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A B S T R A C T   

Human-induced global changes may significantly alter the structure and function of terrestrial ecosystems. 
Although nematodes play a critical role in material cycles and soil food webs, the overall trend and magnitude of 
changes in nematode responses to global change remain unclear. In this study, we synthesized nematode re-
sponses to the major global change factors (i.e., nitrogen (N) deposition, climate warming, elevated CO2, and 
drought) using data extracted from published global change experiments. We found that nematode and soil 
micro-food web responses differed among the global change scenarios. Specifically, N addition significantly 
decreased generic richness (− 9%) and the abundance of fungivores (− 14%) and omnivore-predators (− 26%). 
Warming had minor effects on soil nematodes. Elevated CO2 significantly increased total nematode abundance 
(20%), the abundance of fungivores (42%) and herbivores (22%), and the ratio of fungivorous nematodes/ 
bacterivorous nematodes (32%) but decreased nematode generic richness. Drought reduced total nematode 
abundance (− 20%). Soil nematode responses to global change factors were influenced by the experimental 
system (i.e., ecosystem types and experimental duration) and environmental factors (i.e., mean annual tem-
perature, mean annual precipitation, and latitude). Our synthesis indicates that soil pH, NH4

+ content, N- 
application rate, ecosystem types, and experimental duration may be the main factors explaining the negative 
effects of N addition on soil nematodes, and that the warming effects may be best explained by soil moisture and 
ecosystem types. These findings can help to better predict how global change factors affect soil nematodes.   

1. Introduction 

Increases in anthropogenic activities have intensified global changes, 
including increases in nitrogen (N) deposition, atmospheric CO2 con-
centration, climate warming, and extreme drought (Bradford et al., 
2016; Rillig et al., 2019). These increases can directly affect ecosystem 
functions and will threaten the well-being of humans. With the contin-
uous growth of human demands for food and energy, the application of 
N fertilizers has increased sharply, leading to a rapid increase in atmo-
spheric N deposition worldwide and triggering a series of ecological and 
environmental problems such as water and air pollution, soil acidifica-
tion, and biodiversity loss (Fleischer et al., 2019; Yu et al., 2019). Since 
the Industrial Revolution, human-induced combustion of fossil fuels has 
triggered a rapid increase in the atmospheric CO2 concentration (i.e., 

from 280 ppm in 1860 to the current 415 ppm) as well as that of other 
greenhouse gases, leading to a 0.87 ◦C increase in the Earth’s surface 
temperature, which is expected to reach 1.5 ◦C between 2030 and 2052 
(IPCC, 2018) as a consequence of the enhanced greenhouse effect. 
Moreover, from the beginning of the 21st century, the frequency, in-
tensity, and duration of extreme drought events caused by climate 
change have increased substantially and are projected to continue to 
increase in the future (IPCC, 2014). 

Nematodes, as the major fauna in soils, are also the most abundant 
animals on Earth (Bardgett and van der Putten, 2014). The number of 
soil nematodes in the global surface soil is approximately 4.4 × 1020 

(van den Hoogen et al., 2019). Soil nematodes are usually classified into 
trophic groups based on their feeding habits: bacterivores (feeding on 
bacteria), fungivores (feeding on fungi), herbivores (feeding on roots), 
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and omnivore-predators (feeding on smaller nematodes and protists) 
(Lorenzen, 1994). Soil nematodes can constrain soil microbial commu-
nities and affect the cycling of organic matter; they help to regulate 
belowground C and nutrient dynamics (Ingham et al., 1985; Ferris, 
2010; Bardgett and van der Putten, 2014). Furthermore, ratios of fun-
givorous nematodes/bacterivorous nematodes (FF/BF) and predaceous 
nematodes/microbivorous nematodes (OP/(BF + FF)) indicate the en-
ergy flow channels and structure of soil micro-food webs, respectively 
(Ferris et al., 2001; van Dam, 2009; Dam et al., 2017; Shaw et al., 2019). 

Given global changes and the important role of soil nematodes in 
terrestrial ecosystems, a number of experiments have been conducted to 
assess the response of soil nematodes to global change factors. Previous 
studies have shown that N addition can directly modify soil N avail-
ability and soil pH (Chen et al., 2015; Niu et al., 2016), and indirectly 
alter the input of litter to soil (Wardle et al., 2013), thereby affecting soil 
nematodes. For example, N addition can increase soil nematode food 
resources, which is beneficial to opportunistic nematodes, especially 
bacterivores (Song et al., 2016). However, N addition has also been 
found to reduce the food resources of soil nematodes and to adversely 
affect soil nematodes through soil acidification (Chen et al., 2015; Shaw 
et al., 2019). 

Some studies have reported that climate warming will change soil 
nematode abundance and community composition by affecting nema-
tode growth and reproduction (Ruess et al., 1999; Simmons et al., 2009; 
Mueller et al., 2016), whereas others have found that experimental 
warming had no significant effect on soil nematodes (Bakonyi et al., 
2007; Ilieva-Makulec and De Boeck, 2013). Elevated CO2 concentration 
usually increases plant photosynthesis and root biomass, leading to an 
increase in C input to the soil and providing a wide range of food sources 
for soil nematodes, thereby increasing nematode abundance and di-
versity (Okada et al., 2014; Hu et al., 2017). For example, an experi-
mental increase in CO2 concentration increased soil nematode 
abundance in a rice paddy field (Wang et al., 2019). Soil nematodes can 
be directly suppressed by drought or indirectly inhibited via 
drought-induced changes in other biotic and abiotic factors (Vandege-
huchte et al., 2015; Yan et al., 2018). In a long-term rainfall-reduction 
experiment, drought reduced the abundance of bacterivorous and 
omnivorous-predatory nematodes in Inner Mongolia desert steppe soil, 
resulting in a substantial decrease in total nematode abundance (Zhang 
et al., 2020). However, there is no consensus on how global change 
factors affect soil nematodes on a global scale, and a comprehensive 
analysis of existing knowledge is needed to clarify these inconsistencies. 

Meta-analysis is an effective statistical method for quantitatively 
synthesizing the results of multiple independent studies and has been 
widely used to study global change and ecosystem response (Blankin-
ship et al., 2011; Zhang et al., 2019). To better understand and predict 
how soil nematodes will respond to global change, we conducted a 
meta-analysis of field experiments that simulated the effects of global N 
deposition, climate warming, rising CO2 concentration, and drought on 
soil nematodes. We aimed to answer three questions: (1) How do nem-
atode abundance and diversity respond to the major global change 
factors? (2) How are nematode responses to global change factors 
affected by the experimental system (i.e., ecosystem types and experi-
mental duration) and environmental factors (i.e., mean annual tem-
perature, mean annual precipitation, and latitude)? (3) What are the 
potential mechanisms underlying soil nematode responses to global 
change factors? 

2. Materials and methods 

2.1. Data sources 

To select relevant publications on the effects of global change factors 
on soil nematodes, we searched on the Web of Science (http://apps. 
webofknowledge.com) and China National Knowledge Infrastructure 
(https://www.cnki.net/) up to and including August 2020 publications. 

The following keywords were used for the literature search: “soil nem-
atode or soil food web or soil fauna” and “warming or temperature in-
crease or elevated temperature or nitrogen addition or nitrogen input or 
nitrogen supply or nitrogen deposition or nitrogen enrichment or ni-
trogen application or nitrogen fertilization or carbon dioxide or CO2 or 
elevated CO2 or rising CO2 or CO2 enrichment or CO2 fertilization or 
increased CO2 or decreased precipitation or drought or altered precipi-
tation”. We used the following selection criteria to prevent publication 
bias: 

(1) The study assessed soil nematode responses in a field or green-
house experiment that included N addition, experimental 
warming, elevated CO2, or rainfall reduction.  

(2) The study indicated the ecosystem types, N-application rate, 
warming magnitude and method, CO2 increase, rainfall alter-
ation, and experimental duration.  

(3) Because short-term experiments can generate uncertain results, 
only studies that reported on experiments conducted for ≥1 year 
or at least one growing season were considered.  

(4) Studies on the application of NPK compound fertilizers were not 
included due to the inconsistent effects of N addition vs. NPK 
addition on soil nematodes (Fig. S1).  

(5) All soil nematode variables were presented as mean values with 
an indication of numbers of replicates, together with measures of 
variation (standard deviations, standard errors, or confidence 
intervals) or with sufficient data to enable the calculation of 
variance in both the treatment and control groups. In cases where 
no standard errors or standard deviations were reported, the 
standard deviations were assigned as 1/10 of the means (Luo 
et al., 2006). 

A total of 86 publications (Fig. 1 and Table S1) were selected for the 
meta-analysis based on the keywords and selection criteria (Fig. S2). 
Using the data in these publications, we assembled a database that 
included, depending on the publication, the following eight soil nema-
tode variables: total soil nematode abundance; generic richness; abun-
dance of bacterivores, fungivores, herbivores, and omnivore-predators; 
and the ratio of fungivores/bacterivores (FF/BF) and of omnivore- 
predators/microbivores (OP/(BF + FF)). In total, 209 observations 
were obtained and evaluated in this study. The number of observations 
that related to N addition, experimental warming, elevated CO2, and 
drought were 91, 56, 47, and 15, respectively. Depending on the pub-
lication, the assembled database also included the following soil prop-
erties: pH, NH4

+ content, total N content, and soil moisture content. The 
following environmental and experimental background data were also 
included in the database: mean annual temperature (MAT), mean 
annual precipitation (MAP), N application rate, warming magnitude, 
and warming method, and experimental duration. If an experiment 
contained more than one global change factor, we only extracted data 
for a single factor in the treatment and control groups to avoid the po-
tential effects of interactions among factors. We also regarded experi-
mental results that included different ecosystem types, N addition rates, 
magnitudes of warming, CO2 increase, and precipitation alteration in 
the same study as independent observations (Lu et al., 2013). In the 
database, ecosystem types were classified as cropland, forest, grassland, 
shrubland, and tundra; N-addition forms were separated into NH4

+, 
NO3

− , NH4NO3, and urea; N-addition rates were divided into low, me-
dium, and high groups (0–5, 5–10, and >10 g N m− 2 year− 1) (Lu et al., 
2011). Warming magnitudes were grouped as low (<2 ◦C) or high 
(≥2 ◦C); warming methods were differentiated as infrared and open top 
chamber (OTC) heating; and experimental durations were divided into 
short-term (<5 years) and long-term (≥5 years). Relevant data in the 
selected publications were extracted from the presented tables or 
graphs; in the latter case, the data were digitized using GetData software 
(http://getdata-graph-digitizer.com). 
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2.2. Meta-analysis 

The meta-analysis methodology was adopted from Hedges et al. 
(1999). The natural log-transformed response ratio (lnRR) was used to 
indicate the influence of global change factors on soil nematode-related 
parameters as follows: 

lnRR= ln(Xt /Xc)= ln(Xt) − ln(Xc) (1)  

where Xt and Xc are the mean values of the corresponding parameters in 
the treatment and the control groups, respectively. The variance (v) of X 
was calculated as follows: 

v=
s2

t

ntX2
t

+
s2

c

ncX2
c

(2)  

where st and sc are the standard deviations of relevant parameters in the 
treatment and control groups, respectively, and nt and nc are the number 
of replicates in the treatment and control groups, respectively. 

When only the standard error (SE) was reported in the study, the SE 
was converted to standard deviation (SD) as follows: 

SD= SE
̅̅̅
n

√
(3) 

In addition, several studies compared the differences in soil 
nematode-related parameters across growing seasons or years. In this 
case, the mean values and SDs of the relevant parameters were calcu-
lated as follows: 

sacross measurements =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑
si2(ni − 1)

∑
(ni − 1)

√

(4)  

where si and ni are the SD and number of replicates of each measurement 
value of the relevant parameters, respectively. 

The formula for calculating the weighting coefficient wij, weighted 
response ratio (RR++), SE (S), and 95% confidence interval (CI) of RR++

have been previously described by Curtis and Wang (1998) and Luo 
et al. (2006): 

wij = 1
/

v (5)  

RR++ =

∑m

i=1

∑ki

j=1
wijRRij

∑m

i=1

∑ki

j=1
wij

(6)  

S(RR++)=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

∑m

i=1

∑ki

j=1
wij

√
√
√
√
√

(7)  

95%CI =RR++ ± 1.96S(RR++) (8) 

If the 95% CI of the weighted response ratio (RR++) of the relevant 
parameters overlapped with zero, we concluded that the parameter did 
not significantly differ between the treatment and control groups. The 
percentage of change in parameters was calculated using the formula 
[exp(RR++) − 1)] × 100%. If the frequency distribution of the weighted 
response ratio conformed to a normal distribution, a Gaussian function 
(such as the normal distribution) was used to fit the variability between 
different studies (Luo et al., 2006; Lu et al., 2013): 

y= ae
(x− μ)2

2σ2 (9)  

where y is the frequency of RR in an interval, x is the mean value of RR in 
each interval, a is the theoretically expected value of RR when x = μ, and 
μ and σ2 are the mean and coefficient of variation of the Gaussian dis-
tributions of all RR values, respectively. 

The calculation of the weighted response ratio (RR++) and the 95% 
CI of the relevant parameters was based on the mixed-effect model using 
the ‘metafor’ package (Viechtbauer, 2010). The study identity (ID) was 
included as a random factor due to multiple cases coming from the same 

Fig. 1. Locations of global change experiments used in this meta-analysis. Colors represent different global change factors (red: N addition; blue: warming; purple: 
elevated CO2; green: drought). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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study (Kinlock et al., 2018). Between-group heterogeneity tests (such as 
ecosystem types) were used to test the differences in relevant parameters 
among the different groups. General linear regression analysis was used 
to evaluate the relationship between the lnRR of soil nematode-related 
parameters and MAT, MAP, latitude, N-addition rate, pH, and other 
predictive variables. Because of the limited sample size for elevated CO2 
and drought treatments, we did not evaluate the relationship between 
the lnRR of soil nematode-related parameters and MAT, MAP, or lati-
tude. We also used the glmulti package of R to analyze possible com-
binations of the studied predictors (i.e., ecosystem types, experimental 
duration, N-addition rate and form, pH, NH4

+ content, total nitrogen, 
warming methods and magnitudes, soil moisture, MAT, MAP, and lati-
tude) in a mixed-effects meta-regression model and examined their 
relative effects on soil nematodes under N-addition and warming 
treatments (Feng and Zhu, 2019). The relative importance value for each 
predictor was equal to the sum of the Akaike weights for the models that 
included this factor, which can be considered as the overall support for 
each variable across all models. A cutoff of 0.8 was set to differentiate 
between essential and nonessential predictors (Terrer et al., 2016). 
Sigma Plot 10.0 was used to fit the Gaussian equation and Gaussian 
distribution parameters (http://www.sigmaplot.co.uk), and R software 
(v 4.0.2; http://www.r-project.org/) was used for other data analysis 
and figure creation. 

3. Results 

3.1. N effect 

N addition had no overall effect on total nematode abundance 
(Fig. 2a). In addition, the response of total nematode abundance to N 

addition was not dependent on ecosystem types or the duration of the 
treatment. However, when the data were subdivided into the forms of N 
added, it was evident that the addition of NH4NO3 decreased the total 
nematode abundance by 11% (Fig. 2a). 

In general, external N input reduced nematode generic richness by 
9% (Fig. 2b and Table S2); although generic richness was significantly 
reduced in long-term experiments (by 12%), it was not significantly 
reduced in short-term experiments. The addition of NH4

+ or NH4NO3 
significantly decreased generic richness by 20% or 7%, respectively. 
Ecosystem types did not significantly affect the response of nematode 
generic richness to N addition (Fig. 2b). 

Across all studies with N addition, the abundances of fungivores and 
omnivore-predators were significantly reduced by 14% and 26%, 
respectively (Fig. 2d, f). However, the inhibition by N addition was 
significant only for grasslands among ecosystem types and only for long- 
term experiments (≥5 years) among experimental durations. In addi-
tion, NH4NO3 significantly reduced the abundance of omnivore- 
predators by 47%, whereas other chemical forms of N had no signifi-
cant effect on the abundance of omnivore-predators (Fig. 2f). N addition 
had no overall effect on the abundances of bacterivores and herbivores 
(Fig. 2c, e); however, different types of fertilizers had different effects on 
herbivore abundance. The abundance of herbivores significantly 
decreased under NH4NO3 treatment, but significantly increased when N 
was added as NO3

− (Fig. 2e). The ratio of FF/BF declined in response to a 
high N-application rate (>10 g N m− 2 year− 1) (Fig. 2g). The ratio of OP/ 
(BF + FF) significantly declined in grasslands under N addition. The 
ratio of OP/(BF + FF) decreased in response to NH4NO3 but increased in 
response to urea. A medium rate of N-addition had the greatest negative 
effect on the ratio of OP/(BF + FF) (Fig. 2h). 

Regression analysis showed that total nematode abundance was 

Fig. 2. Responses of the abundance of total nematodes, bacterivores (BF), fungivores (FF), herbivores (PF), and omnivore-predators (OP); nematode generic richness; 
and the ratio of fungivores/bacterivores (FF/BF) and omnivore-predators/microbivores (OP/(BF + FF)) to N addition as affected by ecosystem type (cropland, forest, 
or grassland), experiment duration (<5 years or ≥ 5 years), form of N fertilizer (NH4

+, NO3
− , NH4NO3, or urea), and N application rate (0–5 g N m− 2 yr− 1; 5–10 g N 

m− 2 year− 1; >10 g N m− 2 year− 1). Error bars represent 95% confidence intervals (CIs) of the weighted response ratio. The dashed line was drawn at a weighted 
response ratio = 0. If 95% CIs did not overlap zero, the N-addition effect was considered significant. The numbers in parentheses represent the sample sizes of 
observations. *, **, and *** indicate P < 0.05, <0.01, and <0.001, respectively. 
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positively related to MAT and MAP (P < 0.01), but was negatively 
related to latitude (Fig. 3a–c). Total nematode and trophic group 
abundances were positively correlated with soil pH (P < 0.01) 
(Figs. S3a–e), but were negatively correlated with NH4

+ (Figs. S3f–j). A 
model selection analysis confirmed that N-induced changes in soil 
nematodes were best predicted by changes in NH4

+ content and soil pH 
(Fig. 4a–e). The effects of N addition on soil nematodes were also well 
explained by ecosystem types, experimental duration, N-addition rate, 
and N fertilizer form (Fig. 4a–e). 

3.2. Warming effect 

Overall, experimental warming had no significant effects on the soil 
nematode variables (Fig. 5). For total nematode abundance, only tundra 
showed a significant response (positive) to warming when the data were 
subdivided by ecosystem types. A comparison of the warming methods 
indicated that warming significantly increased total nematode abun-
dance only in greenhouses (Fig. 5a). An increase in warming of ≥2 ◦C 
resulted in significant increases in nematode generic richness (Fig. 5b). 
No significant differences were found in the responses of trophic groups 
to warming by ecosystem types, warming method, warming magnitude, 
or duration (Fig. 5c–f). Forest soil had a lower ratio of FF/BF than the 
soil of other ecosystems (Fig. 5g). Changes in the response ratio of total 
nematode abundance under warming were positively correlated with 
latitude (P < 0.001) but were not correlated with MAT or MAP (P >
0.05; Fig. 3d–f). Total nematode and trophic group abundances were 
positively correlated with soil moisture (Fig. S4). Among multiple var-
iables, the effects of warming on soil nematodes were best explained by 
soil moisture and ecosystem types (Fig. 4f–j). 

3.3. CO2 and drought effect 

Our meta-analysis for the effects of CO2 and drought focused on 
ecosystem types and experimental duration because data were inade-
quate for other experimental and environmental variables. 

On average, elevated CO2 increased total nematode abundance by 
20% (Fig. 6a). Among ecosystem types, this positive effect was signifi-
cant for croplands and grasslands. Moreover, elevated CO2 increased 
nematode abundance (specifically the total number of nematodes, fun-
givores, and herbivores) more in short-term (<5 years) than in long- 
term (≥5 years) studies (Fig. 6a). Overall, elevated CO2 significantly 
decreased nematode generic richness, and the decrease was more pro-
nounced in short-term (<5 years) than in long-term (≥5 years) studies. 
In addition, the responses of nematode generic richness to elevated CO2 
were not dependent on ecosystem types (Fig. 6b). 

With the exception of bacterivores and omnivore-predators, elevated 
CO2 had significant positive effects on the abundance of trophic groups 
across all studies (Fig. 6c, f), and significant differences were observed 
among ecosystem types. For fungivores and herbivores, the stimulation 
caused by elevated CO2 was most pronounced in croplands (Fig. 6d and 
e), whereas for omnivore-predators, the positive effects were significant 
in grasslands (Fig. 4f). Overall, the ratio of FF/BF was significantly 
increased by elevated CO2. Ecosystem types and duration had positive 
effects on the ratio of FF/BF under elevated CO2. In response to elevated 
CO2, the ratio was highest in cropland and shrubland ecosystems, and 
was higher in long-term than in short-term experiments (Fig. 6g). 

Considered on its own, drought significantly reduced total nematode 
abundance by 20% but did not influence other nematode variables 
(Fig. 7). When considered in terms of ecosystem types and experimental 
duration, however, drought had significant effects on soil nematode 
variables. Under drought treatments, total nematode abundance and 
generic richness significantly decreased in croplands (Fig. 7a and b); the 

Fig. 3. Relationships between the response ratio (RR) for nematode abundance under N addition (a–c) and warming (d–f) with environmental factors, including 
mean annual temperature (MAT), mean annual precipitation (MAP), and latitude. The grey area represents the 95% confidence interval. “ns” indicates not sig-
nificant. Colors represent ecosystem types. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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abundance of bacterivores and fungivores significantly increased in 
grasslands (Fig. 7c and d); the abundance of bacterivores significantly 
decreased in croplands (Fig. 7c); the abundance of fungivores signifi-
cantly decreased in croplands and shrublands (Fig. 7d); and the abun-
dance of omnivore-predators significantly decreased in grasslands and 

croplands (Fig. 7f). In addition, generic richness and the abundance of 
omnivore-predators tended to be greater in short-term than in long-term 
studies (Fig. 7b, f). 

Fig. 4. Model-averaged importance of the predictors of the effects of N addition (a–e) and warming (f–j) on the abundances of total nematodes, bacterivores (BF), 
fungivores (FF), herbivores (PF), and omnivore-predators (OP). MAT, mean annual temperature; MAP, mean annual precipitation; TN, total nitrogen. The importance 
value was based on the sum of Akaike weights derived from model selection using corrected Akaike’s information criteria. Cutoff was set at 0.8 to differentiate 
between essential and nonessential predictors. 

Fig. 5. Responses of the abundance of total nematodes, bacterivores (BF), fungivores (FF), herbivores (PF), and omnivore-predators (OP); nematode generic richness; 
and the ratios of fungivores/bacterivores (FF/BF) and omnivore-predators/microbivores (OP/(BF + FF)) to warming as affected by ecosystem type (cropland, forest, 
grassland, shrubland, or tundra), experiment duration (<5 years or ≥ 5 years), warming method (greenhouse, infrared heaters, or open-top chambers [OTC]), and 
warming magnitude (<2 ◦C and ≥2 ◦C). Error bars represent 95% confidence intervals (CIs) of the weighted response ratio. The dashed line was drawn at a weighted 
response ratio = 0. If 95% CIs did not overlap zero, the N-addition effect was considered significant. The numbers in parentheses represent the sample sizes of 
observations. *, **, and *** indicate P < 0.05, <0.01, and <0.001, respectively. 
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Fig. 6. Responses of the abundance of total nematodes, bacterivores (BF), fungivores (FF), herbivores (PF), and omnivore-predators (OP); nematode generic richness; 
and the ratio of fungivores/bacterivores (FF/BF) and omnivore-predators/microbivores (OP/(BF + FF)) to elevated CO2 as affected by ecosystem type (cropland, 
forest, grassland, or shrubland) and experiment duration (<5 years or ≥ 5 years). Error bars represent 95% confidence intervals (CIs) of the weighted response ratio. 
The dashed line was drawn at a weighted response ratio = 0. If 95% CIs did not overlap zero, the N-addition effect was considered significant. The numbers in 
parentheses represent the sample sizes of observations. *, **, and *** indicate P < 0.05, <0.01, and <0.001, respectively. 

Fig. 7. Responses of the abundance of total nematodes, bacterivores (BF), fungivores (FF), herbivores (PF), and omnivore-predators (OP); nematode generic richness; 
and the ratio of fungivores/bacterivores (FF/BF) and omnivore-predators/microbivores (OP/(BF + FF)) to drought as affected by ecosystem type (cropland, forest, 
grassland, or shrubland) and experiment duration (<5 years or ≥ 5 years). Error bars represent 95% confidence intervals (CIs) of the weighted response ratio. The 
dashed line was drawn at a weighted response ratio = 0. If 95% CIs did not overlap zero, the N-addition effect was considered significant. The numbers in parentheses 
represent the sample sizes of observations. *, **, and *** indicate P < 0.05, <0.01, and <0.001, respectively. 
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4. Discussion 

4.1. Negative responses to N addition 

Our meta-analysis revealed that N input reduced the abundance and 
richness of soil nematodes. The negative responses of soil nematodes 
were well explained by soil pH and NH4

+ content. It is generally 
acknowledged that N addition can have opposing effects on soil nema-
tode abundance: N addition can increase nematode abundance by 
increasing N availability, but can also reduce nematode abundance by 
lowering the soil pH (Chen et al., 2015). Our finding of negative re-
sponses has at least three possible explanations. First, soil acidification 
caused by N addition can reduce a major food resource (microbial 
biomass) for soil nematodes (Wu et al., 2019; Pan et al., 2020). The 
abundances of bacterivorous and fungivorous nematodes are usually 
controlled by bottom-up forces, that is, by the abundances of bacteria 
and fungi (Bardgett and Wardle, 2010). The decrease in the abundances 
of the bacterivores and fungivores caused by N addition may be related 
to a reduction of bacterial and fungal biomass (Zhang et al., 2018). 
Contrary to our expectations, however, the abundance of bacterivores 
did not significantly change with N addition. Similarly, in terms of food 
resources, a decrease in omnivore-predators has been related to de-
creases in bacterivores and fungivores (Chen et al., 2015). Second, soil 
acidification caused by N enrichment may reduce the concentrations of 
base cations (Ca2+, Mg2+, and K+) and increase the concentrations of 
Al3+ and Mn2+; the latter can cause the abiotic environment to become 
toxic to soil nematodes (Shi et al., 2016). Third, soil acidification can 
increase the release of ammonia, which is toxic to nematodes (Wei et al., 
2012). In our study, N addition did not affect the abundance of her-
bivorous nematodes, and it is possible that the positive effects of plant C 
input on herbivores were offset by the negative effects of decreased base 
mineral cations caused by soil acidification and the toxic effects of 
ammonia (Chen et al., 2015). 

Our results indicated that the experimental variables (i.e., ecosystem 
types, N application rate and form, and experimental duration) and the 
environmental factors (i.e., latitude, MAT, and MAP) may affect the 
response of soil nematodes to N addition. The analysis showed that the 
effects of N addition differed among grasslands, forests, and croplands, 
with the strongest negative responses in grasslands. Nutrient supplies in 
grasslands are usually low in part because grazing and mowing remove 
nutrients, and a low level of long-term N deposition can cause eutro-
phication and acidification of grassland soils (Tian and Niu, 2015). This 
may account for our finding that soil nematode variables were more 
sensitive to high than to low N-addition rates (Figs. 2 and 4). 

We found that the negative effect of N addition on the generic 
richness of soil nematodes increased with experimental duration. This 
may be because the negative effects of increases in concentrations of H+, 
NH4

+, Al3+, and Mn2+, and of decreases in the concentrations of Ca2+, 
Mg2+, and K+ on soil organisms increased with time (Shi et al., 2016). 
N-addition form also affected the response of soil nematodes to N 
addition. In our meta-analysis, NH4NO3 was the most frequently used 
form of added N, and had the greatest negative effect among N forms on 
soil nematodes. Another global-scale study also revealed that, compared 
to other N forms, NH4NO3 caused the greatest reduction in soil pH (Tian 
and Niu, 2015). 

We also found that the decrease in soil nematode abundance caused 
by N addition was negatively correlated with latitude (Fig. 3c), perhaps 
because as latitude increases, plants are increasingly limited by N 
availability (Xia and Wan, 2008) and tend to allocate more C to their 
root systems. However, N enrichment significantly increased soil N 
availability and reduced belowground C allocation (Lu et al., 2011), 
thereby reducing food resources for soil nematodes. Consequently, N 
addition in high-latitude regions may not favor the growth of soil 
nematodes. In addition, high-latitude areas with low temperature are 
more likely to inhibit soil nematodes than low-latitude areas (Huang 
et al., 2021). The response of soil nematode abundance to N addition 

was positively correlated with both MAT and MAP (Fig. 3a and b), 
suggesting that MAT and MAP may affect the relationship between 
latitude and soil nematode abundance. 

The significant decrease in the ratio of OP/(BF + FF) under N 
addition in grasslands suggested that N addition increased environ-
mental stress and reduced the diversity and the connectivity of the soil 
micro-food web in that type of ecosystem (Ferris et al., 2001). NH4NO3 
was the most frequently used form of N, and its long-term application 
will likely reduce the stability and connectivity of the soil micro-food 
web. Other forms of N, however, have only been infrequently studied, 
which indicates that inferences regarding the effects of N form should be 
made with caution. We also found that high N-addition rates reduced the 
ratio of FF/BF, suggesting that high N-addition rates shifted energy and 
material flows toward the bacterial rather than the fungal energy 
channel. Our meta-analysis therefore suggested that future climatic 
conditions involving high N-addition rates would cause soil micro-food 
webs to become “degraded” and “stressed”. 

4.2. Minor responses to warming 

Our study showed that experimental warming had minor effects on 
soil nematodes, although warming can promote photosynthesis (Luo 
et al., 2001) and generally increases soil nematode abundance. How-
ever, warming is also known to have adverse effects on soil nematodes 
resulting from environmental pressures, such as warming-induced de-
creases in soil water content (Bakonyi and Nagy, 2000; Thakur et al., 
2017). For example, our results suggested that the effects of warming on 
soil nematodes were best explained by soil moisture (Fig. 4f–j). A 
possible explanation for our findings of only minor effects of warming on 
soil nematodes may be that the positive effects on plant growth were 
offset by the negative effects on soil moisture under warming. Moreover, 
soil nematodes can tolerate heat stress generated by a temperature in-
crease of 2–3 ◦C (McSorley, 2003; Darby et al., 2011). In our 
meta-analysis, the elevated temperature in most experiments was <2 ◦C, 
such that the warming effect may not have been sufficient to affect the 
nematode variables. 

The response of soil nematodes to warming was affected by 
ecosystem types, warming method and magnitude, and latitude. The 
warming effect on soil nematodes may be amplified toward the polar 
regions because polar ecosystems are often limited by temperature (van 
Gestel et al., 2020). Because temperature has an exponential relation-
ship with the rates of embryogenesis, development, and growth of some 
nematodes, increases in temperature can directly change nematode life 
cycles (Ruess et al., 1999). However, the warming-induced increase in 
microbial nutrient utilization and turnover rate could increase microbial 
biomass and plant-derived input of C into the soil, which may increase 
the food supply for soil nematodes and indirectly increase their abun-
dance (Lu et al., 2013). In addition, the only nematode variable signif-
icantly reduced by warming was the ratio of FF/BF in forests, which may 
indicate that the changes in the structure of soil micro-food webs are 
more sensitive to warming in forests than in other ecosystems. 

MAT and MAP are considered as important environmental factors 
that affect nematodes (Nielsen et al., 2014). Unexpectedly, we did not 
find correlations between soil nematode abundance and these two 
environmental variables under warming treatments. Previous 
global-scale research has shown that the influence of climate on nema-
tode abundance is not direct but is indirect via climate-induced changes 
in soil characteristics (van den Hoogen et al., 2019). We also have found 
that the response ratio of total nematode abundance was positively 
correlated with latitude under warming conditions, because the growth 
rate of soil nematodes at high latitudes is relatively slow (Overhoff et al., 
1993). 

4.3. Elevated CO2 and drought effects 

Overall, our meta-analysis showed that elevated CO2 concentration 
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increased soil nematode abundance and changed the soil micro-food 
web. There are two possible reasons for a positive response to 
elevated CO2 levels. First, an increase in CO2 concentration generally 
reduces the stomatal conductance of plants, resulting in less water up-
take from the soil and increases in the soil water content. Second, 
elevated CO2 may increase aboveground productivity (Needham et al., 
2020), thereby increasing litter production. The latter could potentially 
increase the abundance of bacteria and fungi, thus increasing the 
availability of important food resources for soil nematodes. However, 
we found that the abundance of bacterivorous nematodes was not 
significantly influenced by elevated CO2, possibly because certain 
nematode taxa are more tolerant than others to climate and environ-
mental changes. Therefore, climate change may not consistently 
enhance the abundance of each trophic group (Okada et al., 2014). 
Under elevated CO2, the increased ratio of FF/BF suggested that energy 
fluxes shifted towards greater fungal dominance. This confirmed that 
elevated CO2 stimulated fungivores more than bacterivores. The reason 
may be that more available CO2 for photosynthesis could increase root 
production and promote fungi (Dam et al., 2017). 

Ecosystem types and duration may potentially affect the response of 
soil nematodes to elevated CO2. We found that total nematode abun-
dance was more sensitive to elevated CO2 in croplands and grasslands 
than in forests, perhaps because forests are more resistant to environ-
mental change than croplands and grasslands (De Keersmaecker et al., 
2015). Although we found that generic richness significantly decreased 
under CO2-enrichment treatments, this finding was based on a limited 
number of studies, and additional research is needed to validate this 
negative effect across different ecosystems. With future increases in at-
mospheric CO2 levels, the decomposition pathway of the soil food web is 
likely to be dominated by fungi (Ferris and Matute, 2003). The abun-
dance of total nematodes, fungivores, and herbivores, and the ratio of 
FF/BF were significantly increased in response to elevated CO2 in both 
long-term and short-term experiments, suggesting that soil nematodes 
are sensitive to elevated CO2. 

Surprisingly, trophic groups of soil nematodes showed only a minor 
negative response to drought in our meta-analysis. Drought-induced soil 
moisture loss can affect soil nematodes via both direct and indirect 
pathways. Soil nematodes rely on a water film to move through the soil 
and are extremely sensitive to changes in soil water content (Landesman 
et al., 2011). In addition to directly affecting nematode reproduction 
and development (Bardgett and Wardle, 2010), soil water content may 
indirectly affect nematodes by affecting microorganisms and plants 
(Hawkes et al., 2011). 

The responses of nematode variables (i.e., the abundances of total 
nematodes, bacterivores, and omnivore-predators, generic richness, the 
ratio of FF/BF, and the ratio of OP/(BF + FF)) to drought were more 
significant in croplands than in other ecosystems and in short-term than 
in long-term experiments. However, due to the small sample size of 
studies used in our meta-analysis, there remains uncertainty about the 
responses of nematodes to drought across ecosystem types and treat-
ment durations. Further studies are needed to confirm the mechanisms 
underlying these responses. 

4.4. Implications and future improvements 

Our meta-analysis showed that the effects of global change factors on 
soil nematodes were not always negative. For example, N addition and 
drought had substantial negative effects on nematode communities, but 
warming and drought had only minor effects, and elevated CO2 had 
positive effects. Overall, our findings indicate that the responses of soil 
nematodes to global changes differ among the global change factors, i.e., 
nematodes are most sensitive to N addition and elevated CO2 and are 
least sensitive to warming. Given the small number of studies for certain 
combinations of environmental and experimental variables, however, 
we suggest that additional studies are needed on the effects of future 
global changes on soil nematodes. We also suggest that understanding 

the effects of global change on soil nematodes requires additional 
research on multiple trophic levels, including plants, soil microorgan-
isms, and nematodes. Finally, the interactive effects of global change 
factors on soil nematodes could not be assessed in our meta-analysis 
because too few data were available, additional experiments are there-
fore needed in the future. 
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