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Abstract
Soil nematodes are ideal indicators for soil food webs, ecosystem conditions, and soil health. However, current research 
focuses on how plant removal affects soil nematodes while ignoring the importance of the trophic cascading effects. The 
study aims to elucidate the direct and indirect effects of long-term plant community removal on soil nematode communi-
ties, especially through soil physicochemical properties and trophic cascading effects. A 6-year field all-aboveground plant 
community removal experiment was conducted to evaluate the effects of plant removal on soil nematode communities and 
use piecewise structural equation modeling to better understand the direct and indirect effects of plant removal on different 
trophic group nematodes. The removal of plants did not significantly influence the total abundance, richness, or trophic 
group richness of soil nematodes, but it did considerably reduce the number of herbivorous and fungivorous nematodes. 
Our results revealed that the removal of plants significantly altered the nematode community composition mainly by chang-
ing the relative abundance of the genera Helicotylenchus, Tylenchus, Tylopharynx, and Aphelenchoides. The abundance of 
predatory-omnivorous nematodes was dramatically and directly enhanced by the removal of plants, but it was also indirectly 
changed by a decrease in the abundance of fungivorous and herbivorous nematodes. The most significant mechanism for 
plant removal to impact predatory-omnivorous nematodes might be through the fungal channels, which are mainly mediated 
by fungivorous nematodes. These results indicated that plant removal affects predatory-omnivorous nematodes primarily 
through fungal channels and elucidated the importance of trophic cascading in mediating the effects of plant communities 
on soil nematode communities.
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1  Introduction

In recent years, the topic of the ecological connection 
between aboveground and below-ground biota has received 
extensive attention from scholars (van der Putten et al. 2013; 
Zhang et al. 2018). Nematodes are the most ubiquitous 
invertebrates in soil habitats (van den Hoogen et al. 2019), 

and they play an important role in decomposition (Taylor 
et al. 2020), nutrient transformation and cycling (Lazarova 
et al. 2021; Melakeberhan et al. 2021), and energy transfor-
mation (Zuo et al. 2020). According to trophic groups and 
morphological traits, free-living soil nematodes are broadly 
classified into five taxonomic/functional types, including 
herbivores, bacterivores, fungivores, omnivores, and preda-
tors (Yeates et al. 1993). Additionally, nematode trophic 
groups as well as their reactions to environmental changes 
(tolerance vs. susceptibility) give crucial information for 
detecting changes in soil properties (Cesarz et al. 2015).

Trophic cascading effects play an important role in regu-
lating the soil nematode community (Rasmann et al. 2012). 
Predatory-omnivorous nematodes are generally considered 
K-strategists, which have a longer generation time, lower 
fecundity, and higher c-p value, and they are more sensitive 
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to disturbance (Bongers and Ferris 1999). In addition, previ-
ous studies showed that herbivores, bacterivores, and fun-
givores significantly affect predatory-omnivorous nema-
todes (Kitagami and Matsuda 2020; Wang et al. 2022). For 
example, Dasiphora fruticosa can reduce the richness of 
bacterivorous nematodes, which then affects the richness 
of predatory-omnivorous nematodes (Wang et al. 2019), 
and increased biomass of bacterivore nematodes leads to 
increased biomass of predatory-omnivorous nematodes 
(Laliberte et al. 2017). Changes in nematode caused by cas-
cading effects can alter the nematode community composi-
tion and reflect soil ecological processes (Yeates 1999).

According to recent research, soil nematode can be influ-
enced by plant communities either directly or indirectly 
through the soil physicochemical properties (van den Hoo-
gen et al. 2020) and the trophic cascading of the soil biota 
(Wang et al. 2019). Soil nematode communities are strongly 
dependent on soil pH (Nielsen et al. 2011) and soil organic 
matter (Moens et al. 2002), and removing plant induced 
an increase in soil pH in a semi-arid grassland (Chen et al. 
2018) and a decrease in soil organic matter content in an 
alpine meadow (Yang et al. 2021). Additionally, forb bio-
mass increased soil water content, which consequently had 
an impact on the number of soil nematodes (Wang et al. 
2018). And Dasiphora fruticosa increased soil ammonium 
and then affect fungivorous nematode biomass (Wang et al. 
2019). In summary, removing plants can influence soil nem-
atode communities through soil physicochemical properties.

Plant communities have an impact on soil nematode com-
munities both directly and indirectly (Dietrich et al. 2021; 
Lu et al. 2023; Shao et al. 2015). Inputs from plant litter, 
root characteristics, and exudates are the key factors by 
which plants directly affect soil nematodes (Wardle 2002). 
Through inputs of litter, plants considerably enhanced the 
abundance of several trophic group nematode and total soil 
nematodes (Dietrich et al. 2021). Plant roots produce a vari-
ety of organic compounds (Nguyen 2003), which they sub-
sequently use to either encourage or suppress some trophic 
groups of nematodes (Niu et al. 2019). In the meantime, it 
was also discovered that root characteristics, such as root 
length and the C:N ratio, had a direct impact on soil nema-
tode communities (Zhang et al. 2020a, 2022). So, soil nema-
tode will be greatly affected by plant removal; the effect of 
both the plant litters and the root systems on soil nematode 
will disappear when the plants are removed.

Terrestrial ecosystems worldwide are under multiple 
stresses, such as global climate change, land use change, 
and inappropriate human activities (like overgrazing) (Lyu 
et al. 2020; Wang et al. 2020). One of the most important 
consequences of these stressors is the rapid loss of plant 
number and diversity in terrestrial ecosystems (Zhang et al. 
2020b). Plant removal is currently an important experimen-
tal method for studying the effects and mechanisms of plant 

communities or species on soil biomes, mainly by control-
ling the presence or absence of aboveground plant commu-
nities (Chen et al. 2016; Fanin et al. 2019). Although many 
studies have explored the effects of plant removal on soil 
nematode communities, few have considered the direct and 
indirect effects of long-term all-aboveground plant commu-
nity removal on nematode communities, especially through 
cascading effects on nematode communities. In the present 
study, we carried out a 6-year field all-aboveground plant 
community removal experiment to investigate the effect of 
plants on soil nematode communities, and we used Piece-
wise SEM to elucidate the direct and indirect effects of plant 
removal on soil nematode communities through soil phys-
icochemical properties and nematode trophic cascading in 
an alpine meadow on the Tibetan plateau. We hypothesized 
that (1) plant removal will significantly decrease herbivo-
rous nematode abundance; (2) plant removal will signifi-
cantly change nematode community composition; moreo-
ver, trophic groups will have different responses to plant 
removal; and (3) plant removal will directly and indirectly 
affect soil nematodes through soil physicochemical proper-
ties and trophic cascading within nematode communities.

2 � Materials and Methods

2.1 � Research Site

This study was conducted at the Gansu Gannan Grass-
land Ecosystem National Field Scientific Observation and 
Research Station (33°40′ N, 101°51′ E), which is located in 
Gannan Tibetan Autonomous Prefecture on the eastern edge 
of the Tibetan Plateau, southern of Gansu Province, China. 
The experimental site was located in a relatively flat alpine 
meadow at 3500 m above sea level. The annual precipita-
tion is 620 mm, and the rain falls mainly during the short, 
cool summer, with approximately 2580 h of cloud-free solar 
radiation annually. The mean annual temperature is 1.2 °C, 
with approximately 270 frost days per year. And according 
to the US Department of Agriculture’s (USDA) Soil Tax-
onomy, the soil type is a sub-alpine meadow soil, which is 
similar to cryrendoll. The vegetation is dominated by Kob-
resia capillifolia (Cyperaceae), Elymus nutans (Poaceae), 
Agrostis spp. (Poaceae), Festuca ovina (Poaceae), and Poa 
pachyantha (Poaceae).

2.2 � Experimental Design

The experiment was conducted on a completely randomized 
design in long-term field trials (100 m × 100 m), which were 
established in early May of 2014, and there were no signifi-
cant differences in plant communities. Ten 5 m × 5 m plots 
were randomly arranged with a 3-m buffer strip between 
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plots to prevent species interactions across neighboring 
plots. Two treatments included in this study were the com-
plete removal of all-aboveground plant communities (with 
removal) and all plant communities (without removal). Each 
treatment had 5 replicates. Plant removal treatment was 
conducted every 2 weeks during the whole growing season 
(early May to September) and performed by mowing plants 
along the soil surface, and all plants were killed and removed 
from the sample plot in plant removal treatment. In with-
out removal treatment, the plant community was retained 
throughout the experimental period.

2.3 � Soil Sampling and Preservation

In late August of 2019, three soil cores (5 cm diameter, 
20 cm depth) were collected from the diagonal of each plot 
(n = 5) using a soil auger and combined to form one compos-
ite soil sample per plot. Roots and stones were removed by 
hand; each soil sample was separated into two parts. The first 
part was maintained fresh for measuring soil water content 
and soil nematodes and preserved at 4℃; the second part was 
air-dried naturally, sieved through 60 mesh (0.25 mm), and 
then stored in self-sealed bags for measuring soil physico-
chemical properties at room temperature.

2.4 � Measurements

We used a beaker to measure approximately 50 mL (and 
weigh approximately 30 g) of fresh soil stored at 4 °C and 
extracted the nematodes using the modified Baermann wet 
funnel technique with the modifications outlined in Hu et al. 
(2015). Although some studies used 30 g or less of soil for 
nematode extraction (Jagdale and Grewal 2002; Kitagami 
et al. 2021; Xue et al. 2022), we admitted that a large quan-
tity of soil samples should be used for nematode extraction 
more rigorously. According to their morphological charac-
teristics, soil nematodes were assigned to different genera, 
the number of all observed nematodes was counted, and 
their abundances were converted to individuals per 100 g of 
dry soil. Furthermore, nematodes were classified according 
to their tropic groups following Yeates et al. (1993), i.e., 
bacterivore, fungivore, herbivore, and predator-omnivore.

Soil water content was measured by fresh soil: 30 g of 
soil was weighed and dried at 105 ℃ for 48 h. The remain-
ing soil was air-dried, avoiding direct sunlight, following 
sieving through a 60 mesh (0.25 mm). Air-dried soil was 
analyzed for pH using a pH meter (PHSJ-3F, Shanghai 
INESA Scientific Instrument Co. Ltd. China) in a 1:2.5 
soil:deionized water slurry. Soil organic carbon was meas-
ured based on dichromate digestion (Kalembasa and Jen-
kinson 1973). Soil total nitrogen and phosphorus were both 
digested by concentrated H2SO4 at 375 ℃ for 3 h and 45 min, 
respectively, followed by semi micro-Kjeldahl and Mo-Sb 

antispectrophotography (Cui et al. 2022) using an auto-
chemistry analyzer (SmartChem 200, AMS Alliance, Italy). 
In addition, soil ammonium (NH4

+-N) and nitrate (NO3
−-N) 

concentrations were measured by colorimetric assay follow-
ing mixing 10 g sieved soil in 100 mL of 2 mol/L KCl using 
an auto-chemistry analyzer (Cui et al. 2022).

2.5 � Data Analysis

We used the Shapiro–Wilk test to test the normality of vari-
ance and Levene’s test to test the homogeneity of variance 
prior to analyses, and if necessary, log transformations are 
performed to ensure that the data conform to normality and 
homogeneity of variance. In our data, only soil water con-
tent was log-transformed. A one-way ANOVA was used to 
evaluate the effect of plant removal on soil physicochemical 
properties and soil nematodes. A Tukey HSD post hoc test 
was used for pairwise comparison. Spearman’s correlation 
analysis was used to investigate the correlation between soil 
physicochemical properties and soil nematode the dominant 
genus.

Non-metric multidimensional scaling (NMDS) was used 
to assess differences between the nematode assemblages 
with and without plants. Furthermore, non-parametric mul-
tivariate analysis of variance (NPMANOVA) based on the 
Bray–Curtis dissimilarity coefficient with 9999 permutations 
was used to assess differences in soil nematode community 
composition between treatments. The Mantel test was used 
to investigate the correlation between soil physicochemical 
properties and soil nematode community composition.

We acknowledged that our limited sample size may pre-
vent us from fitting the structural equation models, and we 
therefore carried out piecewise structural equation modeling 
(piecewise SEM) to explore the direct and indirect effects of 
all-aboveground plant community removal on soil nematode 
by soil physicochemical properties and trophic cascading. 
The goodness of piecewise SEM was evaluated by Ship-
ley’s test of d-separation through Fisher’s C statistic (Shipley 
2009). We divided the soil physicochemical properties into 
microhabitat and soil nutrition. Microhabitats are habitats 
that have a direct impact on the life cycle of biota, which 
mainly include soil pH and soil water content (SWC), and 
the remaining factors all belong to soil nutrition (including 
soil organic carbon (SOC), total nitrogen (TN), total phos-
phorus (TP), soil ammonium (NH4

+-N), and soil nitrate 
(NO3

−-N)). And principal component analysis (PCA) was 
used to construct feature space to extract important informa-
tion from microhabitat and soil nutrition data.

We conducted piecewise SEM according to an a priori 
model (Fig. S1) with the following premises: (1) plant com-
munity directly changes soil nematode community; (2) plant 
community changes soil physicochemical properties (both 
microhabitat and soil nutrient); (3) both microhabitat and 
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soil nutrient influence soil nematode community; and (4) 
trophic cascading within the nematode community plays an 
important role in influencing soil nematode community.

All statistical analyses were conducted in R 4.0.4. The 
variance homogeneity was checked using the “car” package 
(Fox et al. 2012); the post hoc test was conducted with the 
“emmeans” package (Lenth et al. 2019). Spearman’s correla-
tion analysis was conducted with the “psych” package (Revelle 
and Revelle 2015). NMDS and PCAs were performed with the 
“vegan” package (Oksanen et al. 2013). The Mantel test was 
completed using the “linkET” package (Chi et al. 2022). Piece-
wise SEM was performed using the “piecewiseSEM” package 
(Lefcheck et al. 2016). And the figures were plotted using the 
“ggplot2” package (Wickham et al. 2016).

3 � Results

3.1 � Soil Physicochemical Properties

Soil water content (SWC, P < 0.05) and nitrate (NO3
−-N, 

P < 0.05) were significantly decreased by the aboveground 
plant community removal (Table 1). In the plant removal 
treatment, soil water content and soil nitrate significantly 
decreased by 20.37% and 53.13%, respectively. The PCA 
of soil nutrition showed that soil organic carbon, soil total 
nitrogen, and soil phosphorus were mostly related to axis 1, 
and soil ammonium and nitrate were mostly related to axis 
2 (Fig S2). And the PCA results for microhabitat showed 
that both soil pH and soil water content were mostly related 
to axis 1 (Fig. S3).

3.2 � Soil Nematode Abundance and Community

A total of 35 nematode genera were collected. The most 
common nematode genera included: Helicotylenchus, Tylen-
chus, Tylopharynx, Acrobeloides, Rotylenchus, and Aphelen-
choides (Table  2). Herbivores were the most abundant 

trophic group, followed by predator-omnivores and bacteriv-
ores (Fig. 1). There was no significant effect of plant removal 
on the abundance of total nematodes (Fig. 1a), bacterivores 
(Fig. 1c), and predator-omnivores (Fig. 1e). However, there 
were significant negative effects of plant removal on the 
abundance of herbivores (Fig. 1b, P < 0.05) and fungivores 
(Fig. 1d, P < 0.05). Various nematode genera correlate dif-
ferently with soil physicochemical properties (Table 3). A 
positive correlation was found between soil water content 
and herbivorous Helicotylenchus and Tylenchus. Also, soil 
nitrate and nitrogen were positively correlated with fungi-
vorous Aphelenchoides. Plant removal had no significant 
effects on the richness of total nematodes and different 
trophic groups (Fig. S4).

NMDS and NPMANOVA results showed that nematode 
community composition had a significant difference between 
with and without plant treatment (P < 0.01, Fig. 2). We found 
the abundance of Helicotylenchus (P < 0.05) and Tylenchus 
(P < 0.01), which belong to herbivores, was significantly 

Table 1   Effects of plant removal on soil physicochemical properties 
(mean ± SE). The boldface means significant effects of plant commu-
nity removal (P < 0.05). Different lower case letters in the same row 
indicate significant differences among treatment (P < 0.05), and the 

same lower case letters in the same row indicate no significant dif-
ferences among the treatment (P > 0.05) according to ANOVA and 
Tukey HSD post hoc test

With removal Without removal P-value

Soil pH 7.64 ± 0.07a 7.68 ± 0.14a 0.772
Soil water content 0.43 ± 0.02b 0.54 ± 0.03a 0.013
Soil organic carbon (g kg−1) 104.58 ± 10.88a 99.44 ± 1.22a 0.651
Soil total nitrogen (g kg−1) 4.45 ± 0.60a 3.99 ± 0.10a 0.475
Soil total phosphorus (g kg−1) 0.9 ± 0.05a 0.93 ± 0.02a 0.659
Soil nitrate (mg kg−1) 6.0 ± 1.26b 12.8 ± 1.66a 0.012
Soil ammonium (mg kg−1) 3.68 ± 0.52a 3.88 ± 0.54a 0.791

Table 2   Effects of plant removal on the abundance of main soil nema-
tode genera (the top 10 most abundant genera, means ± SE). The bold-
face means significant effects of plant community removal (P < 0.05). 
Different lower case letters in the same row indicate significant differ-
ences among the treatment (P < 0.05), and the same lower case letters 
in the same row indicate no significant differences among the treatment 
(P > 0.05) according to ANOVA and Tukey HSD post hoc test

With removal Without removal P-value

Helicotylenchus 39.3 ± 8.80b 66.0 ± 3.89a 0.024
Tylenchus 25.8 ± 5.21b 55.8 ± 6.84a 0.008
Tylopharynx 22.1 ± 6.46a 48.7 ± 11.45a 0.078
Acrobeloides 34.2 ± 5.60a 33.9 ± 10.53a 0.983
Rotylenchus 19.9 ± 4.48a 33.5 ± 9.16a 0.221
Aphelenchoides 13.4 ± 5.03b 32.9 ± 4.05a 0.017
Mylodiscus 18.2 ± 1.92a 21.2 ± 9.43a 0.642
Protorhabditis 20.1 ± 3.88a 17.8 ± 4.63a 0.705
Eudorylaimus 19.2 ± 7.29a 16.7 ± 5.22a 0.787
Criconemoides 9.6 ± 3.99a 23.8 ± 7.71a 0.139
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decreased in plant removal treatment (Table 2). Meanwhile, 
the abundance of Aphelenchoides (P < 0.05) and Tylophar-
ynx (P < 0.1), which belong to fungivorous nematodes, was 
significantly and marginally decreased in plant removal 
treatment, respectively (Table 2). Soil nematode communi-
ties varied with soil total phosphorus content (Fig. 3).

3.3 � Piecewise Structural Equation Modeling

We used piecewise SEM to explore the effects of 
plant removal on the abundance of nematode tropic 
groups (Fig. 4a). The piecewise SEM assessing nema-
tode abundance explained 88% of the variation in the 

predatory-omnivorous nematode and explained 12%, 
55%, and 67% of the variation in abundance of the bac-
terivorous nematode, the fungivorous nematode, and the 
herbivorous nematodes, respectively. The piecewise SEM 
explained 88%, 12%, 55%, and 67% of the variation in the 
abundance of predatory-omnivorous, bacterivorous, fun-
givorous, and herbivorous nematode, respectively. Piece-
wise SEM showed that the abundance of fungivores and 
herbivores was directly and negatively affected by the 
removal of plant communities (Fig. 4), which means plant 
removal significantly decreased the abundance of fungi-
vorous and herbivorous nematodes. Predatory-omnivorous 
nematodes were directly and indirectly affected by plant 

Fig. 1   Response of soil nema-
tode abundance with removal 
and without removal treatment. 
Data are means ± SE. Different 
lower case letters above the col-
umns indicate statistical differ-
ences at P < 0.05 according to 
ANOVA and Tukey HSD post 
hoc test. And the same lower 
case letters above the columns 
indicate no statistical differ-
ences at P > 0.05. *: P < 0.05

Table 3   Spearman correlation 
analysis between main soil 
nematode genera (the top 10 
most abundant genera) and soil 
physicochemical properties. 
The boldface means significant 
effects of plant community 
removal (P < 0.05) . **: 
P < 0.01; *: P < 0.05; (*): 
P < 0.1

SWC pH TN NO3
−-N NH4

+-N SOC TP

Helicotylenchus 0.63*  − 0.13 0.20 0.53  − 0.33  − 0.14 0.15
Tylenchus 0.81** 0.07 0.20 0.48 0.03  − 0.20 0.24
Tylopharynx 0.59(*)  − 0.52 0.24 0.43  − 0.19  − 0.17 0.06
Acrobeloides  − 0.36  − 0.80** 0.01 0.16  − 0.63* 0.01  − 0.06
Rotylenchus 0.33 0.07 0.34 0.31  − 0.23  − 0.53 0.36
Aphelenchoides 0.55  − 0.41  − 0.06 0.79**  − 0.23  − 0.03  − 0.07
Mylodiscus  − 0.11 0.49  − 0.20  − 0.32 0.28 0.45  − 0.10
Protorhabditis 0.02 0.06  − 0.37  − 0.25 0.45 0.21  − 0.62*

Eudorylaimus 0.28  − 0.40 0.04  − 0.04 0.10 0.25  − 0.26
Criconemoides 0.42  − 0.43 0.03 0.52  − 0.08  − 0.40  − 0.02
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removal (Fig. 4). The piecewise SEM showed not only a 
directly and positive effect of plants on the abundance of 
predator-omnivore, but also positively and negatively and 
indirect effects on predatory-omnivorous nematode abun-
dance through the abundance of fungivorous nematode 
and herbivorous nematodes, respectively (Fig. 4). And 
we found that although microhabitat and bacterivorous 
nematode abundance had a significant relationship with 

predatory-omnivorous nematode abundance, there was no 
significant relationship between plant removal and micro-
habitat and bacterivorous nematode abundance (Fig. 4).

Herbivores showed total positive effects on predatory-
omnivorous nematode abundance, while fungivores, bacte-
rivores, and soil physicochemical properties (soil nutrients 
and microhabitat) showed total negative effects on preda-
tory-omnivorous nematode abundance (Fig. 4). Moreover, 
plant removal showed a direct and positive effect on pred-
atory-omnivorous nematode abundance (Fig. 4). The indi-
rect effect of plant removal on soil predatory-omnivorous 
nematodes was mainly mediated by fungivores, although 
it is negative (standardized total effect: − 3.318, account-
ing for 42.34% of the standardized total effect). The direct 
pathway is next (standardized total effect: 2.2618, account-
ing for 28.86% of the standardized total effect). Herbi-
vores and bacterivores account for 24.92% and 3.01% of 
the standardized total effect, respectively. Soil physico-
chemical properties accounted for 0.85% of the standard-
ized total effect. We, therefore, conclude that the fungal 
channels associated with fungivorous nematodes are the 
most important channels affecting predatory-omnivorous 
nematodes in plant removal.

We also explored the effects of plant removal on the 
richness of nematode trophic groups using piecewise SEM 
(Fig. S5). The piecewise SEM model explained 7% of the 
variation in predatory-omnivorous nematode richness and 
45%, 45%, and 11% of the variation in richness of bacte-
rivorous nematodes, fungivorous nematodes, and herbivo-
rous nematodes, respectively. Soil nematode richness was 
not significantly affected by plant removal (Fig. S5).

Fig. 2   Community species composition of soil nematodes with 
removal and without removal treatment based on non-metric multi-
dimensional scaling (NMDS) using Bray–Curtis similarity index. 
Significant results of non-parametric multivariate analysis of variance 
(NPMANOVA) are indicated on the left top part of graph. The cir-
cles surrounding the clusters represent 95% confidence intervals. **: 
P < 0.01

Fig. 3   Mantel test of soil 
physicochemical properties 
and soil nematode community 
composition. Color gradient 
denotes Pearson’s correlation 
coefficients. Edge color denotes 
statistical significance. Edge 
width corresponds to Mantel’s 
r statistic for corresponding 
distance correlations. And the 
line types indicate the positive 
and negative effects
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4 � Discussion

Our 6-year study by manipulation of whole aboveground 
plant community removal showed that variation in abun-
dance of individual nematode trophic groups was associated 
with changes in plant removal. Plant removal significantly 
reduced fungivore and herbivore abundance and affected 
predatory-omnivorous nematode abundance through direct 
and indirect pathways, mainly through the fungal channel. 
Our study provides evidence that the soil nematode commu-
nity is influenced by the aboveground plant, while nematode 
trophic groups respond differently to plant removal.

The insignificant change in nematode taxonomic richness 
but significant change in nematode taxonomic abundance 
observed in this study suggests that richness may be rela-
tively insensitive to plant removal compared to abundance, 
and the relative insensitivity of richness compared to abun-
dance has been reported previously (Clements 2004). Con-
sistent with our hypothesis 1, we found that plant removal 
reduced the abundance of herbivores. Plant removal reduced 
the nutrient inputs into the soil food web, resulting in fewer 
trophic resources (Ayal 2007). Plant roots serve as the food 
source for soil herbivorous nematodes (Wilschut and Geisen 
2021). In addition, we found herbivorous Helicotylenchus 
and Tylenchus positively correlated with soil water content, 
and plant removal reduced soil water content by increasing 
ground irradiance and evaporation (Diabate et al. 2018; Ning 
et al. 2022), which may have led to a reduction in herbivo-
rous nematode abundance.

Meanwhile, fungivorous nematode abundance was 
reduced by plant removal. Plant removal reduces litter inputs 
and sediment, leading to a reduction in fungal abundance (Li 
et al. 2020; Zubek et al. 2016). Fungivorous nematodes are 
the majority of the fungal-feeding microfauna (Kitagami and 
Matsuda 2022), and the abundance, diversity, species com-
position, and structure of fungal communities are influenced 
by plants (Bollmann-Giolai et al. 2022), as plants can selec-
tively attract mycorrhizal fungi, pathogenic fungi, and sapro-
phytic fungi with specific abilities (Heinen et al. 2020). And 
the fungivorous Aphelenchoides was positively correlated 
with soil nitrate, plant removal reduced soil nitrate in our 
study, and reduced nitrate nitrogen may have led to a reduc-
tion in fungus-feeding nematodes. In short, plant removal 
had no significant effects on soil total nematode abundance 
and richness but reduced the abundance of herbivorous and 
fungivorous nematodes, possibly due to altered soil phys-
icochemical properties, plant nutrient resource inputs, and 
root deposits.

However, our study showed plant removal does not signif-
icantly alter soil bacterivore abundance. This result was dif-
ferent from Li et al. (2021b), who found that plant removal 
increased the relative abundance of bacterivores. This insig-
nificant change may be attributable to location differences. 
We suspect that bacterivores as opportunistic nematodes 
have a greater tendency to enrich in conditions of more 
resources (Ferris et al. 2004; Shaw et al. 2019). And in our 
study, with the exception of soil nitrate, soil nutrients were 
not significantly altered by plant removal. There is a possible 

Fig. 4   Piecewise structural equation modeling is shown the direct 
and indirect effects of plant removal on soil nematode abundance 
(Fisher’s C = 3.809, P-value = 0.432) and total effects of plant com-
munity removal (direct way), microhabitat, soil nutrient, bacterivore 
abundance, fungivore abundance, and herbivore abundance on pred-
ator-omnivore nematode abundance. The red and black solid arrows 
indicate significant negative and positive effects, respectively, and the 

dashed arrows indicate marginally significant effects (***, P < 0.001; 
**, P < 0.01; *, P < 0.05; (*), P < 0.1), while the gray arrows indi-
cate non-significant effect. The arrow width shows the standardized 
path coefficient which is associated with arrows. R2 values indicate 
the proportion of explained variation, and the values associated with 
arrows indicate standardized path coefficients
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reason to drive the insignificant changes in soil nutrient that 
plant may result in increases (Yang et al. 2021), decreases 
(Ade et al. 2021), or no difference in any of the soil nutrient 
variables (Wang et al. 2019), and the offsetting of positive 
and negative effects contributes to non-significant net plant 
effects on soil physicochemical properties. And our ANOVA 
results showed that there were no significant effects of plant 
removal on predatory-omnivorous nematodes, which may be 
caused by the offset of positive and negative effects.

More importantly, our study found that plant removal 
significantly modified the community composition of soil 
nematodes (Fig. 2), which agrees with our hypothesis 2. 
Herbivores and fungivores were the main taxa causing sig-
nificant changes in soil nematode community composition. 
Removing plant communities leads to changes in herbivo-
rous nematodes as changes in food resources and herbivo-
rous nematodes may be host-specific (Yin et al. 2022). 
Previous studies have found that the relative abundance of 
pathogenic fungi increased with the increase in grass cover-
age (Heinen et al. 2020), fungivorous nematodes are suscep-
tible to fungi as a food resource, and the plant removal may 
lead to a change in fungivorous nematodes. In addition, soil 
nematodes also selectively choose food resources, and many 
studies have shown feeding preferences in nematodes (Liu 
et al. 2018; Manwaring et al. 2020). For instance, the fungi-
vorous Aphelenchoides sp. and Aphelenchus avenae selec-
tively graze fungal food resources (Hasna et al. 2007; Ruess 
et al. 2000). Meanwhile, the bacterivorous Caenorhabdi-
tis elegans chooses between bacterial foods (Katzen et al. 
2023). In summary, plant removal changes nematode com-
munity composition by altering nematode food resources.

Our Piecewise SEM suggested both direct and indirect 
effects of plant removal on soil predatory-omnivorous nema-
todes, but indirect effects only through the trophic cascade 
within the nematode and not through soil physicochemical 
properties, which is inconsistent with hypothesis 3. Different 
effects of plant removal on predator-omnivore abundance 
could be explained by differences in food sources (Niu 
et al. 2019). The significant direct effect of plant removal 
on predatory-omnivorous nematodes may result from higher 
trophic levels where nematodes (predator-omnivores) are 
more sensitive to plant leachates, volatiles, the secretion 
of root-derived compounds (root exudation), and defensive 
secondary metabolites (Hu et al. 2018; Timonen et al. 2004; 
Wilschut and Geisen 2021), because predatory-omnivorous 
nematodes have a higher c-p value and imply greater sensi-
tivity to the change of soil environment (Ferris et al. 2001). 
For example, Brassica spp. release volatile compounds 
(like glucosinolates) and reduce soil nematodes (Farooq 
et al. 2011). When the plant (Tagetes spp.) removal reduced 
the secondary metabolites produced by plants entering the 
soil detritus food web, they directly and positively affected 
the nematode community (Karakas and Bolukbasi 2019). 

Compared to predatory-omnivorous nematodes, herbivorous 
and fungivorous nematodes have lower c-p values and are 
more tolerant of adverse conditions and more susceptible to 
food resources, whereas predatory-omnivorous nematodes 
are more sensitive to environmental changes (Ferris et al. 
2001). The different trophic groups and c-p values of nema-
todes result in their different responses to plant removal.

We found similar bacterial-based, fungal-based, and root-
based energy pathways in the soil detritus food web (Lalib-
erte et al. 2017), although plant removal was not significantly 
associated with bacterivorous nematodes. The negative effect 
of the abundance of herbivorous and bacterivorous nema-
todes on predatory-omnivorous nematode may be caused 
by herbivorous and bacterivorous overgrazing (Wang et al. 
2019). And fungivorous nematodes significantly and posi-
tively affect soil predatory-omnivorous nematodes, which 
indicates a bottom-up regulation in the soil food web (Liu 
et al. 2022). In addition, plant removal can also indirectly 
affect soil predatory-omnivorous nematodes by fungivores 
and herbivores, and the fungal channel mediated by fungivo-
rous nematodes was the most important pathway. Important 
fungivorous pathways for the impact of plant removal on soil 
predatory-omnivorous nematodes may be caused by the fol-
lowing reasons: as mentioned above, plants attract specialist 
mycorrhizal fungi and putative fungal pathogens, and plant 
removal may lead to a reduction in fungal abundance (Sem-
chenko et al. 2018), which then leads to a reduction in the 
abundance of fungivorous nematodes. Moreover, since soil 
organisms in the fungal channel are thought to be more resist-
ant to low water content conditions than those in the bacterial 
channel (Andrés et al. 2016) and plant removal significantly 
reduced soil water content, this may have contributed to the 
effect of plant removal on nematodes primarily through the 
fungal channel (Ullah et al. 2023). And in addition, tempera-
ture is one of the most important factors affecting the decom-
position of plant litter (Li et al. 2021a). In alpine meadows, 
low temperatures are not conducive to organic matter decom-
position, which may lead to fungal decomposition pathways 
that degrade recalcitrant litter (Osono 2019). In short, plant 
removal alters the soil nematode community mainly through 
a fungal channel mediated by fungivorous nematodes, which 
may be related to the impact of plant removal on the soil 
environment and plant litter inputs.

5 � Conclusion

Our results showed that long-term plant removal had no sig-
nificant effect on nematode total abundance and richness 
but significantly reduced the abundance of herbivorous and 
fungivorous nematodes. Plant removal altered soil nematode 
community composition, and soil total phosphorus content 
was an important influence factor. Plant removal had positive 
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and direct effects but negative and indirect effects, resulting 
in a non-significant effect on nematode abundance. Moreo-
ver, plant removal negatively altered the soil nematode 
community, mainly through the trophic cascading effects of 
fungal channel. Our research provides a better understanding 
of how 6-year plant removal affects soil nematode trophic 
groups in alpine meadows and emphasizes the importance 
of trophic cascades in regulating the effects of plant com-
munities on soil nematode communities.
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