly from tables, text, and supplementary files or indirectly from graphs using 163 

WebPlotDigizer (https://automeris.io/WebPlotDigitizer/). The abundance index 164 

included abundances of total nematode and various trophic groups, i.e., plant-feeding 165 

nematodes, bacterial-feeding nematodes, fungal-feeding nematodes, and omnivorous-166 

predatory nematodes. We also used the nematode diversity index. The ecological 167 

indices included the enrichment index, maturity index, and structure index of soil 168 

https://automeris.io/WebPlotDigitizer/


nematodes. We consistently collected data on genus diversity of nematode communities, 169 

considering that nematode taxa at the genus and family levels are the most effective 170 

units (Bongers and Bongers, 1998; Gallego‐Zamorano et al., 2023), and studies often 171 

reported nematode diversity at the genus level. When only the relative abundance of 172 

each trophic group and the total abundance of nematodes were reported, we back-173 

calculated the absolute abundance of the nematode groups (individuals per 100 g dry 174 

soil).  175 

We also recorded information on geographic location, experimental design (i.e., 176 

rate of N enrichment, duration of the experiment, type of N fertilizer), and ecosystem 177 

type from each selected publication. Ecosystems were categorized into three types: 178 

forest, grassland, and cropland. The N fertilizer types were categorized into NH4NO3, 179 

urea, organic fertilizer, and other sources based on the authors’ information. We also 180 

collected other ancillary data, including mean annual temperature (MAT), mean annual 181 

precipitation (MAP) (if not reported, estimated using WorldClim), aridity index (AI) 182 

(estimated using Global Aridity and Potential Evapotranspiration Database), soil 183 

organic carbon (SOC), total nitrogen (TN), soil pH, soil mineral N (NH4
+ and NO3

-), 184 

and soil texture (sand, silt, and clay percentages, estimated using SoilGrids250m 2.0 if 185 

not reported). When some values of ancillary data were not reported, we searched other 186 

articles from the same site by the same authors and institutes to obtain the 187 

corresponding ancillary data. Overall, our global dataset included studies from North 188 

America, South America, Asia, Europe, Africa, and Oceania, and has a wide range of 189 

N enrichment rates (up to 600 kg N ha-1 year-1), experiment duration (up to 32 years), 190 

https://worldclim.org/
https://csidotinfo.wordpress.com/data/global-aridity-and-pet-database/
https://www.soilgrids.org/


MAP (175 to 1945 mm), and MAT (-5.8 to 27.5°C); thus, it can comprehensively 191 

illustrate the response of soil nematodes to N enrichment across global ecosystems and 192 

climates.  193 

 194 

2.2 Effect size calculation  195 

We calculated the effect size of N enrichment as the natural logarithm of the 196 

response ratio (lnRR). The lnRR is effective in reducing the heteroscedasticity of data 197 

and has advantages in dealing with proportional data and the assumption of a normal 198 

distribution, which is less prone to statistical artefacts associated with ratio-based 199 

regressions (Benítez-López et al., 2021). We calculated bias-corrected effect sizes 200 

(lnRRΔ) based on the Delta method to account for the small sample size bias (Lajeunesse, 201 

2015): 202 
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where Xt and Xc are the mean values of variables in the N enrichment and control 204 

treatments, respectively. SDt and SDc are the standard deviations of the N enrichment 205 

and control treatments, and nt and nc are the number of replicates of the N enrichment 206 

and control treatments, respectively. For each lnRRΔ, the corresponding sampling 207 

variance VAR(lnRRΔ) (Lajeunesse, 2015; Gallego‐Zamorano et al., 2023), calculated as 208 

follows:  209 
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In our dataset, some of the included studies only reported the standard errors (SE); 211 



we then calculated the SD according to the equation as below: 212 

SD = SE × √𝑛 213 

When the SD or SE were not reported in publications, we imputed the SDs based 214 

on the coefficient of variation from all complete cases using the impute_SD function 215 

from the R package metagear (Bracken, 1992). 216 

 217 

2.3 Meta-analysis 218 

Random-effects meta-analysis without any moderators (intercept-only models) 219 

was performed to estimate the overall mean effect size of N enrichment on soil 220 

nematode indices. We fully accounted for non-independence among effect sizes 221 

through the following settings. Firstly, the study identity and unit-level observation 222 

identity were set as random effects to account for possible autocorrelations among 223 

observations and residual variance in each study, respectively. Secondly, as multiple 224 

treatments were often compared with a single control (i.e., shared control), we 225 

accounted for these repeated measures in a variance-covariance matrix, where the 226 

diagonal includes the sampling variances and the off-diagonals of the matrix represent 227 

the shared variance (covariance) among the effect sizes due to the common control 228 

(Lajeunesse, 2011):  229 

𝐶𝑂𝑉𝐴𝑅(𝑙𝑛𝑅𝑅∆) =
𝑆𝐷𝑐
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Finally, we also intended to account for phylogenetic non-independence of 231 

nematode communities. However, the majority of publications lacked any phylogenetic 232 

information on nematode communities, and the phylogeny of nematodes remains 233 



unresolved (Kern et al., 2020). Therefore, we were unable to control for the non-234 

independence of taxonomy in the models of nematode communities, which needs to be 235 

considered in future studies. We then partitioned each random effect by providing Q as 236 

a measure of total absolute heterogeneity and I2 as a measure of total relative 237 

heterogeneity (Table S1; Nakagawa and Santos, 2012).  238 

To investigate the sources of heterogeneity observed in the intercept-only model, 239 

we characterized the role of several moderators (i.e., ecosystem type and N fertilizer 240 

type) by employing meta-analytic models with the same random-effects structure as the 241 

intercept-only model. We employed restricted maximum likelihood estimation to fit the 242 

above models and to calculate the weighted effect sizes and 95% confidence intervals 243 

(CI) using rma.mv function in the metafor package (Viechtbauer, 2010). The effect of 244 

N enrichment was considered significantly positive (lnRRΔ > 0, P < 0.05) or negative 245 

(lnRRΔ < 0, P < 0.05) if the 95% CIs did not overlap with zero. The omnibus test (QM) 246 

was then used to evaluate the significance of the categorical moderators in the mixed-247 

effects models. We performed post-hoc tests for categorical moderators using the 248 

linearHypothesis function in the car package. 249 

 250 

2.4 Meta-regression 251 

Multiple meta-regression models were employed to evaluate the effects of N 252 

enrichment (lnRR∆) on soil nematode indices as influenced by potential moderators, 253 

including rates and duration of N enrichment, soil and climate data. We conducted the 254 

meta-regression analysis using the rma.mv function in the metafor package 255 



(Viechtbauer, 2010), and also accounted for non-independence among effect sizes in 256 

the models by setting up the same random-effects structure as in the above-mentioned 257 

intercept-only and mixed models. We then extracted model slope estimates and 258 

predicted values to visualize the graphs.  259 

In addition, considering that rate of N enrichment could potentially be key 260 

indicator of N enrichment experiments, and that heterogeneity of soil, climate, 261 

ecosystems, and fertilizer types in real-world scenarios may influence the potential 262 

effects of different N enrichment rates, we analyzed interaction effects between rate of 263 

N enrichment and each of the moderators in the multiple meta-regression models. The 264 

continuous variables were represented as quantile values of 5%, 25%, 50%, 75%, and 265 

95% for each moderator. The QM was then used to assess the significance of the 266 

interaction between N enrichment rate and moderators. 267 

 268 

2.5 Robustness test  269 

We performed a series of analyses to ensure the robustness of the results. Firstly, 270 

we calculated bias-corrected effect sizes (lnRRΔ) based on the delta method to account 271 

for the small sample size bias (Lajeunesse, 2015), and compared these and uncorrected 272 

lnRR (Fig. S3). Secondly, the funnel plot analysis was conducted to assess the 273 

publication bias, and the asymmetry of the funnel plot was evaluated by Egger's 274 

regression test (Egger et al., 1997). If asymmetry was detected, the Rosenberg fail-safe 275 

number was used to further determine whether the the potential for publication bias 276 

affected our results (Rosenberg, 2005). Thirdly, we tested for small-study bias by 277 



running meta-analytic models with either standard error (square root of VAR(lnRRΔ)) 278 

or the inverse of effective sample size as the only moderator. Fourthly, we performed 279 

meta-regression models with publication year as the only moderator to assess the time-280 

lag effects, that is, whether statistically significant or larger effect sizes were published 281 

earlier than nonsignificant or smaller effect sizes. Finally, we evaluated the sensitivity 282 

analysis of results by performing leave-one-out analysis.  283 

We found that the funnel plots were symmetric (P > 0.05) for most nematode 284 

parameters (except for the enrichment index), and the Rosenberg fail-safe numbers for 285 

these all metrics were much larger than 5k+10 (Fig. S4 and Table S2). In addition, the 286 

responses of most soil nematode parameters to N enrichment were not clearly 287 

associated with standard error (Fig. S5), the inverse of effective sample size (Fig. S6), 288 

and publication year (Fig. S7, P > 0.05). Furthermore, the leave-one-out analysis 289 

suggested our results are unlikely to be driven by a single influential observation and 290 

study by removing any observation or study (Figs. S8 and S9). Collectively, there was 291 

no evidence of publication bias for soil nematodes parameters in response to N 292 

enrichment. All of these analyses suggest that our results were robust. 293 

 294 

2.6 Statistical analyses 295 

We conducted a model-selection analysis to examine the relative importance of 296 

each individual moderator by analyzing possible combinations of the moderators 297 

considered in mixed-effects meta-regression models using the metafor (Viechtbauer, 298 

2010) and glmulti packages (Calcagno and de Mazancourt, 2010). The relative 299 



importance for each moderator was calculated as the sum of the Akaike weights, with 300 

larger values indicating greater contributions. A threshold value of 0.8 was set to 301 

distinguish between essential and non-essential moderators. 302 

To evaluate the direct and indirect pathways of climate heterogeneity and the 303 

response of soil variables in influencing the effects of N on soil nematodes, we 304 

conducted piecewise structural equation modelling (SEM) incorporating rates and 305 

duration of N enrichment, climatic factors (MAT and aridity index), and lnRR∆ of soil 306 

variables (SOC, TN, NH4
+, NO3

-, and pH) based on the above results of the relative 307 

importance of the moderators. An a priori conceptual model was established to depict 308 

the potential paths and its ecological significance (Table S3; Fig. S10). Each component 309 

model of the piecewise SEM was fitted as a linear mixed model, with the 310 

aforementioned variables as fixed effects, the study nested within observation IDs as 311 

random effects. All the variables were standardized for the effects to be directly 312 

comparable (Mhlanga et al., 2022). The models were modified by removing 313 

nonsignificant direct and indirect paths to achieve a lower Akaike information criterion 314 

(AIC) when the initial models did not produce any adequate fit. The Shipley’s d-315 

separation test was used to examine whether any paths were missing from the model 316 

(Shipley, 2013). We constructed the SEM and reported the standardized coefficient for 317 

each path from each component model, and the Fisher’s C statistics and P value (P > 318 

0.05 indicated an adequate model fit) by using the piecewiseSEM and nlme packages 319 

(Lefcheck and Freckleton, 2015; Pinheiro et al., 2018). Given that the effects of N 320 

enrichment may be modulated by climate factors and duration on a global scale, we 321 



further examined the results with a new SEM model including interaction effects. We 322 

found that the new model only affected the magnitude of the path coefficients, without 323 

influencing their significance or direction (Fig. S11). We therefore reported the results 324 

from the SEM model without interaction effects in the main text. 325 

To reveal spatial patterns of changes in soil nematode abundances under N 326 

deposition, we projected the predictions of the model onto raster maps based on maps 327 

of global N deposition rates (Fig. S12 and Table S4; Ackerman et al., 2019), and maps 328 

of soil variables (Table S4; Poggio et al., 2021) as well as maps of climate (Table S4; 329 

Fick and Hijmans, 2017). Given that most publications included in our dataset locates 330 

in Northern Hemisphere, we only predicted the spatial patterns of N effect in Northern 331 

Hemisphere rather than the whole global pattern to minimize the uncertainties due to 332 

the geographic bias of publications. The boosted regression tree (BRT) models were 333 

used to perform predictions and extrapolate, which is a machine-learning method based 334 

on multivariable regression trees and a boosting technique to improve performance of 335 

multiple single models (Elith et al., 2008). We selected the BRT models, because it can 336 

effectively deal with the complex variable interactions, identify nonlinear relationships 337 

between response variables and their predictor factors, thus avoiding overfitting, and 338 

they have been used successfully in previous global synthesis studies (Cao et al., 2023; 339 

Graco‐Roza et al., 2022; Lin et al., 2024). Given the intrinsic stochasticity of BRT 340 

modeling, the measures of variable importance and predictions based on the model may 341 

be sensitive to random changes in the number of seeds and differ between runs. To 342 

account for this variability, we ran 100 iterations of the models with a series of tuning 343 



parameters including n.trees, interaction.depth, and shrinkage. Additionally, we 344 

implemented 10-fold cross-validation and bag fraction of 0.75, following a previous 345 

study (Elith et al., 2008). The optimal parameter settings were determined based on 346 

minimizing RSME, followed by rerunning the model to obtain the final predictive 347 

model. The BRT models were constructed using the train function in the caret package 348 

(Kuhn, 2008). However, due to significant loss of statistical power in the predictive 349 

models for soil nematode diversity and ecological indices, we refrained from 350 

conducting any spatial extrapolation predictions (Table S5). Consequently, we opted to 351 

only perform extrapolation predictions for the models of abundance of total nematodes 352 

and different nematode trophic groups. Prior to spatial analyses, we performed Moran's 353 

I test by using spdep package to determine whether spatial autocorrelation could affect 354 

our models. We found the Moran’s I statistic ranges between -0.15 and -0.05 (P = 355 

0.8722 to 0.9999), indicating non-significant spatial autocorrelation in our data (Table 356 

S6). We therefore did not consider spatial autocorrelation when predicting spatial 357 

patterns. To assess the uncertainties of spatial prediction, we firstly performed 100 358 

iterations of bootstrap resampling and compared the results to the original prediction 359 

maps, and calculated the coefficient of variation (CV) of averaged predictions and 95% 360 

confidence intervals. Our assessment showed that the spatial prediction had relatively 361 

generally lower uncertainties, but higher in certain sparsely sampled regions such as 362 

Central Asia and the southern Sahara Desert (Figs. S13 and S14). 363 

In addition, to assist in validating the direction of global N deposition on the 364 

abundance of soil nematodes, we spatially overlaid the raster maps of global nematode 365 



abundance (Fig. S15; van den Hoogen et al., 2019) and the raster map of global N 366 

deposition rates (Fig. S12; Ackerman et al., 2019) to re-project them to the same 367 

resolution and to analyze the linear or nonlinear relationship between rates of global N 368 

deposition and nematode abundance of total and trophic groups by using linear, 369 

quadratic, and generalized additive models. This allowed us to determine the effects of 370 

N on the abundance of total soil nematodes and different trophic groups from an 371 

alternative perspective at the global scale. 372 

 373 

3 Results 374 

3.1 Effects of N enrichment on the soil nematode community 375 

Our meta-analysis revealed that N enrichment significantly decreased the 376 

abundance of omnivorous-predatory nematodes (-28.3%, P < 0.01, Fig. 1). In contrast, 377 

it had minimal effects on the abundance of total nematodes (-4.6%, P > 0.05) and other 378 

nematode trophic groups (-11.9% to +9.8%, P > 0.05). Additionally, N enrichment 379 

significantly reduced the Shannon diversity index (-3.2%, P < 0.01), maturity index (-380 

6.1%, P < 0.01), and structure index (-12.3%, P < 0.01), but had minimal impact on the 381 

enrichment index (-0.2%, P > 0.05, Fig. 1).  382 

Within different ecosystems, N enrichment significantly reduced the abundance of 383 

total nematodes (-13.3%, P < 0.05), fungal-feeding nematodes (-29.4%, P < 0.01), and 384 

omnivorous-predatory nematodes (-39.0%, P < 0.01) in grasslands. It increased the 385 

abundance of bacterial-feeding nematodes (20.7%, P < 0.05) in croplands (Fig. 1; 386 

Tables S7 and S8), but had no significant effect on plant-feeding nematodes across 387 



ecosystems (P > 0.05). N enrichment decreased nematode diversity in grasslands (-388 

4.8%, P < 0.01), maturity index in grasslands (-8.7%, P < 0.01) and croplands (-4.6%, 389 

P < 0.05), and structure index in forests (-13.6%, P < 0.01) and croplands (-18.1%, P < 390 

0.05), while the enrichment index remained unaffected (P > 0.05, Fig. 1; Tables S7 and 391 

S8).  392 

Regarding N input types, NH4NO3 significantly reduced the abundance of plant-393 

feeding nematodes (-16.7%, P < 0.01), fungal-feeding nematodes (-25.7%, P < 0.01), 394 

and omnivorous-predatory nematodes (-36.4%, P < 0.01). In contrast, organic N (e.g., 395 

manure) significantly increased the abundance of total nematodes (+79.9%, P < 0.01), 396 

plant-feeding nematodes (+96.5%, P < 0.01), fungal-feeding nematodes (+132.7%, P 397 

< 0.01), and bacterial-feeding nematodes (+177.8%, P < 0.01, Fig. 1; Tables S9 and 398 

S10). Nematode diversity (-3.4%, P < 0.05) and ecological indices (-5.9% to -10.1%, 399 

P < 0.05) were significantly reduced by urea and NH4NO3, but were not significantly 400 

affected by organic N (P > 0.05, Fig. 1; Tables S9 and S10). 401 

 402 

3.2 Factors modulating the effects of N enrichment 403 

The effects of N on most soil nematode indices were significantly negatively 404 

correlated with the rates of N enrichment (P < 0.05, Fig. S16) and changes in soil NH4
+ 405 

(P < 0.05, Fig. S17). Conversely, they were significantly positively correlated with 406 

MAT (P < 0.05), aridity index (P < 0.05), and changes in soil pH (P < 0.01, Fig. S16). 407 

The N enrichment rate and climatic conditions had a more pronounced impact on 408 

fungal-feeding and omnivorous-predatory nematodes compared to plant-feeding and 409 



bacterial-feeding nematodes, and influenced nematode diversity and enrichment index 410 

more than the structure index and maturity index (Fig. S16).  411 

Multilevel meta-regression models indicated that the relationships between soil 412 

nematodes and N enrichment rate were moderated by climatic and soil pH conditions 413 

(P < 0.05 for the interaction, Fig. 2). The abundance of most groups of soil nematodes, 414 

diversity, and enrichment index generally decreased with increasing N enrichment rates 415 

in dry and cold climates, but increased in wet and warm climates (P < 0.05 for the 416 

interaction, Fig. 2a, b). The effects of N enrichment rates on nematode abundance and 417 

diversity shifted from positive to negative with increasing background soil pH (P < 0.05 418 

for the interaction, Fig. 2c). However, the impact of N enrichment rates on most 419 

nematode indices (except omnivorous-predatory nematode abundance) was not 420 

significantly influenced by experiment duration (P > 0.05 for the interaction, Fig. 2d). 421 

These results highlight the critical role of climate and soil pH in modulating nematode 422 

responses to N enrichment rates.  423 

Importantly, model selection analyses further showed that N effects on soil 424 

nematodes were largely explained by changes in pedological factors (soil pH, NH4
+, 425 

and SOC), and were modulated by climate (MAT and aridity index) and N enrichment 426 

regimes (rates and types of N enrichment) (Fig. 3). The SEM based on these key factors 427 

revealed that N enrichment primarily impacted soil nematode communities by 428 

decreasing soil pH and increasing soil mineral N (especially NH4
+), which in turn 429 

reduced nematode abundance, diversity, enrichment index and structure index (Fig. 4). 430 

Longer experimental duration exacerbated the negative effects of N by enhancing soil 431 



pH reduction. Large-scale climatic variations had limited direct effects, but they 432 

indirectly influenced N enrichment-induced changes in soil nematodes via altering 433 

pedological factors (Fig. 4).  434 

 435 

3.3 Spatial patterns of soil nematode responses to current N deposition 436 

Extrapolating N enrichment-induced changes in soil nematode abundance at the 437 

Northern Hemisphere scale using atmospheric N deposition, soil, and climate raster 438 

data revealed significant spatial variation (Fig. 5). Negative effects of N deposition were 439 

most pronounced in regions of East Asia, South Asia, and Europe, which correspond to 440 

the higher atmospheric N deposition levels in these regions (Figs. 5 and S12). Spatial 441 

raster overlay analysis of global nematode abundance and N deposition maps showed 442 

that the abundances of total nematodes and trophic groups decreased progressively with 443 

increasing global N deposition rates (Fig. 5f-j). Conversely, N deposition resulted in 444 

slight increases in soil nematode abundances in low-latitude/equatorial regions 445 

characterized by hot and humid climates. The negative impacts of N deposition were 446 

more significant on omnivorous-predatory and fungal-feeding nematodes compared to 447 

bacterial-feeding nematodes, and such effects tended to be amplified when N 448 

availability increased (Fig. 5). 449 

 450 

4 Discussion 451 

The present comprehensive meta-study on the most abundant Metazoans on Earth 452 

shows that N enrichment has global negative effects on soil nematode communities by 453 



decreasing nematode diversity and soil food web complexity. Moreover, we show 454 

significant differences among trophic groups in their responses to N enrichment, and 455 

that such effects are further modulated by climatic and soil conditions. Importantly, we 456 

identify underlying mechanisms of changes in soil nematode communities (soil 457 

acidification and NH4
+ accumulation) and identify global vulnerable areas that should 458 

be in the focus of nature protection and potential counter-measures against the 459 

ecosystem consequences of N enrichment.   460 

 461 

4.1 Overall effects of N enrichment on soil nematodes 462 

The negative effects of N on soil nematode communities were primarily due to the 463 

N enrichment-induced soil acidification and NH4
+ accumulation (Figs. 4, S16~S19). 464 

Soil acidification not only reduced the availability of base mineral cations (Ca2+ and 465 

Mg2+) (Chen et al., 2015a; Lucas et al., 2011; Tian and Niu, 2015; Tibbett et al., 2019), 466 

which resulted in deficiencies of nutrients to nematodes and other organisms, but also 467 

increased soil acid cations (H+ and Al3+) and thus enhanced the toxicity of these cations 468 

to nematodes (Chen et al., 2015a; Tibbett et al., 2019), both resulting in a reduction of 469 

nematode diversity and abundance. Additionally, soil acidification has been shown to 470 

reduce soil microbial biomass (Chen et al., 2015a; Zhang et al., 2018), which indirectly 471 

decreased nematode abundance and diversity via reduced resource availability to a 472 

variety of nematode trophic groups (e.g., bacterial-feeding, fungal-feeding, and 473 

omnivorous-predatory nematodes) (Eisenhauer et al., 2013; Ferris, 2010). This N-474 

induced variation in soil nematode communities may weaken ecosystem stability. For 475 



example, N enrichment significantly reduced the maturity and structural indices (Fig. 476 

1), which were indicative of increased environmental disturbances/stresses and reduced 477 

soil food web complexity (Bongers and Ferris, 1999; Ugarte et al., 2013; Yan et al., 478 

2018; Ma et al., 2024).  479 

In this study, we provided global evidence that the N enrichment-induced changes 480 

in nematode abundances differed among trophic groups (Fig. 1). N enrichment 481 

significantly increased plant biomass, root C, or rhizodeposition (Feng et al., 2023; 482 

Chen et al., 2015a), which would have positive effects on plant-feeding nematodes 483 

(Keith et al., 2009). However, N enrichment may lead to negative effects on abundance 484 

of plant-feeding nematodes due to NH4
+ suppression (Wei et al., 2012), and such a 485 

negative effect was supported by the NH4NO3-induced significant decrease in the 486 

abundance of plant-feeding nematodes in the present meta-study (Fig. 1). Plants could 487 

take up abundant soil NH4
+ and its high concentrations could kill plant-feeding 488 

nematodes potentially through the dissociation of NH4
+ ions into toxic ammonia (NH3), 489 

and by altering the osmotic potential within plant tissues and soil solution (Tenuta and 490 

Ferris, 2004). Moreover, current studies demonstrated that high soil NH4
+ 491 

concentrations were toxic to plants through rhizosphere acidification due to protons 492 

(e.g., H+) excretion and suppression of cation uptake (Li et al., 2014), which may be 493 

unfavorable to plant-feeding nematodes. Such negative impacts of soil NH4
+ 494 

suppression intensified with increasing N enrichment rates in the present study (Figs. 495 

S16 and S20), and thus may exceed the positive effect of root biomass on the abundance 496 

of plant-feeding nematodes.  497 



We found that the higher trophic-level omnivorous-predatory nematodes were 498 

more susceptible to N enrichment-induced high NH4
+ concentrations and low soil pH 499 

(Figs. 1, S16 and S17; Puissant et al., 2021; Chen et al., 2025a), likely due to the less 500 

developed cuticle structure and secretory-excretory systems, which resulted in reduced 501 

osmoregulatory capacity (Tenuta and Ferris, 2004). More importantly, compared with 502 

other nematode trophic groups, omnivorous-predatory nematodes typically have longer 503 

life spans and lower reproduction rates, resulting in a lower ability to recover from 504 

environmental stress (Bongers, 1990; Bongers and Bongers, 1998). Furthermore, N 505 

enrichment may shift soil food composition from fungi-dominated to bacteria-506 

dominated, thereby reducing the abundance and diversity of fungi (Treseder, 2008; 507 

Shaw et al., 2019) and thus the abundance of fungal-feeding nematodes. The majority 508 

of bacterial-feeding nematodes are r-strategists characterized as fast-growing 509 

phenotypes, which recovered more readily from environmental stress (Shaw et al., 510 

2019). Such shifts in soil energy channels may indicate significant alterations of soil 511 

conditions and service provisioning (de Vries et al., 2013).  512 

 513 

4.2 Climate regulates effects of N enrichment on soil nematodes 514 

We found that N enrichment-induced changes in soil nematodes were significantly 515 

positively correlated with mean annual temperature and aridity index (Figs. 2 and S16), 516 

primarily because the limitation of moisture and temperature resulted in lower 517 

ecosystem N requirements in dry or cold regions than in wet or warm conditions (Del 518 

Grosso et al., 2008; Lie et al., 2020; Xing et al., 2022b). Dry or cold regions were more 519 



susceptible to N saturation (Xing et al., 2022b), and weaker N-induced NH4
+ 520 

accumulation and stronger soil acidification (Fig. S21) under current N deposition rates. 521 

However, warm and humid regions showed an opposite pattern (Fig. S21). Additionally, 522 

soil nematodes live in the water film of soil pores, and their movement is thus critically 523 

determined by soil moisture (Jones, 1975; Xiong et al., 2021). Wet or warm conditions 524 

are more conducive to nutrient solubilization, nematode migration and predation, 525 

contributing to the positive effects of N on nematode diversity and abundance (Xing et 526 

al., 2022b), explaining our results that N enrichment increased nematode abundance 527 

and diversity in warm and humid regions (e.g., equatorial regions) (Fig. 5). Therefore, 528 

drought and cold conditions exacerbated the negative effects of N on soil nematodes, 529 

and this impact could be further intensified by increasing N enrichment rates (Figs. 2 530 

and S16). We hence predict that future N enrichment may simplify soil food webs in 531 

arid and cold regions but may contribute to higher soil food web complexity in humid 532 

and warm regions (Gallego‐Zamorano et al., 2023; Xing et al., 2022b), as long as soil 533 

moisture levels are sufficiently high. 534 

 535 

4.3 Variations in the effects of N enrichment across ecosystems 536 

We found more negative effects of N enrichment on soil nematodes in grassland 537 

than in cropland and forest, which could be ascribed to several reasons. Firstly, the N 538 

enrichment-induced reduction of soil pH and increase in soil mineral N (NH4
+ and NO3

-) 539 

concentrations were stronger in grassland than in forest (Fig. S19b), resulting in 540 

stronger negative effects on nematodes in grassland. Although such effects of N 541 



enrichment on soil pH and mineral N were also stronger in cropland, the more frequent 542 

anthropogenic disturbances such as fertilization and tillage may enhance the tolerance 543 

of nematode communities to additional N inputs (Zhou et al., 2021), which may 544 

mitigate the detrimental effects of pH and mineral N on soil nematodes. Secondly, N 545 

enrichment usually decreases the concentrations of soil base mineral cations (Ca2+, 546 

Mg2+, and K+), which not only exacerbates soil acidification, but also impacts plant 547 

growth (Chen et al., 2015a; 2015b). Such an N enrichment-induced depletion of soil 548 

base mineral cations is usually greater in grasslands than in other ecosystems (Tian and 549 

Niu, 2015), possibly indirectly contributing to the more negative impacts of N on soil 550 

nematodes. Thirdly, grasslands generally had drier (525 vs. 1016 and 853 mm) and 551 

colder (4.41 vs. 13.94 and 11.13°C) climatic conditions than forests or croplands in our 552 

dataset, which may intensify the negative effects of N on soil nematodes as suggested 553 

by our result that drought and cold conditions exacerbated the negative effects of N on 554 

soil nematodes (Figs. 2 and S16; Gallego‐Zamorano et al., 2023). Collectively, soil 555 

nematode communities are more vulnerable in response to N in grassland, and thus 556 

practices mitigating negative effects of N should be particularly focused on this 557 

ecosystem type, particularly in dry and cold climatic regionns.  558 

 559 

4.4 Effects of N enrichment depend on the types and amounnts of N inputs 560 

We showed that effects of N on soil nematodes intensified with increasing rates of 561 

N enrichment (Figs. 2 and S16), mainly because the excess N availability overwhelmed 562 

the N demand of soil nematodes, resulting in adverse effects on their abundance and 563 



diversity. Moreover, such effects were more pronounced for the higher trophic levels of 564 

nematodes (fungal-feeding and omnivorous-predatory nematodes), mainly because 565 

these nematode populations are more sensitive to disturbances and require more time 566 

to recover than faster-growing bacterial-feeding nematodes (Ferris et al., 2001; Xing et 567 

al., 2022b).  568 

We demonstrated that NH4NO3 had greater negative effects on soil nematodes than 569 

urea (Fig. 1), primarily due to the direct toxicity of NH4
+ or the acidification from H+ 570 

release during NH4
+ uptake and nitrification, whereas the slower release and 571 

transformation of urea (CO(NH2)2) may lessen these negative effects, thereby reduced 572 

nematode diversity and the abundance of plant-feeding, fungal-feeding, and 573 

omnivorous-predatory nematodes (Puissant et al., 2021; Zhou et al., 2021). On the 574 

contrary, we found that organic N significantly increased the abundance of total soil 575 

nematodes and trophic groups, but did not affect the diversity and ecological indices 576 

(Fig. 1), probably because organic N had only minor effects on soil pH (Fig. S19), but 577 

supplies nutrients and microbial food sources for soil nematodes to promote 578 

reproduction (Fig. S19; Jiang et al., 2013a; Liu et al., 2016). These results were in line 579 

with global meta-analyses of many groups of soil animals (Beaumelle et al., 2020; 580 

Phillips et al., 2024) and highlighted that we may be able to effectively manage soil 581 

nematode communities by adapting management strategies, such as preferring organic 582 

over mineral fertilizer applications (Liu et al., 2016; Puissant et al., 2021). However, it 583 

is important to note that there were relatively few observations of organic N treatments 584 

in this meta-analysis, which may affect the robustness of the results and need to be 585 



interpreted with caution. Future studies should focus on organic N treatment and 586 

acquire more comprehensive experimental data on soil nematode responded to organic 587 

N inputs. 588 

 589 

4.5 Spatial patterns of soil nematode responses to current N deposition 590 

By investigating spatial response patterns of soil nematodes to N enrichment, we 591 

found more negative responses of soil nematodes in East Asia, South Asia, and Europe, 592 

corresponding to the higher N deposition rates (Ackerman et al., 2019) and greater 593 

reductions in soil pH (Chen et al., 2023) in these regions. We also predicted a negative 594 

effect in boreal forest, tundra, or desert regions (Fig. S22). The ecosystems in these 595 

regions are often restricted by water availability or temperature (Bradford et al., 2020; 596 

Paroshy et al., 2021). Soil nematodes live in the water film of soil pores, and their 597 

movement and predation are thus determined by soil moisture (Jones, 1975; Neher, 598 

2010; Xiong et al., 2021). Wet conditions are more conducive to nutrient solubilization, 599 

nematode migration and predation (Xiong et al., 2020; 2021), thus contributing to the 600 

positive effects of N on nematode diversity and abundance (Xing et al., 2022b). In 601 

addition, more rainfall in wet region also prevented excessive accumulation of toxic N 602 

compounds by leaching (Fig. S21; Cui et al., 2022; Gallego‐Zamorano et al., 2023), 603 

and the N-induced soil acidification was less pronounced (Fig. S21). Previous studies 604 

demonstrated that drought amplified the negative effects of N enrichment on abundance 605 

of soil nematodes (Wang et al., 2021; Gallego‐Zamorano et al., 2023), whereas 606 

increased precipitation transformed these negative effects into positive effects 607 



(Martinez et al., 2023).  608 

Additionally, low temperatures in cold regions constrained soil microbial activity 609 

and resulted in lower N demands, which led to them being more susceptible to N 610 

saturation (Fig. S21; Xing et al., 2022b) and stronger N-induced soil acidification (Fig. 611 

S21) under current N deposition. These were detrimental to growth and activity of soil 612 

nematode. Previous study also showed that high levels of N addition reduced soil 613 

microbial biomass and activities in cold boreal forests (Xing et al., 2022a), which may 614 

reduce food sources for soil nematodes. Additionally, the effect of N on soil microbial 615 

biomass was reported to be more negative in cold than in warm climates (Zhang et al., 616 

2018), which may further decrease the abundance of microbial-feeding soil nematodes 617 

in these regions. On the contrary, we predicted increased soil nematode abundances in 618 

temperate systems and tropical rainforests under current N deposition scenarios (Fig. 619 

5), which was consistent with our results that N enrichment increased nematode 620 

abundance and diversity in warm and humid regions (e.g., equatorial regions) (Figs. 2, 621 

5 and S16). Overall, our assessment emphasized the significant spatial heterogeneity in 622 

the responses of soil nematodes to current levels of global N deposition, which should 623 

be carefully considered when assessing and predicting the spatial patterns of soil 624 

nematode communities and functionality in a changing world. 625 

 626 

4.6 Management implications 627 

Because the impacts of N enrichment on soil nematodes may be largely mediated 628 

by "bottom-up" effects from soil, plants, and microbes (Mueller et al., 2016; Tian et al., 629 



2024), the effects of N enrichment on soil nematodes may propagate through the soil 630 

food web and trigger cascading effects on the entire ecosystem (Eisenhauer et al., 2012; 631 

2013). To mitigate these negative effects of N enrichment, our findings suggest the 632 

following potential solutions:  633 

(1) Developing regional management schemes to reduce excessive N emissions. 634 

Strict N emissions regulations should be implemented in regions with severe N 635 

deposition, such as East Asia, South Asia, and Europe. The low-N combustion and 636 

waste gas treatment technologies could be promoted to reduce N oxide emissions.  637 

(2) Optimizing fertilization technologies. The organic fertilizers or slow-release 638 

fertilizers could be prioritized as substitutes for chemical N fertilizers so as to minimize 639 

the effects of N on soil nematodes. The lime could be co-applied with N fertilizers to 640 

mitigate N-induced soil acidification.  641 

(3) Restoring degraded ecosystems. Vegetation and ecological restoration in 642 

degraded and fragile regions could enhance input of soil organic matter and buffering 643 

capacity and improve soil structure, which could offer a more favorable environment 644 

for soil nematodes.  645 

(4) Developing policy-driven incentives. The ecological index of soil nematode 646 

could be incorporated into the assessment system for land degradation and soil health. 647 

The policy-based subsidies could be awarded to farmers who adopt organic fertilizers, 648 

slow-release fertilizers or precision fertilization techniques. 649 

 650 



4.7 Limitations and future perspectives  651 

In this study, we compiled a global database to examine the effects of N 652 

enrichment on soil nematodes, whereas 94% and 6% observations located in Northern 653 

and Southern Hemispheres, respectively. Such geographic bias limited the application 654 

of our meta-analysis in Southern Hemisphere, highlighting that experimental studies 655 

should be further concentrated in such region. Additionally, almost all environmental 656 

variables, which were essential for upscaling of the N effect, were not fully reported. 657 

Extracting such data from the global raster dataset may result in additional uncertainty 658 

to the analyses. Modelling uncertainty due to this should also be considered when 659 

constructing projections of a variable in response to a global change factor.  660 

Generally, N enrichment has potential synergistic impacts with other global 661 

change factors (Niu et al., 2020). For example, drought amplified while other nutrients 662 

(e.g., phosphorus) enrichment ameliorated the negative effects of N enrichment on soil 663 

nematodes (Wang et al., 2021; Gallego‐Zamorano et al., 2023; Ma et al., 2024). Future 664 

research should focus on the combined effects of such factors with N enrichment to 665 

better predict soil community changes and their broader impacts on terrestrial 666 

ecosystems. Moreover, bridging plants, soil microbes, and nematodes will help us 667 

predict ecosystem functions better under global changes. Such efforts should include 668 

integrating the currently proposed plant economics spectrum (Reich, 2014), microbial 669 

life strategy histories (Malik et al., 2020), and nematode economics spectrum (Zhang 670 

et al., 2024). 671 

 672 



5 Concluding remark 673 

This study provided a comprehensive understanding of how global N enrichment 674 

affected soil nematodes by demonstrating that: (1) N enrichment significantly 675 

decreased soil nematode abundance, diversity, and ecological indices; (2) these 676 

negative effects were more pronounced in grasslands than in forests and croplands, and 677 

with application of NH4NO3 than with that of urea; (3) with increasing rate of N 678 

enrichment, the effects of N shifted from negative in dry and cold climates to positive 679 

in wet and warm climates, and from positive to negative with increasing background 680 

soil pH; (4) soil pH and ammonium accumulation explained the response of nematodes 681 

to N enrichment; and (5) regions in East Asia, South Asia, and Europe were most 682 

negatively affected by current N deposition rates. Given the significant role of soil 683 

nematodes in nutrient cycling and ecosystem function (Schloter et al., 2003; Jiang et 684 

al., 2018; van den Hoogen et al., 2019; Zhang et al., 2024), the findings presented herein 685 

merit integration into global biogeochemical models.  686 

  687 
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Figure legends: 979 

Fig. 1. The responses of soil nematodes to N enrichment. The overall mean effect 980 

size and responses of the abundance of nematodes, diversity and ecological indices to 981 

N enrichment, and these response as affected by ecosystem type (cropland, forest, and 982 

grassland) and type of N fertilizer (NH4NO3, urea, organic fertilizers and others). The 983 

circles and error bars show the mean estimate along with the 95% confidence interval 984 

(CI). If the 95% CIs does not overlap with zero, the N-enrichment effect was deemed 985 

statistically significant. The numbers on the right side of each panel denote the number 986 

of effect sizes and the respective number of studies included in this meta-study. Effect 987 

sizes are expressed as corrected response ratios (lnRRΔ). 988 

 989 

Fig. 2. Multilevel meta-regression models examining the effects of environmental 990 

moderators of N enrichment effects, including MAT (a), aridity index (b), 991 

background soil pH (c), and experiment duration (d) on the relationships between 992 

corrected response ratio (lnRRΔ) of nematode parameters to N enrichment rate. 993 

Continuous variables are represented as quantile values of 5%, 25%, 50%, 75%, and 994 

95% for each moderator. The solid line represents the model estimate of the relationship 995 

between the lnRRΔ and N enrichment rate at a specific quantile for each moderator, and 996 

shaded areas represent 95% confidence intervals. QM and P values indicate the 997 

interaction effect, where the slope changes with varying values of the tested moderator, 998 

or the intercept effect where the slope does not change but the intercept changes with 999 

varying values of the tested moderator. MAT, mean annual temperature; Aridity index, 1000 



the ratio of precipitation over potential evapotranspiration; pH, soil pH; Durtion, 1001 

experiment duration. 1002 

 1003 

Fig. 3. Model-averaged importance of the predictors of the corrected response 1004 

ratio (lnRRΔ) of N enrichment on the nematode abundances (a), diversity and 1005 

ecological indices (b). The relative importance value is based on the sum of the Akaike 1006 

weights derived from the model selection using corrected Akaike's Information Criteria. 1007 

The cutoff is defined at 0.8 to distinguish essential predictors from nonessential ones. 1008 

 1009 

Fig. 4. Piecewise structural equation model (SEM) depicting the influence of the N 1010 

enrichment rates (Rate), experimental duration (Duration), mean annual temperature 1011 

(MAT), aridity index (AI), corrected response ratios (lnRRΔ) of environment factors 1012 

(SOC, TN, NH4
+, NO3

- and pH) on the lnRRΔ of nematodes abundances (a-e), diversity 1013 

(f), and ecological indices (g-i). Arrows indicate the directionality of the relationship, 1014 

and the numbers beside the arrows are standardized coefficients. The arrow (path) 1015 

thickness is proportional to the standardized path coefficient, with solid purple and 1016 

green arrows representing positive and negative effects, respectively. To improve 1017 

overall readability, the corrected response ratios (lnRRΔ) of SOC and TN, or NH4
+ and 1018 

NO3
- are plotted within a box rather than constructing latent variables, and ①②③④ 1019 

denote the paths where a certain variable directs towards SOC, TN, NH4
+, NO3

-, or 1020 

where these four variables direct towards other variables, respectively. SOC, TN, NH4
+, 1021 

NO3
-, and pH represent the lnRRΔ of soil organic carbon, total nitrogen, ammonium, 1022 



nitrate, and pH, respectively. 1023 

 1024 

Fig. 5. Spatial patterns of soil nematode abundances in response to N deposition 1025 

in the Northern Hemisphere. (a-e) The spatial patterns of effect sizes (lnRRΔ) of soil 1026 

nematode abundances (total nematode abundance, plant-feeding nematodes, fungal-1027 

feeding nematodes, bacterial-feeding nematodes, and omnivorous-predatory 1028 

nematodes; from the top to bottom of the figure) and their latitudinal gradients. To 1029 

minimize uncertainties arising from geographic bias in extrapolation prediction, we 1030 

excluded regions with sparse sample distributions, including the entire Southern 1031 

Hemisphere, major desert areas, and Greenland. The key regions are marked with black 1032 

boxes. The shaded area in represents 1 standard deviation. The results of 100 iterations 1033 

of bootstrap resampling and uncertainties of spatial prediction are shown in Figs. S13 1034 

and S14, respectively. (f-j) The relationships between global soil nematode abundances 1035 

(individuals per 100 g dry soil; van den Hoogen et al., 2019) and global N deposition 1036 

rate (kg N ha-1 yr-1; Ackerman et al., 2019) from previously published global raster 1037 

maps. The red, black, and blue solid lines indicate the results of linear, quadratic, and 1038 

generalized additive models, respectively. Globally, soil nematode abundances 1039 

decreased with increasing N deposition rate.  1040 


