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A B S T R A C T   

Nematode communities are meaningful biological indicators of soil health and soil processes across different 
grassland types and management practices and analyses of nematode communities provide insight into structure, 
function, and sensitivity or resilience across multiple ecosystems. In three model grasslands: meadow steppe 
(MS), typical steppe (TS), and alpine meadow (AM), this current research examined responses of soil nematode 
communities and related edaphic characteristics to grazing, mowing, and crop cultivation at two soil depths. The 
research fills a critical knowledge gap by resolving multidirectional influences between local conditions, 
grassland management practices, and nematode communities. Across grassland types, nematode abundance in 
AM was greater than MS and TS grasslands, and nematodes were more abundant near the soil surface. Culti
vation resulted in greater nematode abundance compared to all other management practices, and generally, 
bacterivores were the most dominant nematode trophic group. The TS and MS grasslands had relatively more 
bacterivores, exhibiting substantial influences on soil mineralization and organic matter decomposition path
ways. The AM grassland showed relatively more plant feeding nematodes, driving soil mineralization pathways. 
Among the three management practices, crop cultivation had the greatest impact on nematode community 
structure and the soil environment, especially in relatively sensitive AM grasslands. In fact, AM soil environments 
responded most dramatically to cultivation, with nematode abundance, soil quality, and food web complexity 
increasing. However, soil ecosystem stability, food web reliance, and food web response to resources decreased 
in cultivated AM soils. Results indicate that unique environmental characteristics in the Qinghai-Tibet plateau 
drive substantially different AM grassland nematode community structure and soil conditions compared to TS or 
MS grasslands. As anthropogenic pressures on these ecosystems mount, it is critical to understand how different 
management practices influence grassland nematode communities, with cascading effects through soil 
environments.   

1. Introduction 

Grasslands are important terrestrial ecosystems, covering approxi
mately 40% of the ice-free land area of the earth and providing many 
essential ecosystem services (Ren et al., 2018). Previous studies indicate 
grassland plant communities are directly connected to the functional 
composition of soil microbial communities (Zhou et al., 2019a). How
ever, different grassland systems have distinctive soil environments due 
to inherent factors such as geography and climate, and human 

utilization of grasslands influences productivity, stability, and biodi
versity. For example, management practices can alter surface vegetation 
characteristics with cascading effects on soil nutrient content, soil 
metabolic processes, microbial community assemblages, ultimately 
resulting in landscape-scale ecosystem modifications (Zhou et al., 
2019b). Consequently, it is critical to assess different grassland man
agement practices across grassland types to evaluate the influence of 
land management on soil microbial community dynamics, functional 
biodiversity conservation, and sustainable use of grassland ecosystems 
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across the globe. 
Soil fauna are key consumers and decomposers in terrestrial eco

systems, influencing soil microenvironments (Ma et al., 2018). Soil 
nematodes are one of the most abundant groups of soil fauna, playing 
critical roles in controlling organic matter decomposition, nutrient 
cycling, and resource availability (Yeates, 2003; Shao et al., 2008; Zhao 
et al., 2014; Li et al., 2016; Wu et al., 2017). The immense functional 
diversity of nematodes combined with their abundance, low motility, 
and sensitivity to environmental conditions make this group an ideal 
bioindicator of soil ecosystem health (Griffiths et al., 2001; Coffey and 
Otfinowski, 2019; Gao et al., 2019; Ney et al., 2019). Ecological indices 
calculated from nematode community parameters, including tools to 
assess diversity and functionality, can be used to measure how edaphic 
and environmental conditions, combined with grassland management, 
mediate soil and microbial dynamics (Bongers and Ferris, 1999; Ferris 
et al., 2001; Neher, 2001). Assessing soil nematode communities is an 
active and progressive field of ecology (Cesarz et al., 2017; Andriuzzi 
and Wall, 2018), as analyses of nematode communities provide insight 
into structure, function, and sensitivity or resilience of grasslands (Ferris 
et al., 1999; Ritz and Trudgill, 1999). However, previous grassland 
nematode studies have yielded few consistent conclusions, especially at 
different spatial scales, making it critical to elucidate consequences of 
grassland management on nematode community structure and diversity 
across grassland types. Researchers and land managers can apply this 
information at broad geographical scales to inform grassland manage
ment and conservation strategies. 

While nematode communities are clearly meaningful biological in
dicators of soil health and soil processes across different grassland types 
and management practices, previous studies on the community structure 
of grassland nematodes have generally focused on an individual grass
land (Hu et al.,2017; Wu et al.,2017; Han et al.,2020; Wu et al.,2021). In 
addition, previous studies on grassland management practices focus on 
grazing (Hu et al.,2015; Andriuzzi and Wall, 2018), with few studies 
examining effects of multiple grassland management practices on 
nematode community structure. Therefore, multiple grasslands were 
included in this study as model grasslands: meadow steppe, typical 
steppe, and alpine meadow. Each of these grasslands has unique biodi
versity and environmental features, resulting in a range of ecological 
relationships. Further, multiple management practices were selected, 
with grazing, mowing, and crop cultivation as model management 
practices. Grazing, mowing, or crop cultivation are the main manage
ment practices of grasslands globally and likely differentially influence 
soil and ecosystem productivity, stability, and biodiversity. In addition, 
similarities and differences were explored in soil environmental condi
tions across these grassland types and management practices, aimed at 
resolving multidirectional influences between local conditions, grass
land management, and nematode communities. The main research 
questions of this study are: (1) Do soil nematode communities differ 
across grassland types and management practices? and (2) What are the 
effects of grassland types and management practices on soil environ
ments, local food webs, and nematode community stability? To disen
tangle context-dependent influences, structure, composition, diversity, 
and ecological indices of nematode communities were quantified in 
three model grasslands. Linking nematode community parameters with 
soil microenvironments can provide relevant strategies to encourage 
grassland management practices that simultaneously support sustain
able production and biodiversity. 

2. Materials and methods 

2.1. Study region 

The field work was conducted in northern China, covering three 
major grassland types: meadow steppe (MS), typical steppe (TS), and 
alpine meadow (AM) (Fig. 1). Sites extend from northeast to southwest, 
across Inner Mongolia, Hebei, and Qinghai provinces, from latitudes 

36.7 to 49.4◦N, longitudes from 100.4 to 119.9◦E, and elevation ranges 
from 672 to 3200 m. Three research sites were located at the National 
Field Scientific Observation and Research Station of Hulunbuir Grass
land Ecosystem of Inner Mongolia (MS), National Grassland Ecosystem 
Field Scientific Observation and Research Station of Guyuan County of 
Hebei Province (TS), and Modern Ecological Animal Husbandry Science 
and Technology Experimental Demonstration Park on Haibei Plateau of 
Haibei Tibetan Autonomous Prefecture in Northeast Qinghai Province 
(AM). Characteristics of study sites (climatic conditions, soil and vege
tation types) varied substantially (Table 1). 

2.2. Experimental design 

The experiment was conducted as a double factor block design, the 
first factor being grassland type: MS; TS; or AM, with three replications 
of each management practice at each location. The second factor was 
grassland management practice: grazed areas; mowed areas; cultivated 
areas; or control areas. Grassland management practices (including 
control areas) were established at all plots for > 6 years. Grazed areas of 

Fig. 1. Locations of three model grasslands assessed in this study. Meadow 
steppe (MS) research was conducted at National Field Scientific Observation 
and Research Station of Hulunbuir Grassland Ecosystem, Inner Mongolia, China 
（119.92◦E, 49.32◦N). Typical steppe (TS) research was conducted at the Na
tional Grassland Ecosystem Field Scientific Observation and Research Station of 
Guyuan County, Hebei Province, China (116.23◦E, 41.62◦N). Alpine meadow 
(AM) research was conducted at Modern Ecological Animal Husbandry Science 
and Technology Experimental Demonstration Park on Haibei Plateau, Qinghai 
Province, China (100.85◦E, 36.85◦N). 

Table 1 
Characteristics of study sites.   

Meadow steppe Typical steppe Alpine meadow 

Coordinates 119.92◦E, 
49.32◦N 

116.23 ◦E, 41.62 ◦N 100.85 ◦E, 36.85 
◦N 

Elevation (m) 680 m 1430 m 3200 m 
Mean annual 

precipitation 
(mm) 

370 mm 430 mm 580 mm 

Mean annual 
temperature 
(℃) 

﹣2.4 ℃ 1.4 ℃ −1.7 ℃ 

Growing season July to September June to September May to 
September 

Soil type Dark chestnut Typical chestnut Alpine meadow 
soil 

Dominate plant 
species 

Leymus chinensis, 
Stipa baicalensi, 
Carex duriuscula, 
Vicia amoena 

Leymus chinensis, 
Stipa krylovii, 
Agropyron cristatum, 
Cleistogenes 
squarrosa 

Kobresia 
pygmaea, 
Kobresia 
capillifolia, Poa 
crymophila.  
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MS grassland and TS grassland were subject to herbivory by cattle (4 
cattle per ha continuously grazed all year), while the AM grassland was 
grazed by sheep (7.5 sheep per ha continuously grazed throughout the 
growing season), and AM. Control plots were fenced to prevent livestock 
herbivory. Mowed areas (cut once a year to a height of 5–8 cm) were 
dominated by Gramineae; Leymus chinensis was the dominant species at 
MS and TS while Elymus nutans was dominant at AM. Cultivated areas 
were planted to cereal grains, with wheat in MS and TS and oats in AM. 

2.3. Field sampling and measurements 

Sampling was conducted between July-September 2016. At each 
grassland site, three separate plots for each management practice were 
selected, with an interval of 500 m or greater between plots with similar 
soil parent material and topography. Soil was sampled using three 
separate quadrats, with randomized locations within each of the three 
plots representing each management practice. Three 7-cm-diameter soil 
cores were collected from 0 to 15 cm and 15–30 cm depths in each 
quadrat. These three cores were mixed in situ to form one composite 
sample per quadrat, reducing variance associated with soil nematode 
spatial patterns. Thus, a total of 72 soil samples were collected. Com
posite soil samples were divided into two sub-samples and placed in 
sealed plastic bags. One sub-sample was stored at 4 ◦C for measurements 
of soil moisture and identification of soil nematodes. Another portion 
was air-dried and sieved through 2 mm-mesh for determination of soil 
pH, EC, total N and organic carbon (Bremner, 1996; Nelson and Som
mers, 1996) (results shown in Table 2). The pH was measured in a 1:2.5 
(soil: water) suspension; SOC was determined using the potassium di
chromate volumetric method in conjunction with external heating. Total 
N was measured using the semi-micro-Kjeldahl method. 

2.4. Soil nematode communities 

Soil nematodes were extracted from 100 g moist soil samples using 
the improved Baermann shallow dish method for 48 h (Ingham et al., 
1985). Extracted nematodes were killed at 60 ◦C and fixed in 5% 
Formalin solution to be identified and counted microscopically 
(OLYMPUS CX21), allowing identification to genus (Siddiqi, 1986; 
Jairajpuri and Ahmad, 1992). Based on feeding habits and esophageal 
structure, nematodes were assigned to one of four trophic groups: plant 
feeder (PF), bacterivores (BF), fungivores (FF), and omnivores / pred
ators (OP) (Yeates et al., 1993, Ferris et al., 2001). Because predator 
nematodes were found infrequently, predator nematodes were included 
with omnivores (Ou et al., 2005). 

2.5. Data analyses 

All statistical analyses were conducted with SPSS Version 22.0 (IBM 
Company, Armonk, NY, USA) and figures were plotted with Sigma Plot 
12.5. (Systat Software, Inc.) and program R 3.6.3(R Core Team, 2020). 
Prior to analyses, all data were checked for normality and homosce
dasticity using Shapiro-Wilk test. Two-way ANOVA was utilized for 
comparisons of all response variables across grassland types and man
agement practices, followed by Duncan’s multiple range tests. When 
grassland type and management practice interactions occurred, one-way 
ANOVA was utilized to separate the influence of management practices 
within each grassland type, followed by Duncan’s multiple range tests. 
Differences were considered statistically significant at P < 0.05. 

Several ecological indices for nematodes were calculated. These 
included diversity indices: Shannon-Weaver diversity (H’) (Shannon and 
Weaver, 1949), Evenness Index (J’) (Pielou, 1975), and Species Richness 
Index (SR) (Yeates and Newton, 2009), which were used to evaluate the 
structure and distribution of soil nematodes. These also included 

Table 2 
Soil parameters (soil water content [SWC]; soil pH; soil electric conductivity [EC]; soil total nitrogen [TN]; and soil organic carbon [SOC]) of different grassland types 
(meadow steppe, typical steppe, alpine meadow) and management (grazed, mowed, cultivated, or control) from 0 to 15 cm and 15–30 cm depths, expressed as mean ±
SE. Management practices within a grassland type that do not share a lowercase letter are significantly different, also indicated in bold（P < 0.05).  

Environmental 
Parameter 

Grassland 
type 

0–15 cm 15–30 cm 
Grazing Mowing Crop CK F- 

value 
P- 
value 

Grazing Mowing Crop CK F- 
value 

P- 
value 

Soil Water 
Content (%) 

Meadow 
steppe 

7.2 ±
0.3b 

7.8 ±
0.1b 

6.9 ±
0.4b 

13.3 ±
1.2a  

19.64  0.000 6.8 ±
0.3b 

8.3 ±
0.8b 

7.0 ±
0.4b 

10.5 ±
0.3a  

10.95  0.003 

Typical 
steppe 

21.5 ±
3.5a 

13.3 ±
1.4b 

14.4 ±
0.5b 

15.2 ±
0.5b  

3.75  0.060 16.4 ±
0.9a 

7.4 ±
0.8b 

15.8 ±
1.0a 

14.5 ±
0.8a  

22.34  0.000 

Alpine 
meadow 

17.6 ±
0.4b 

21.2 ±
0.6a 

15.4 ±
0.6c 

18.1 ±
0.6b  

20.39  0.000 15.3 ±
0.5ab 

17.3 ±
1.3a 

13.6 ±
0.3b 

17.1 ±
0.7a  

4.83  0.033 

PH Meadow 
steppe 

6.4 ± 0.1 6.3 ± 0.1 6.2 ±
0.0 

6.5 ± 0.1  1.65  0.254 6.9 ± 0.5 7.4 ± 0.3 6.4 ± 0.1 6.5 ± 0.1  2.33  0.151 

Typical 
steppe 

8.4 ±
0.2a 

8.2 ±
0.0ab 

8.4 ±
0.0a 

7.9 ±
0.1b  

3.76  0.060 9.4 ±
0.2a 

8.4 ±
0.0b 

8.4 ±
0.0b 

8.7 ±
0.2b  

14.80  0.001 

Alpine 
meadow 

8.2 ±
0.0b 

8.4 ±
0.0a 

8.5 ±
0.1a 

8.1 ±
0.0b  

13.95  0.002 8.5 ± 0.0 8.6 ± 0.1 8.6 ± 0.1 8.4 ± 0.1  1.00  0.440 

EC (us/cm) Meadow 
steppe 

2139.0 
± 310.8 

2355.7 
± 648.9 

2823.3 
± 8.8 

2062.3 
± 368.0  

0.72  0.569 1754.5 
± 62.7c 

8610.0 ±
531.2a 

3170.0 
± 468.8b 

1908.3 
± 236.6c  

74.24  0.000 

Typical 
steppe 

575.7 ±
76.5a 

168.3 ±
7.9b 

202.1 ±
11.7b 

194.0 ±
5.2b  

24.83  0.000 576.7 ±
75.7a 

202.0 ±
15.6b 

273.7 ±
17.4b 

329.7 ±
62.9b  

9.29  0.006 

Alpine 
meadow 

195.9 ±
11.2 

225.3 ±
5.4 

207.0 ±
30.0 

208.18 
± 8.3  

0.53  0.676 340.7 ±
35.8a 

215.3 ±
1.3b 

227.7 ±
37.1b 

196.0 ±
9.9b  

6.15  0.018 

TN(g/kg) Meadow 
steppe 

2.9 ±
0.3ab 

2.6 ±
0.4b 

2.1 ±
0.1b 

3.7 ±
0.1a  

7.30  0.011 1.8 ± 0.2 2.1 ± 0.1 1.9 ± 0.1 2.0 ± 0.2  1.23  0.361 

Typical 
steppe 

2.3 ±
0.3a 

1.9 ±
0.1ab 

2.0 ±
0.1ab 

1.6 ±
0.1b  

3.57  0.067 1.7 ±
0.1ab 

1.6 ±
0.1b 

2.0 ±
0.1a 

1.5 ±
0.1b  

4.83  0.033 

Alpine 
meadow 

3.6 ±
0.1a 

1.9 ±
0.1b 

1.8 ±
0.3b 

3.6 ±
0.2a  

24.39  0.000 2.5 ±
0.1a 

1.5 ±
0.2b 

1.7 ±
0.2bc 

2.2 ±
0.1a  

10.99  0.003 

Soil Organic 
Carbon (g/kg) 

Meadow 
steppe 

27.0 ±
2.6b 

35.8 ±
1.9a 

19.7 ±
0.6c 

39.4 ±
01.0a  

26.77  0.000 16.4 ±
0.8ba 

22.0 ±
0.9a 

18.8 ±
0.7ab 

20.2 ±
1.8ab  

4.33  0.043 

Typical 
steppe 

18.2 ±
4.6 

13.9 ±
2.4 

16.6 ±
2.4 

12.2 ±
0.6  

0.88  0.490 11.2 ±
1.2 

12.6 ±
3.2 

15.9 ±
2.5 

12.1 ±
2.7  

0.67  0.595 

Alpine 
meadow 

30.0 ±
0.7a 

16.2 ±
0.4b 

17.8 ±
2.7b 

29.6 ±
4.2a  

8.53  0.007 21.9 ±
2.29a 

13.4 ±
1.9b 

15.6 ±
1.9ab 

18.3 ±
1.9ab  

3.42  0.073  
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functional indices: Wasilewska Index (WI) (Wasilewska and Bienkowski, 
1985; Yeates, 2003), Nematode Channel Ratio (NCR) (Neher, 2001; 
Yeates, 2003), Maturity Index (MI) (Bongers, 1990), Basal Index (BI), 
Enrichment Index (EI), and Structure Index (SI) (Ferris et al. 2001, Ferris 
and Bongers, 2006). The NCR indirectly evaluates the dominant 
decomposition pathway of soil organic carbon. The WI indirectly de
scribes whether the main drivers of soil mineralization are free-living 
nematodes (bacterivores or fungivores) or plant-feeder nematodes. 
The MI reflects soil ecosystem stability. The BI, SI, and EI assess soil food 
web status, where BI indicates soil food web resilience, SI indicates 
changes in food web structure following disturbance or restoration, and 
EI evaluates the response of the soil food web to available resources. 

Redundancy analysis (RDA) was performed using “Vegan” package 
(Oksanen, 2013) in program R 3.6.3(R Core Team, 2020) to determine 
relationships between nematode trophic groups and environmental pa
rameters. Correlation analysis was performed using “corrplot” package 
(Wei and Wei, 2017) with Pearson correlation coefficient in program 
R3.6.3(R Core Team, 2020) to analyze relationships between soil nem
atode communities and soil physiochemical characteristics, across 
grassland type and management practices at two soil depths. 

3. Results 

3.1. Composition and structure of nematode communities 

Nematode abundance was significantly affected by different grass
land types (P < 0.001), different management (P < 0.01), and in
teractions between grassland type and management (P < 0.05) (see 
Table S1). At all three sites, the number of nematodes was greater at 
0–15 cm depth (Fig. 2), compared to 15–30 cm depth. Nematode 
abundance was significantly lower in TS, compared to MS or AM sites (P 
< 0.001). In addition, cultivated areas in MS sites led to significantly 
greater nematode abundance from 0 to 15 cm, compared to control or 
other management practices (P < 0.05). At a depth of 15–30 cm, 
cultivated areas were significantly associated with greater nematode 
abundance in AM sites, compared to control or other management 
practices, while in MS and TS, abundances in cultivated areas were 
significantly different from controls but not from other management 
practices (P < 0.05) (Fig. 2). 

A total of 117 nematode genera were identified across all samples, 
including 28 PF, 47 BF, 7 FF, and 35 OP genera (Table S2). Among 
grassland types, at both depths, BF nematodes were the dominant tro
phic group in MS and TS sites, while PF nematodes were dominant in AM 
sites (Fig. 3). In AM sites, there were significant differences between 
management practices, with BF nematodes more abundant than any 

Fig. 2. Total number of individual nema
todes associated with different grassland 
types and management practices (mean ±

SE). Asterisks represent significant results of 
two-way ANOVA: different grassland types 
[sites]; different management practices 
[management]; and interactions. * indicates 
P < 0.05; ** indicates P < 0.01; *** in
dicates P < 0.001. Different letters repre
sent significant differences in management 
(grazed, mowed, cultivated, or control) 
within a grassland type (meadow steppe, 
typical steppe, or alpine meadow) (ANOVA; 
Duncan test; P < 0.05). Lowercase letters [a- 
c] represent meadow steppe (MS); [r-s] 
represent typical steppe (TS); [y-z] repre
sent alpine meadow (AM).   
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other tropic group in cultivated areas, while PF nematodes were more 
abundant than any other tropic group in all other management practices 
at either depth (P < 0.05) (Fig. 3). 

3.2. Nematode diversity indices 

Both grassland type and management had significant effects on 
nematode species richness (SR) at 0–15 cm (P < 0.05), but there was no 
significant interaction (Table S1). At a soil depth of 0–15 cm, SR was 

Fig. 3. Proportional abundances of soil nematode trophic groups (plant feeder [PF]; bacterivore [BF]; fungivore [FF]; or omnivore / predator [OP]) associated with 
different grassland types (meadow steppe, typical steppe, or alpine meadow), and management (grazed, mowed, cultivated, or control) at two soil depths (0–15 cm; 
15–30 cm). 

Table 3 
Diversity indices of soil nematodes across grassland type and management practices (mean ± SE). Shannon-Weaver diversity [H’]; evenness [J’]; species richness [SR]. 
Management practices within a grassland type that do not share a lowercase letter are significantly different, also indicated in bold（P < 0.05).   

0–15 cm 15–30 cm 

MG AMG Crop CK F- 
value 

P- 
value 

MG AMG Crop CK F- 
value 

P- 
value  

Meadow 
steppe 

2.51 ±
0.18 

2.91 ±
0.06 

2.33 ±
0.62 

2.67 ±
0.02 

0.594 0.636 2.76 ± 
0.03a 

2.17 ± 
0.23b 

2.58 ± 
0.15ab 

2.53 ± 
0.06ab 

2.971 0.097 

H’ Typical 
steppe 

2.29 ±
0.06 

2.61 ±
0.09 

2.39 ±
0.20 

2.42 ±
0.17 

0.86 0.5 2.11 ±
0.07 

2.23 ±
0.20 

2.22 ±
0.15 

2.39 ±
0.12 

0.674 0.592  

Alpine 
meadow 

2.49 ±
0.07 

2.50 ±
0.04 

2.42 ±
0.13 

2.62 ±
0.06 

1.1 0.404 2.47 ±
0.02 

2.41 ±
0.09 

2.40 ±
0.11 

2.63 ±
0.03 

2.054 0.185  

Meadow 
steppe 

3.70 ± 
0.32b 

5.20 ± 
0.20a 

5.28 ± 
0.08a 

4.64 ± 
0.17a 

12.009 0.002 4.07 ±
0.20 

3.04 ±
0.60 

3.60 ±
0.19 

3.97 ±
0.23 

7.308 0.011 

SR Typical 
steppe 

3.16 ±
0.26 

4.09 ±
0.26 

3.27 ±
0.77 

3.54 ±
0.45 

0.748 0.553 2.15 ±
0.18 

2.60 ±
0.68 

2.69 ±
0.40 

3.18 ±
0.48 

0.8 0.528  

Alpine 
meadow 

3.78 ±
0.33 

3.78 ±
0.34 

4.21 ±
0.23 

3.60 ±
0.14 

0.913 0.477 3.24 ± 
0.06b 

3.13 ± 
0.41b 

4.28 ± 
0.11a 

4.00 ± 
0.09a 

6.851 0.013  

Meadow 
steppe 

0.80 ±
0.03 

0.80 ±
0.03 

0.85 ±
0.08 

0.75 ±
0.01 

0.816 0.52 0.83 ± 
0.01a 

0.82 ± 
0.02a 

0.80 ± 
0.02a 

0.75 ± 
0.01b 

7.308 0.011 

J’ Typical 
steppe 

0.78 ±
0.02 

0.81 ±
0.05 

0.80 ±
0.01 

0.79 ±
0.03 

0.117 0.948 0.87 ± 
0.03a 

0.85 ± 
0.02ab 

0.77 ± 
0.01c 

0.80 ± 
0.01bc 

6.326 0.017  

Alpine 
meadow 

0.74 ± 
0.00ab 

0.76 ± 
0.03ab 

0.69 ± 
0.03b 

0.80 ± 
0.02a 

3.411 0.073 0.80 ± 
0.01a 

0.83 ± 
0.05a 

0.69 ± 
0.03b 

0.80 ± 
0.01a 

4.236 0.046  
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significantly lower in grazed plots, compared to all other management 
practices or control in MS grasslands (P < 0.05); J’ for cultivated areas 
was generally lower than grazed, mowed, or control in AM grasslands (P 
< 0.05); and management practices did not significantly effect H’, J’, 
and SR in TS grasslands (P < 0.05) (Table 3). 

At 15–30 cm, grassland type had a significant impact on H’ and SR (P 
< 0.01), while type, management, and their interaction had a significant 
impact on J’ (P < 0.05) (Table S1). The H’ and J’ were significantly 
different by management in MS grasslands (P < 0.05). The J’ for 
cultivated areas was lower than grazed or mowed areas in TS grasslands 
(P < 0.05). However, SR was significantly greater in cultivated areas, 
and J’ for cultivated areas was generally lower than grazed, mowed, or 
control in AM grasslands (P < 0.05) (Table 3). 

3.3. Ecological indices of nematode communities 

At 0–15 cm, grassland type had a significant impact on NCR, BI, EI, 
and SI of nematodes (P < 0.001), while management only significantly 
influenced WI and SI (P < 0.05) (Table S1). There was also a significant 
interaction between grassland type and utilization pattern for EI (P <
0.05). At 15–30 cm, grassland type had a significant effect on WI, NCR, 
MI, BI, EI, and SI, while management significantly influenced WI, MI and 
SI, with significant interactions between grassland type and manage
ment for WI, BI, EI, and SI (P < 0.05) (Table S1). 

Ecological indices (WI, NCR, MI, and BI) were applied to further 
understand relationships between soil nematode communities, local 
environments, and edaphic conditions across grassland types and man
agement practices (Fig. 4). The WI value of cultivated AM areas was 
significantly greater than all other management practices and control for 

Fig. 4. Effects of grassland type 
(meadow steppe, typical steppe, or 
alpine meadow) and management prac
tices (Grazed, Mowed, Cultivated, or 
Control) on function of soil nematode 
communities at two soil depths (0–15 
cm, 15–30 cm) (means + SE). (a) (b): 
Wasilewska index (WI); the dotted line 
represents the WI value of 1; (c) (d): 
nematode channel ratio (NCR); the 
dotted line represents NCR value of 
0.75; (e) (f): maturity index (MI) ;(g) (h): 
basal index (BI). Asterisks represent 
significant results of two-way ANOVA: 
different grassland types [sites]; 
different management practices [man
agement]; and interactions. * indicates 
P < 0.05; ** indicates P < 0.01; *** 
indicates P < 0.001. Different letters 
represent significant differences in 
management (grazed, mowed, culti
vated, or control) within a grassland 
type (meadow steppe, typical steppe, or 
alpine meadow) (ANOVA: Duncan test; 
P < 0.05). Lowercase letter [a-c] 
represent meadow steppe (MS); [r-s] 
represent typical steppe (TS); [y-z] 
represent alpine meadow (AM).   
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both soil depths (P < 0.05). There were no significant differences in NCR 
for any grassland type or management practices. Compared with other 
management practices in AM grasslands, the MI value of cultivated areas 
was lowest and mowed areas highest at both soil depths, while AM 
grassland BI values showed the opposite trend at 0–15 cm. For MS and 
TS grasslands, MI values in grazed areas were highest and BI values were 
lowest, particularly at 15–30 cm (Fig. 4). 

EI and SI trajectories were plotted to assess soil food webs across 
grassland types and management (Fig. 5). For both depths, the EI/SI 
values of TS grasslands were greater than other grassland types 
regardless of management practices (P < 0.05). In addition, EI/SI values 
were lowest for cultivated areas (0–15 cm) and control areas (15–30 cm) 
at AM sites, compared to any other site or management practice (P <
0.05). 

3.4. Relationship between soil nematode communities and environmental 
parameters 

At 0–15 cm, the number of nematodes (N) positively correlated with 
electric conductivity (EC) but negatively correlated with pH (P < 0.05) 
(Figure S1). Species richness index (SR) and nematode channel ratio 
index (NCR) negatively correlated with soil water content (SWC) and pH 
but positively correlated with EC (P < 0.001); at 15–30 cm, NCR also 
negatively correlated with SWC, but was not as strong (P < 0.05). In 
addition, Wasilewska Index (WI) negatively correlated with SWC (P < 
0.05) and positively correlated with EC (P < 0.001). At both soil depths, 
BI generally negatively correlated with EI and SI, but positively corre
lated with SR (P < 0.001). EI and SI were generally positively correlated 
with SWC and pH, and negatively correlated with EC, total nitrogen 
(TN), and soil organic carbon (SOC) (P < 0.05); BI generally negatively 
correlated with SWC and pH (P < 0.001), and positively correlated with 
EC, TN and SOC (P < 0.05) (Figure S1). 

Direct ordination of sites (redundancy analyses; RDA) at 0–15 cm 
depth, resulted in eigen values of 0.1941 and 0.0644 for the first and 
second axes, respectively, and at 15–30 cm depth, resulted in 0.1476 and 
0.0714 for the first and second axes, respectively (Fig. 6). All environ
mental factors passed the expansion test, and inflation factor (WIF) is <
10. RDA results suggest certain environmental parameters are either 
positively or negatively associated with nematode trophic groups across 
grassland types and management practices at 0–15 cm, with no signif
icant correlation at 15–30 cm. There were substantial differences be
tween grazed, mowed, and control plots in AM grasslands compared to 
MS and TS grasslands, with the most abundant nematode trophic groups 
being OP and BF. At 0–15 cm, nematode trophic groups were strongly 
influenced by soil pH and water content. Cultivated areas in AM grass
lands, and grazed, mowed, and control areas in MS and TS sites were 
associated with BF nematodes, correlating with soil organic carbon, 
electric conductivity, and total nitrogen at 0–15 cm. 

4. Discussion 

This study of soil nematode communities is novel by relating 
ecological indices across three grassland types, enhancing definitions of 
soil quality by quantifying factors that drive microbial and plant com
munity diversity in grassland ecosystems. Nematode community struc
ture and context-dependent soil factors varied by geographic location of 
the model grasslands. Nematode communities of typical steppe (TS) and 
meadow steppe (MS) were composed largely of bacterivores, and this 
trophic group dominated soil organic matter decomposition pathways 
(NCR > 0.75), while soil mineralization pathways were dominated by 
free-living bacterivores and fungivores (WI > 1). However, nematode 
communities in alpine meadow (AM) were composed primarily of plant 
and fungal feeders (NCR < 0.75) and plant feeders dominated soil 
mineralization pathways (WI < 1). Globally, bacterivores are the most 
abundant group of nematodes, regardless of soil type or management 
(Van den Hoogen et al., 2019; 2020), and are tightly link to organic 
matter and nutrient cycling in the soil food web. Bacteria-based 
decomposition pathways are characteristic of high-input systems 
where labile substrates and bacterial-feeding faunas dominate. Fungal- 
based decomposition pathways typically occur in low-input systems 
characterized by more heterogeneous habitat and resources, leading to a 
dominance of more persistent fungal-feeding fauna (Bardgett 
et al.,1997; Chen et al., 2015; Hu et al.,2015). Plant feeding nematodes 
are primary consumers, directly damaging roots and potentially 
reducing nutrient uptake and plant production. Some of these nema
todes also transmit plant viruses, affecting physiological functions. Re
sults of the current study expand on this previous knowledge to highlight 
differences in environmental and nutritional status between grasslands 
across different geographic locations. These nematode community 
composition in TS and MS are likely due to abundant soil bacteria along 
with rapid decomposition of organic matter. However, abundant and 
fibrous plant organic residues in AM soils, along with slow decomposi
tion of organic matter in this relatively cold and humid climate, likely 
drive the community dominance of plant feeding nematodes. Abundant 
bacterivores in MS and TS suggest a dynamic soil ecosystem, while 
abundant plant feeders in AM indicate lower resource availability. 

The study found geographic location of grassland (grassland type), 
and management practice, as well as interactions between the two, had a 
significant impact on the number of nematodes at both soil depths, and 
vertical distribution of nematode populations also varied between 
different soil depths. Greater nematode abundance in soils collected 
from 0 to 15 cm, as compared to 15–30 cm, was observed in all three 
grasslands and across all management practices. These observations 
agree with previous studies that found soil fauna tends to gather on soil 
surfaces (Valocka and Sabova, 1997; Liang et al., 2007). Soil physical 
and chemical properties, as well as plant community composition, likely 
play an important role in the diversity and structure of nematode 

Fig. 5. Soil nematode analyses of grassland 
type (meadow steppe, typical steppe, or 
alpine meadow) and grassland management 
practices (grazed, mowed, cultivated, or 
control) at two soil depths (0–15 cm [a]; 
15–30 cm [b]). EI/SI values vary from 0 to 
100, and their combination indicates distur
bance and soil food web status. Triangles 
represent typical steppe (TS), circles repre
sent meadow steppe (MS), and squares 
represent alpine meadow (AM). Different 
colors represent grassland management: 
grazed areas [red]; mowed areas [blue]; 
cultivated areas [yellow]; and control areas 
[green]. (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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communities (Hu et al., 2015). Likewise, vertical distribution of nema
todes may be driven by soil physical and chemical properties, such as 
soil nutrient availability. As soil depth increases, soil porosity, organic 
matter, and total nitrogen content decreased, while pH and salinity 
increased, thus reducing the number and diversity of nematodes. The 
major distribution of belowground components of most grassland plants 
occurs in the top 0–15 cm, and is therefore likely an important contri
bution for the greater number of nematodes in the top 15 cm in the 
study. Generally, spatial distribution of soil organisms is closely related 
to the spatial distribution of plants, due to the quantity and quality of 
plant litter returned to the soil, root turnover, and the amount of carbon 
exudated from roots into the soil. (Yeates 1999; Bardgett and Wardle, 
2003; Jones et al., 2004). 

Ecological indices were included to expand the understanding of 
nematode community structure in the context of local soil conditions, 

such as disturbance, ecosystem stability, and soil quality. Nematode 
communities were strongly influenced by soil quality, food web dy
namics, and ecological functions that varied across grasslands and 
management practices. For example, food web complexity and food web 
response to soil resources were relatively higher in TS, while nematode 
abundance and food web resilience were relatively low in this grassland, 
regardless of management. In addition, all three management practices 
improved soil food web complexity and response to edaphic resources, 
reducing food web resilience compared with controls. In addition, EI 
and SI values of TS were higher, but the BI value was lower, compared to 
the same management practices of MS and AM grasslands. These dif
ferences were likely due to relatively high C: N ratios and greater 
nutrient availability in TS grasslands, compared to MS and AM 
grasslands. 

While some trends were apparent across all grasslands, regardless of 
management, management practices often influenced nematode com
munities differentially by grassland type. For example, nematode 
abundance in cultivated areas was greater than all other management 
practices, and bacterivores were the dominate trophic group. Previous 
research reports an abundance of concurrent factors to explain this 
phenomenon, including fertilization, conventional tillage, alterations in 
soil water content, porosity, and permeability, all of which promote 
bacterial biomass and provide a rich source of nutrition for bacterivores 
(Liang et al, 2005; Huang and Cares, 2006; Meng et al., 2006; Hu et al., 
2017). Additionally, the primary effect of these management practices is 
rapid organic matter decomposition, resulting in a dynamic soil 
ecosystem that supports abundant microorganisms and promotes bac
terivores. Of three model grassland types, management practices in AM 
grasslands had the most significant impact on local soil environments. 
While cultivation of these humid and cold grasslands increased nema
tode abundance and food web complexity, there was a decrease in soil 
ecosystem stability, food web resilience, and soil biota response to re
sources. These outcomes were likely driven by a shift from plant-feeder 
to bacterivores following cultivation of AM grasslands, resulting in 
nematode community structure more similar to TS and MS grasslands. 
Furthermore, previous studies have found plant community composition 
and soil characteristics are important factors affecting soil nematode 
community structure, with resultant community shifts typically specific 
to particular trophic groups (Fu et al., 2000; Viketoft and Sohlenius, 
2011; Cesarz et al.,2015). Future studies should further explore nema
tode community structure in combination with plant species composi
tion and soil characteristics in grasslands across greater geographical 
distributions and additional management practices, ideally including 
multi-year investigations to determine stability and resilience of nem
atode communities across systems and time. 

In conclusion, this study fills an important knowledge gap by eluci
dating how nematode community structure, soil food webs, and envi
ronmental factors are influenced by common grassland management 
practices across three diverse grassland systems. Unique environmental 
characteristics of the Qinghai-Tibet plateau led to substantial differences 
in AM grassland soil conditions that cascade through the ecosystem, and 
drives nematode community structure that is distinct from TS and MS 
grasslands. Among all management practices, cultivation had the 
greatest influence on nematode community structure, especially in the 
more sensitive AM grasslands. Results support the important role of soil 
nematodes as informative biological indicators of grassland quality. 
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Fig. 6. Redundancy analysis (RDA) diagram of relationships between nema
tode trophic groups and environmental parameters. Environmental parameters: 
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soil total nitrogen [TN]; soil electric conductivity [EC]; soil water content 
[SWC]; plant feeders [PF], bacterivores [BF]; fungivores [FF]; omnivores and 
predators [OP]. Triangles represent typical steppe (TS), circles represent 
meadow steppe (MS), and squares represent alpine meadow (AM). Different 
colors represent grassland management: grazed areas [red]; mowed areas 
[blue]; cultivated areas [yellow]; and control areas [green]. (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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