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A B S T R A C T   

Livestock grazing and atmospheric nitrogen (N) deposition have been reported as important factors affecting soil 
communities. However, how different large herbivore grazing and N addition may interact to affect soil biota in 
grassland ecosystems is unclear. Nematodes are the most abundant metazoan in soil ecosystems, play critical 
roles in regulating carbon and nutrient dynamics, and are valuable bioindicators. We examined the independent 
and interactive effects of grazing regimes (no grazing; sheep grazing; cattle grazing; mixed grazing of sheep and 
cattle) and N addition (ambient N; N addition) on soil nematodes in a meadow steppe. We found that grazing and 
N addition interacted to influence total nematode abundance, trophic group abundance, generic richness, di-
versity and several nematode-based indices (maturity index, channel ratio, enrichment index). In cattle grazing 
treatment, N addition significantly increased total nematode abundance, and the abundance of bacterial feeders, 
plant feeders, and omnivore-predators, and generic richness. By contrast, in the sheep and mixed grazing 
treatments, N addition had a negative effect on the same variables. Moreover, N addition reduced nematode 
maturity, enrichment and structure indices, and enhanced nematode channel ratio, in most grazing treatments, 
except mixed grazing where N addition had no effect on these variables. Structural equation modeling (SEM) 
revealed that N addition indirectly reduced nematode abundance and richness through increased soil NO3

− -N 
content, whereas the effects of grazing were associated with increased relative biomass of grasses. Our results 
suggested that the response of soil nematodes to N addition strongly depended on herbivore assemblages. Ni-
trogen addition enhanced soil nematode diversity and maintained a relatively complex and mature soil food web 
in the presence of cattle rather than sheep grazing. Furthermore, our study highlighted that under N deposition, 
cattle grazing could benefit the soil nematode community.   

1. Introduction 

Nematodes are a crucial component of terrestrial ecosystems and are 
the most abundant and diverse animals in soil (Bardgett and van der 
Putten, 2014). They make up four-fifths of all animals on earth (Lor-
enzen, 1994), and occupy most of the vital positions in soil food web 
(Yeates et al., 1993; Bongers and Bongers, 1998). Soil nematodes play 
critical roles in maintaining soil biodiversity and regulating organic 
matter decomposition and nutrient mineralization (Hunt and Wall, 
2002; Ferris, 2010; Nielsen et al., 2015), and are used as indicators of 

environmental conditions (Bongers and Ferris, 1999). Therefore, it is 
imperative to understand how soil nematodes are affected by environ-
mental changes, especially the potential mechanisms for assessing ef-
fects of land management practices and global change on terrestrial 
ecosystems. Grassland is the largest managed ecosystem of terrestrial 
ecosystems and supports a great abundance and diversity of soil nema-
todes (Ettema and Yeates, 2003). However, the effects of land man-
agement and global change on nematode communities in grassland 
ecosystems remain poorly understood. 

Grassland ecosystems cover about 40% of Earth’s terrestrial surface 
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area and are beneficial to ecosystem services, including biodiversity 
conservation and carbon sequestration (White et al., 2000; Lorenz and 
Lal, 2018; Wang et al., 2018). Livestock grazing is the most extensive 
land management practice in grassland ecosystems (Asner et al., 2004) 
and has profound effects on the structure and functions of ecosystems 
(Ritchie, Tilman and Knops, 1998; Bardgett and Wardle, 2003; Filazzola 
et al., 2020). Previous studies have suggested that grazing affected 
nematode communities through altering plant characteristics and soil 
properties (Bardgett and Wardle, 2003; Veen et al., 2010; Chen et al., 
2013; Andriuzzi and Wall, 2017). Grazing may alter plant biomass, 
species composition and plant nutrient content, thereby affecting root 
exudates and the quality and quantity of litter (Olff and Ritchie, 1998; 
Wang et al., 2010; Frank et al., 2018) that in turn can impact soil 
nematode communities (Veen et al., 2010). Selective foraging can also 
influence plant diversity through suppression of dominant plant species 
or a loss of rare plant species, thus altering the abundance and diversity 
of soil nematodes (Crawley, 1983; Eisenhauer et al., 2013). In addition, 
grazers influence the composition and distribution of resources through 
deposition of urine and faeces (Liu et al., 2018), which can create hot-
spots of microbial activity and enhance the abundance and biomass of 
microbial feeding nematodes (Wang et al., 2006). Grazing by multiple 
herbivores is common in natural grasslands, and it has been shown that 
the effect of herbivores on grassland ecosystems differ substantially 
based on feeding preferences and size (Liu et al., 2015a; Chang et al., 
2018; Wang et al., 2019). Yet, few studies have considered how different 
herbivore assemblages affect belowground communities. 

Terrestrial ecosystems are subjected to global change, such as at-
mospheric nitrogen (N) deposition caused by fossil fuels burning and 
fertilizer application (Eisenhauer et al., 2012). Atmospheric N deposi-
tion has increased to 19.6 ± 2.5 TgN yr− 1 and is predicted to increase 
further in China (Galloway et al., 2008; Yu et al., 2019). High N inputs 
can have a strong impact on plant community dynamics and soil prop-
erties (Bobbink et al., 2010; Du et al., 2014; Maaroufi et al., 2015; Yang 
et al., 2018). Nitrogen addition can also alter belowground communities 
by affecting plant and soil characteristics. There is growing evidence 
that N addition generally has a negative effect on the abundance and 
diversity of soil nematodes (Sarathchandra et al., 2001; Liu et al., 2019). 
This is because N enrichment tends to increase availability of nitrogen, 
inducing ammonium and aluminum toxicity to the detriment of soil 
nematode communities (Shao et al., 2012; Wei et al., 2012). Nitrogen 
addition can also cause soil acidification, which results in decreasing 
concentrations of soil base mineral cations and suppression soil mi-
crobes, thus affecting the physiological capabilities of soil nematodes 
and reducing nematode food resources (Van den Berg et al., 2005; Chen 
et al., 2015). In contrast, N addition can increase nematode abundance 
and diversity through increasing plant biomass and belowground carbon 
allocation and alleviating the carbon limitation for nematode commu-
nities (Lebauer and Treseder, 2008; van der Wal et al., 2009). Although 
the response of soil biota to N addition was well documented, it remains 
unknown how herbivore assemblages and N addition may interact to 
affect soil communities. In particular, there is a lack of experiments that 
simultaneous manipulate grazing and N addition treatments in grass-
lands. A strong interaction between N addition and herbivore assem-
blage composition is expected that herbivores have different nutrient 
requirements (Liu et al., 2015a) and N addition could improve plant 
nutrient content and thus alter belowground resource inputs (Bobbink 
et al., 2010). 

Our aim was to examine how grazing regimes and N addition in-
fluence soil nematode communities, and assess the relationships be-
tween environment variables and soil nematodes. Specifically, we 
wanted to address the following questions: (a) How do different grazing 
regimes affect soil nematode communities? (b) Do the impacts of N 
addition on nematodes differ among grazing treatments? (c) How do 
grazing and N addition influence soil nematodes directly and indirectly 
through altering plant community and soil properties? 

2. Materials and methods 

2.1. Study site 

Our experiment was carried out in a meadow steppe in Ewenke of 
Hulunber, Inner Mongolia, China (48◦43́ N, 119◦55́ E). The site is 
characterized by semi-arid continental climate, annual mean tempera-
ture from − 2.4 to 2.2 ◦C and annual precipitation from 250 to 350 mm. 
The soil type is dark chestnut. A site with relatively homogenous vege-
tation and a history of moderate grazing intensity was enclosed to 
prohibit livestock grazing in 2012 (Zhang et al., 2020). The average 
annual dry and wet N deposition at the experimental site is approxi-
mately 8.5 kg N ha− 1 year− 1 (Liu et al., 2015b). The vegetation is 
dominated by Stipa baicalensis Roshev. Other common species were 
found at the site including the grass Leymus chinensis Tzvel., the sedge 
Carex pediformis C. A. Mey., the legume Melissitus ruthenicus Peschkoua. 
and Lespedeza davurica Schindl., and the forb Filifolium sibiricum Kitam. 
and Artemisia frigida Willd (Zhang et al., 2020). 

2.2. Experimental design and measurements 

A long-term grazing and N addition experiments were conducted 
with a split-plot design in randomized blocks in June 2013, with grazing 
treatment as the main plot factors and N treatment as subplot factors 
(Fig. S1). Three replicate blocks were randomly allocated within the 
study site, and each block containing four main plots for grazing ex-
periments (no grazing, NG; sheep grazing, SG; cattle grazing, CG; mixed 
grazing of sheep and cattle, MG) and two subplots within each main plot 
for N treatments (ambient N and N addition). The no-grazing and single- 
species grazing plots were 50 × 50 m in size while mixed-grazing plots 
were 50 × 100 m to maintain comparable stocking rates between single- 
species grazing and mixed-grazing. Six 4 × 4 m subplots were estab-
lished within each of the no-grazing and single-species grazing plots to 
assess the effects on N addition, with three control subplots and three N 
addition subplots. Twelve plots were established within each mixed- 
grazing plot, with six assigned to the N addition treatment, given the 
larger area used for the mixed-grazing treatment. The subplots with N 
treatments in each grazing plot were still grazed by sheep or cattle 
grazing during 2013–2014. 

All grazing treatments were maintained at moderate grazing in-
tensity. Thirty adult Ujumuqin sheep (body weight 31.3 ± 1.2 kg, mean 
± SE) and six adult Mongolian cattle (body weight 413.3 ± 11.2 kg, 
mean ± SE) were arranged in grazing plots. Grazing experiments were 
implemented from June to August of each year, twice a day from 05:00 
to 07:00 and from 15:00 to 17:00. Nitrogen was added as ammonium 
nitrate aqueous solution at a rate of 5 g N m− 2 year− 1 in spring each 
year, which is lower than airborne nutrient deposition in Northern 
China. 

Vegetation surveys were conducted in mid-August 2014. Twelve 0.5 
× 0.5 m quadrats were arranged along two 100-m cater-corner transects 
in each main plot and two were randomly placed in each subplot. Plant 
species richness was represented by the number of plant species within 
six quadrats of main plots and subplots. The plant species diversity was 
estimated using Shannon-Weiner diversity index: H’ = -

∑
Pi ln (Pi), 

where Pi is the proportional abundance of species i. Plant shoot biomass 
was determined by clipping aboveground living plants of each quadrate, 
and then drying to constant weight at 65 ◦C and weighing. Plant root 
biomass was collected with one soil core (diameter 10 cm, depth 30 cm) 
from per quadrat. Roots were rinsed by placing them under running 
water over a 1 mm screen, oven-dried at 70 ◦C to constant weight, and 
weighed. 

Soil samples were collected in mid-August 2014. A composite sample 
of three soil cores with a diameter of 2 cm and a depth of 15 cm was 
taken within and outside each N addition subplot after removing litter, 
respectively. In each MG plot, the soil cores were randomly selected 
from three N treatment subplots. Thus, six soil samples were obtained in 
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each grazing plot, resulting in a total of 72 samples, 3 replicate blocks ×
4 grazing treatments × 2 N treatments × 3 soil samples. The moist soil 
was separated into two parts after passing through a 2 mm mesh. One 
part was kept at 4 ◦C until nematode extraction and soil moisture, nitrate 
concentration (NO3

− -N), and ammonium concentration (NH4
+-N) mea-

surement. The other part was air-dried to determine total carbon, total 
nitrogen, pH and electric conductivity. Soil moisture content was 
measured as mass loss by drying 10 g moist soil at 105 ◦C until constant 
weight. Soil NH4

+-N and NO3
− -N were measured by dissolving 10 g fresh 

soil in 50 mL of 2 mol L− 1 KCl, and the concentration was subjected to 
analysis using flow analyzer (Alliance Flow Analyzer; Futura, Frépillon, 
France). We determined soil total carbon and total nitrogen using an 
automated element analyzer (Vario EL cube, Elementar Analy-
sensysteme GmbH, Hanau, Germany). Soil C:N ratio was calculated as 
the ratio of total C to N. Soil pH and electrical conductivity were 
measured by using a pH and conductivity meter in 1:2.5 (soil:water) 
suspension. 

Nematodes were extracted from 50 g fresh soil for 48 h following 
modified Baermann funnel method (Barker, 1985), and then heat-killed 
at 65 ◦C, fixed in 4% formalin solution, counted and identified. The first 
100 nematodes, or all nematodes in samples with less than 100 in-
dividuals, were identified to genus with a microscope. Nematodes were 
assigned to four feeding groups, including plant-feeders (PF), fungal- 
feeders (FF), bacterial-feeders (BF) and omnivores-predators (OP) 
(Yeates et al., 1993). The nematode generic richness was estimated ac-
cording to the following formula: R = (S-1)/ln(N), where S is the total 
number of nematode taxa and N is the total number of nematodes. 
Shannon-Weiner diversity index was applied as plant diversity (Yeates 
and Bongers, 1999). Nematode maturity index, channel ratio, enrich-
ment and structure indices were calculated to assess the responses of soil 
food web to resource and disturbance (Bongers, 1990; Ferris et al., 2001; 
Yeates, 2003). 

2.3. Statistical analyses 

We tested the influences of grazing regimes, N and their interaction 
on the soil, plant and nematode characteristics using mixed-effects 
model, with grazing and N as fixed factors and block as a random fac-
tor. Significant differences among grazing treatments were analyzed 
post hoc with Tukey’s multiple comparison. 

Piecewise structural equation modelling (SEM) was performed to 
distinguish between the direct impacts of grazing and N addition on 
nematodes and indirect effects by changing soil and plant variables 
(Lefcheck, 2016). According to a priori and theoretical knowledge, the 
SEM was carried out with the specification of a conceptual model of 
hypothetical relationships (Grace, 2006). The initial model included 
paths from N and grazing to soil NO3

− -N, C:N ratio and relative biomass 
of grasses, from soil NO3

− -N, C:N ratio and relative biomass of grasses to 
nematode abundance and richness, and from nematode abundance to 
richness (Fig. S2, Supporting Information). The fit of the models was 
measured by the Shipley’s test of d-separation and Akaike information 
criterion (AIC) (Grace, 2006; Lefcheck, 2016). According to modifica-
tion indices, the path from relative biomass of grasses to soil C:N ratio 
was added to the model, and the nonsignificant path from relative 
biomass of grasses to nematode abundance was removed from the 
model. The final test of d-separation (Fisher’s C = 20.40, P = 0.12) 
showed a good model fit. Redundancy analysis (RDA) was conducted to 
explore the correlation between the abundance of nematode genera and 
environmental factors (plant characteristics; soil properties). Monte 
Carlo permutation test was used to evaluate relationships between 
nematodes and environmental factors. 

All data were analyzed using R version 4.0.2 (R Development Core 
Team, 2013). A low probability value (P < 0.05) suggests that the an-
alyses have a statistical significance. The mixed-effects model analysis 
was done using the ‘nlme’ package (Pinheiro et al., 2018), the SEM using 
the “piecewiseSEM” packages and the RDA using the ‘vegan’ package 

(Lefcheck, 2016; Oksanen et al., 2015). 

3. Results 

3.1. Effects of grazing and N addition on soil and plant characteristics 

Grazing significantly affected plant richness, shoot biomass and the 
relative biomass of grasses, and N addition affected the relative biomass 
of grasses and root biomass (Table 1, S1). Grazing and N addition 
interactively affect soil moisture, C:N ratio, NH4

+-N, NO3
− -N, total ni-

trogen and plant shoot biomass. In the NG and CG treatments, N addition 
significantly decreased soil moisture, soil total nitrogen and the relative 
biomass of grasses, and increased soil C:N ratio. In the SG and MG 
treatments, N addition reduced plant richness and shoot biomass, but 
did not affect soil C:N ratio. Soil NO3

− -N and NH4
+-N were significantly 

increased by N addition in all grazing treatments (Fig. 1). Without N 
addition, grazing treatment had little influence on most soil and plant 
variables except that SG and CG significantly decreased shoot biomass. 
With N addition, SG significantly increased soil moisture, NO3

− -N and 
NH4

+-N, and decreased soil C:N ratio. CG significantly increased soil C:N 
ratio and decreased soil total nitrogen. Plant richness was decreased and 
the relative biomass of grasses was increased by MG treatment. All 
grazing treatments decreased plant shoot biomass compared with no 
grazing in the plots with and without N addition plots (Fig. 1). 

3.2. Effects of grazing and N addition on nematode communities 

Grazing significantly influenced total nematode abundance, and the 
abundance of PF, BF and OP, and generic richness, Shannon-Wiener 
diversity and maturity index. Nitrogen addition affected almost all 
nematode variables except fungal-feeders and structure index (Table 1). 
Grazing and N addition had an interactive effect on the abundance of 
total nematodes and different trophic groups, generic richness, maturity 
index, channel ratio and enrichment index. Nitrogen addition signifi-
cantly increased total nematode abundance, BF, PF and OP abundance, 
and generic richness in CG treatment, whereas decreased them in SG and 
MG treatments (Figs. 2 and 3). Nitrogen addition reduced nematode 

Table 1 
Two-way ANOVA testing the effects of grazing (G), N addition (N) and their 
interaction (G × N) on soil (moisture, C:N ratio, ammonium concentration, ni-
trate concentration and total nitrogen), plants (species richness, shoot biomass 
and relative biomass of grasses), nematodes (total abundance, generic richness, 
Shannon-Wiener diversity, channel ratio, maturity index, enrichment index and 
structure index) and different trophic group abundance (plant-feeders, fungal- 
feeders, bacterial-feeders and omnivores-predators).   

Response variables G N G × N 

Soil Moisture  9.775***  3.562  9.743*** 

C:N ratio  16.451***  43.860***  11.725*** 

NH4
+-N  22.420***  25.122***  11.025*** 

NO3
− -N  18.306***  18.796***  8.531**  

Total nitrogen  14.533***  43.304***  12.519*** 

Plants Species richness  4.960*  1.264  1.768 
Shoot biomass  32.682***  2.445  8.592* 
Relative biomass of 
grasses  

9.371**  10.547**  3.202 

Nematode 
communities 

Total abundance  34.631***  60.516***  48.485*** 

Generic richness  12.856***  10.031**  15.946*** 

Shannon-Wiener 
diversity  

13.031***  7.060*  27.431*** 

Maturity index  9.598**  9.560**  10.355*** 

Channel ratio  3.315  55.738***  10.230*** 

Enrichment index  0.680  48.787***  10.396*** 

Structure index  1.528  0.025  0.650 
Trophic group 

abundance 
Plant-feeders  40.559***  88.637***  51.259*** 

Fungal-feeders  0.742  1.425  3.390** 

Bacterial-feeders  28.390***  49.639***  40.103*** 

Omnivore-predators  15.618***  30.749***  22.938*** 

*P < 0.05, **P < 0.01, ***P < 0.001. 
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maturity index, enrichment index and structure index and enhanced 
nematode channel ratio in most grazing treatments, except under MG 
treatment, in which N addition had no effect on these variables (Fig. 2). 
In ambient N treatment, CG and MG significantly decreased total nem-
atode abundance, generic richness and diversity, and all grazing treat-
ments decreased BF and OP abundance (Fig. 2a,2b,2c,3). SG markedly 
reduced the channel ratio and enrichment index while MG significantly 
decreased the maturity, enrichment and structure indices 

(Fig. 2d,2e,2f,2g). In contrast, with N addition, CG increased total 
nematode abundance, every trophic group abundance, generic richness 
and Shannon-Wiener diversity. Moreover, total nematode abundance, 
BF, PF and OP abundance, generic richness were lower in CG plots than 
in the other grazing treatments under without N addition conditions, 
and were higher in CG with N addition (Figs. 2a,2b,2c,3). The maturity 
index was significantly higher in all grazing treatments. 

Fig. 1. Effects of different grazing treatments (G), N addition (N) and their interaction (G × N) on soil characteristics, soil moisture (a), soil C:N ratio (b), soil NO3
− -N 

(c), soil NH4
+-N (d) and soil total nitrogen (e), and plant communities, plant species richness (f), shoot biomass (g) and relative biomass of grasses (h). Different 

grazing treatments include no grazing (NG), sheep grazing (SG), cattle grazing (CG), mixed grazing (MG) by sheep and cattle and N addition treatments include 
ambient N and N addition. Values are means ± SE. Different lowercase letters and capital letters represent significant differences among grazing treatments under 
ambient N and N addition (P < 0.05), respectively. Asterisks indicate significant differences at different N levels (*P < 0.05, **P < 0.01, ***P < 0.001, ns P > 0.05). 
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3.3. Relationships between nematodes and environmental factors 

Redundancy analysis showed that there was a strong relationship 
between the abundance of nematode genera and environmental pa-
rameters based on the results of the Monte Carlo permutation tests for 
the first canonical axes (F = 6.740, P = 0.002) and all canonical axes (F 
= 1.574, P = 0.003) (Fig. 4). Relative biomass of grasses, plant shoot 
biomass, soil total nitrogen, soil total carbon, soil NO3

− -N and NH4
+-N 

were found be significantly related to nematode community composi-
tion. The plant-feeding nematodes Tylenchorhynchus were positively 
correlated with the relative biomass of grasses, and other plant-feeding 

nematodes Helicotylenchus, Coslenchus, Tylenchus and Boleodorus were 
positively correlated with soil NO3

− -N and NH4
+-N. The omnivore- 

predators Mononchus and Aporcelaimus were positively correlated with 
plant shoot biomass. The fungal-feeders Filenchus and bacterial-feeding 
nematodes Eucephalobus were positively correlated with soil total ni-
trogen and soil total carbon, respectively. The final SEM showed that 
grazing indirectly decreased nematode abundance and richness through 
an increase in the relative biomass of grasses and a decrease in soil C:N 
ratio. Nematode abundance was positively associated with soil C:N ratio 
and negatively associated with the relative biomass of grasses. Nitrogen 
addition reduced nematode abundance and richness mainly through 

Fig. 2. Effects of different grazing treatments (G), N addition (N) and their interaction (G × N) on total nematode abundance (a), generic richness (b), Shannon- 
Wiener diversity (c), maturity index (d), channel ratio (e), enrichment index (f) and structure index (g). Different grazing treatments include no grazing (NG), 
sheep grazing (SG), cattle grazing (CG), mixed grazing (MG) by sheep and cattle and N addition treatments include ambient N and N addition. Data are presented as 
means ± SE. Different lowercase letters and capital letters express significant differences among grazing treatments under ambient N and N addition (P < 0.05), 
respectively. Asterisks indicate significant differences at different nitrogen levels (*P < 0.05, **P < 0.01, ***P < 0.001, ns P > 0.05). 
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increasing soil NO3
− -N concentration (Fig. 5). 

4. Discussion 

4.1. Effects of large herbivore grazing on nematode communities 

Our results demonstrated that the effect of grazers on soil nematodes 
strongly depend on herbivore assemblages. The presence of cattle 
significantly decreased total nematode abundance, the abundance of 
bacterial-feeders, plant-feeders and omnivore-predators, generic rich-
ness and diversity and cattle grazing had greater negative effects than 
sheep grazing in ambient N plots (Figs. 2, 3). This is likely because cattle 
need more resources to meet their energy requirements, which results in 
greater consumption of plant tissues reducing plant biomass and 
resource allocation belowground, thereby decreasing nematode abun-
dance (Fig. 1g). Large herbivore trampling could also cause soil 
compaction with adverse effects on nematode communities (Bouwman 
and Arts, 2000; Mikola et al., 2009). Cattle have larger body size than 
sheep, so the negative effects of the foraging and trampling on plant and 
soil properties are stronger, thus further suppressing nematode com-
munities. Previous studies have also demonstrated that the responses of 
soil communities shifted from neutral to negative with increasing her-
bivore body size (Andriuzzi and Wall, 2017). Furthermore, our study 
also showed that mixed grazing had less negative effects on nematode 
communities than cattle grazing alone, likely because the existence of 
cattle influences the behaviour of sheep when cattle and sheep graze 
together (Ritchie and Olff, 1999). Sheep grazing significantly reduced 
the channel ratio and enrichment index and mixed grazing decreased the 
maturity, enrichment and structure indices (Fig. 2d,2e,2f,2g). These 
results suggested that the soil organic matter decomposition pathway 
shifted from bacteria-dominated to fungal-dominated and that resource 
availability for soil biota was lower in sheep grazing treatment. Mixed 
grazing could increase soil disturbance and decrease the complexity of 

the nematode communities and consequently simplify soil food webs 
under control treatment. 

4.2. Effects of N addition on nematode communities 

Our study showed that N addition reduced total nematode abun-
dance, the abundance of all trophic groups and generic richness except 
when cattle were present, which have also been found in most previous 
studies in grasslands (Eisenhauer et al., 2012; Chen et al., 2015; Liu 
et al., 2019). Nitrogen addition negatively affected nematodes possibly 
due to ammonium toxicity and soil acidification, which was known to 
have detrimental to the survival of nematodes and consequently sup-
pressed nematode communities (Wei et al., 2012; Chen et al., 2015). 
Nitrogen addition also affected nematode communities by altering plant 
communities. Previous studies have suggested that N addition reduced 
plant below-ground carbon allocation resulting in fewer resources to 
support belowground communities and thereby suppressing nematode 
communities (Högberg et al., 2010). The SEM indicated that N addition 
indirectly reduced total nematode abundance mainly through increasing 
soil nitrate concentration (Fig. 5). Nitrogen addition reduced maturity, 
enrichment and structure indices, whereas increased nematode channel 
ratio except under mixed grazing treatment, with similar patterns 
observed in a previous study (Liu et al., 2019). These results indicated 
significant negative effects on soil processes including a simplification of 
the soil food web. The positive influences of N addition on nematode 
channel ratio suggested that the decomposition pathway was dominated 
by bacteria. 

4.3. Effects of grazing and N addition on nematode communities 

Our study showed that there was a significant interaction between 
grazing and N addition on most of the nematode variables (Table 1), 
indicating that the effects of N addition on nematodes changed with 

Fig. 3. Effects of different grazing treatments (G), N addition (N) and their interaction (G × N) on different trophic group abundance. BF, bacterial-feeders (a), FF, 
fungal-feeders (b), PF, plant-feeders (c) and OP, omnivore-predators (d). Different grazing treatments include no grazing (NG), sheep grazing (SG), cattle grazing 
(CG), mixed grazing (MG) by sheep and cattle and N addition treatments include ambient N and N addition. Values represent means ± SE. Different lowercase letters 
and capital letters indicate significant differences among grazing treatments under ambient N and N addition (P < 0.05), respectively. Asterisks indicate significant 
differences at different nitrogen levels (*P < 0.05, **P < 0.01, ***P < 0.001, ns P > 0.05). 
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different grazing regimes. Nitrogen addition markedly increased nem-
atode abundance and generic richness, and had no effect on nematode 
functional indices under cattle and mixed grazing treatments, respec-
tively (Figs. 2 and 3). These results indicated that the presence of cattle 
could alleviate the negative impacts of N addition on nematodes and 
resulted in a relatively complex and mature soil food web. In general, N 
addition could suppress forbs biomass and enhance grasses biomass 
(Stevens et al., 2006; Phoenix et al., 2012). Cattle are a less selective 
herbivore and need to forage low-nutrient grasses with higher biomass 
to meet their energetic requirements (Liu et al., 2015a), which may 
result in lower N inputs into soil and thereby mitigating the adverse 
effects of ammonium toxicity and soil acidification on nematodes. In 
addition, the reduction in dominance of grasses would enhance forbs 
survival rates thereby increasing plant diversity (Martin and Wilsey, 
2006). Higher plant diversity would induce higher nematode diversity 
(Eisenhauer et al., 2013). We found that sheep grazing did not amelio-
rate the negative effect of N addition on nematodes (Figs. 2 and 3). 
Sheep preferentially feed on non-dominant rare forbs with high nutrient 
content (Wang et al., 2010; Liu et al., 2015a), which may not alter 
availability of nitrogen to soil biota and thus cannot mediate the nega-
tive effect of N addition on nematodes. Overall, these findings indicated 
that herbivore grazing could modify the impacts of N addition on 
nematodes, with the effect differing predictably between herbivore 
species. 

Fig. 4. Redundancy analysis of the relationship between the abundance of dominant nematode genera and environmental variables under different grazing 
treatments (NG, no grazing; SG, sheep grazing; CG, cattle grazing; MG, mixed grazing) and N addition (0 N, ambient N and + N, N addition). Environmental variables 
are abbreviated as: SM (soil moisture), NH4

+-N (soil NH4
+-N), NO3

− -N (soil NO3
− -N), C:N (soil C:N), pH (soil pH), EC (soil electric conductivity), TN (soil total nitrogen) 

and TC (soil total carbon), SB (plant shoot biomass), RBG (relative biomass of grasses) and RB (root biomass). 

Fig. 5. Structural equation models for direct and indirect impacts of grazing 
treatment and N addition on total nematode abundance and nematode richness. 
Blue solid arrows indicate significant positive paths and red are significant 
negative paths, while dotted arrows denote non-significant relationships. The 
width of the solid arrows reflects the strength of the standardized path co-
efficients. R2 is the coefficient of all the paths. 
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4.4. Grazing and N addition affected nematodes via changes in the plant 
and edaphic variables 

Redundancy analysis (RDA) showed that individual nematode 
genera were correlation with different plant and soil characteristics 
(Fig. 4). In particular, the relative biomass of grasses, plant shoot 
biomass and soil total nitrogen were important in determining nematode 
community composition. Structural equation modelling suggested that 
grazing and N addition affected nematode communities mainly through 
changes in plant and soil properties (Fig. 5). Grazing indirectly 
decreased nematode abundance and richness through increases in the 
relative biomass of grasses and a reduction in the soil C:N ratio. A greater 
proportion of grasses biomass is associated with lower biomass of forbs 
and legumes as well as lower plant diversity (Fig. S3). The reduction in 
soil C:N ratio was associated with the decrease plant diversity. Previous 
studies have found that the reduction of plant diversity can decrease 
carbon input into soil (Chen et al., 2019; Yang et al., 2019). The increase 
in relative biomass of grasses and decrease soil C:N ratio would reduce 
resource input into soil, and the two pathways could both suppress 
nematode abundance and richness. Nitrogen addition indirectly reduced 
nematode abundance mainly by increasing soil NO3

− -N (Fig. 5). The 
nitrate ion is negatively charged and absorbed by plant roots, which 
then release OH− resulting in increased pH in the rhizosphere 
(Söderberg and Bååth, 2004). Most nematodes can live only in mildly 
acid and neutral conditions; therefore, higher rhizosphere pH can 
negatively impact nematode communities. 

5. Conclusions 

Our study indicated that there are significant interactive influences 
of large grazers and N addition on soil nematodes, with the influences of 
N addition on nematodes depending strongly on which herbivore is 
present. Nitrogen addition markedly increased total nematode abun-
dance, and the abundance of bacterial-feeders, plant-feeders and 
omnivore-predators, and generic richness in the cattle grazing treat-
ment, while decreased them in sheep and mixed grazing treatments. The 
changes in the relative biomass of grasses, soil NO3

− -N and C:N ratio 
played an important role in driving the responses of nematode abun-
dance and richness to grazing and N addition. The positive effects of N 
addition on nematodes in cattle grazing treatment, suggested that cattle 
grazing could alleviate the negative impacts of N addition on nematodes 
and be served as an optimal grassland management under N deposition. 
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Högberg, M.N., Briones, M.J.I., Keel, S.G., Metcalfe, D.B., Campbell, C., Midwood, A.J., 
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