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Effects of fertilization on soil 
nematode communities in an 
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Nitrogen and phosphorus are important nutrient elements for plants and 
underground organisms. The nematode is an important part of the soil food 
web. Although many studies have explored the effects of fertilization on soil 
nematode community structure, little is known about the response mechanism 
of the nematode community to fertilization. In this study, we investigated the 
diversity and functional diversity of soil nematode communities, as well as 
soil physicochemical properties, root functional traits, and plant richness. We 
explored the response mechanism of soil nematode communities to nitrogen 
and phosphorus fertilizer. Nitrogen fertilizer increased the abundance and 
richness of bacterivorous nematodes, while phosphorus fertilizer decreased 
the total abundance of bacterivorous nematodes. Meanwhile, the diversity of 
the nematode community was significantly affected by soil physicochemical 
properties and plant root functional traits. Therefore, our study revealed the 
effects of nitrogen and phosphorus fertilizer on soil nematode community 
diversity and functional diversity. Exploring the response mechanism of 
soil nematode communities to fertilization interference provides further 
evidence for the role of nematodes in maintaining the function of subsurface 
ecosystems.

KEYWORDS

alpine meadow, soil nematode, fertilization, functional diversity, species diversity, root 
traits

Introduction

Nematodes are pseudocoelomata belonging to the phylum Nematoda, the most 
abundant phylum in the kingdom Animalia (Lorenzen, 1994; van den Hoogen et al., 
2019). Nematodes are widespread in terrestrial ecosystems, where they are noted for their 
diversity and hardiness (Yeates et al., 1993; Wu, 1999). These organisms are the most 
important component of the soil food web, and monitoring changes to nematode 
community composition is a useful tool for assessing soil quality (Liu et al., 2018). Soil 
nematodes are classified according to their feeding habits as bacterivores, fungivores, 
plant-feeders, or omnivore-predators (Wu, 1999). In recent years, atmospheric nitrogen 
deposition has emerged as an important global change factor (Vitousek et al., 1997; Reay 
et al., 2008). In many natural or semi-natural plant communities, nitrogen is often the 
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main factor limiting plant growth and development, and 
phosphorus is an essential nutrient for plant growth (Bardgett 
et  al., 1998). Nitrogen addition can mitigate this limitation, 
inducing changes in the productivity of above-ground vegetation 
communities and preferentially promoting the growth of 
particular species, resulting in a loss of diversity (Bobbink et al., 
2010). Moreover, nitrogen addition can also change plant 
community structure (Reich et al., 2006; Yang H. et al., 2012) and 
productivity, and affect plant root exudates and soil 
physicochemical properties (DeForest et  al., 2004; Niu et  al., 
2010; Contosta et al., 2011). Human agricultural management has 
greatly altered the amount of nitrogen and phosphorus found in 
the soil (Villenave et  al., 2010; Liu et  al., 2012; Yang Y. et 
al., 2012).

Recently, the focus has shifted to the effects of fertilization on 
soil faunal communities (Qi et  al., 2010; Zhang et  al., 2022), 
especially on soil nematode communities. Fertilizer application is 
not only known to affect the structure and composition of 
vegetation but also belowground organisms and the soil 
environment has potential effects (Bardgett et al., 1998) and may 
alter nematode community structure. In grassland ecosystems, the 
long-term addition of nitrogen fertilizer reduces the number of 
plant-feeders (Ruan et al., 2012); the application of nitrogenous 
fertilizers is associated with a decline in the size of fungivore, 
plant-feeder, and omnivore-predator populations and an increase 
in the size of bacterivore populations (Murray et al., 2006; Zhang 
et  al., 2022). Nitrogen fertilization is also associated with soil 
acidification, which may directly contribute to nematode 
population declines (Wei et al., 2012). Scientists have observed a 
negative correlation between plant-feeder and fungivore 
population sizes and levels of ammonium and nitrate after 
fertilization (Sarathchandra et  al., 2001; Pey et  al., 2014), 
suggesting that nitrogen fertilization has a direct effect on soil 
nematodes. The addition of phosphorus fertilizer increases the 
number of bacterivores (Qi et al., 2010) and overall soil nematode 
population, while at the same time altering organic matter 
decomposition pathways and reducing the number of rare species 
(Chen et  al., 2014). In tropical rainforest, phosphorus 
supplementation significantly inhibited the total density of soil 
nematodes and the density of omnivore-predators nematodes 
(Zhao et al., 2014). In contrast, Rovira and Simon (1985) found 
that the addition of phosphorus fertilizer significantly increased 
the number of nematodes. There are few studies on the effects of 
mixed application of N and P fertilizer on soil nematode 
community. It has been found that in a long-term fertilization 
experiment for agricultural ecosystems in Heilongjiang Province, 
China, mixed application of N and P fertilizer increased the 
abundance of bacterivores nematodes (Pan et al., 2015).

The health of soil nematode populations is coupled to interactions 
with other animals, fungi, and bacteria, as well as to soil 
physicochemical properties and inter-root resource inputs from plants 
(Bongers and Ferris, 1999). Plants promote soil nematode diversity 
(Liu et al., 2012) by increasing the diversity of nematode food sources 
(Hooper et  al., 2000; De Deyn et  al., 2004). Changes in the soil 
environment or vegetation composition can directly or indirectly 
affect soil nematode communities (Wang et al., 2019; Chen et al., 
2021). An increase in soil water content is associated with an increase 

in the number of plant-feeders (Ruan et al., 2012) and a decrease in 
the number of bacterivores and omnivore-predators (Chen et  al., 
2021); changes in the biomass of dominant plants in an ecosystem 
indirectly affects soil nematode abundance (Yeates, 1999; Wang 
et al., 2019).

With increasing scientific interest in soil nematodes and the 
development of functional ecology (Violle et al., 2007), researchers 
have begun to quantify the functional attributes of soil nematodes 
using traits such as individual size. The objective of these efforts 
is to understand how nematode functional diversity changes in 
response to environmental changes and their associated effects on 
ecosystem function (Tita et al., 1999; Pey et al., 2014). One metric 
for assessing functional attributes is community-weight mean 
(CWM), which is calculated as the weighted average of individual 
size and relative abundance of each genus. Wang et  al. (2002) 
found that soil organic carbon, microbial biomass, and plant 
tissues provided food resources for soil nematodes, contributing 
to nematode growth and overall size. Recent work found that 
increasing soil nutrient concentrations by applying fertilizers 
increased the length of individual nematodes (Liu et al., 2015). 
When soil organic matter and total nitrogen content are higher, 
food resources for larger nematodes increase, thereby increasing 
CWM (Liu et al., 2015; Andriuzzi and Wall, 2018). In contrast, 
phosphorus limitation favors the survival of smaller soil animals 
and, as such, phosphorus content is positively correlated with 
community level size (Mulder and Elser, 2009). Consistent with 
this finding, researchers found that small individual nematodes 
have a better survival rate in gully bottoms with lower phosphorus 
levels in alpine meadow ecosystems (Wang and Niu, 2020).

The Qinghai-Tibet Plateau alpine meadow is an important 
grassland ecosystem in China (Du et al., 2003), and numerous 
studies have investigated the effects of fertilization on plant 
communities and soil factors in this ecosystem (Yang Z. et al., 
2012). A recent experiment in alpine meadows on the Tibetan 
plateau did not find significant changes to nematode communities 
resulting from long-term nitrogen and phosphorus fertilization 
(Andriuzzi and Wall, 2018). However, little research has been 
conducted on the effects of fertilizer application on the functional 
diversity of soil nematode communities in this ecosystem. It is 
unclear whether the effect of fertilization on the nematode 
community is due to changes in the soil microenvironment or 
plant community composition, and there are few studies on the 
interaction between plants and nematodes. In this study, 
we conducted an experiment in alpine meadows on the Tibetan 
Plateau were continuously fertilized for 4 years to investigate the 
effects of nitrogen and phosphorus addition on soil nematode 
diversity. CWM was used as an indicator of soil nematode 
response to fertilization. We  also investigated the effects of 
aboveground vegetation, soil physicochemical properties, and 
plant root characteristics on soil nematode communities and the 
mechanisms of fertilization on nematode communities. 
We  hypothesized that (1) fertilization reduces soil nematode 
abundance and the species richness of aboveground vegetation; 
(2) fertilization increases CWM values of the individual size of 
soil nematode communities; and (3) fertilization affects  
soil nematode communities by changing plant community  
structure.

https://doi.org/10.3389/fevo.2023.1122505
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Qi et al.� 10.3389/fevo.2023.1122505

Frontiers in Ecology and Evolution 03 frontiersin.org

Materials and methods

Study site and experimental design

The study was conducted at the Haibei Alpine Meadow 
Ecosystem Open Experimental Station of the Chinese Academy of 
Sciences in Menyuan County, Qinghai Province, in the 
northeastern part of the Tibetan Plateau (101°12′–101°23′, 
37°29′–37°45′). The area has a plateau continental climate with 
damp and rainy summers and cold and dry winters, with an 
average altitude of 3,215 m, an average annual temperature of 
−1.2°C, and annual precipitation of 489 mm. Precipitation occurs 
mainly between May and September (Wang et al., 2012). The plant 
community in this typical alpine meadow is dominated mainly by 
Poaceae, Asteraceae, and members of the buttercup family, such 
as silver lotus (Anemone obtusiloba), sheep grass (Elymus nutans), 
big leaf gentian (Gentiana macrophylla), yellow flower Poaannua, 
fern (Potentilla bifurca), and black snowdrop (Saussurea 
nigrescens) (Liu et al., 2020). The soils are thin with high organic 
matter content but low effective phosphorus and nitrogen content; 
thus, plant communities in this area are limited by both nitrogen 
and phosphorus (Niu et al., 2016).

Fertilization experiments began in 2018 in sample plots in the 
study area. Four fertilization treatments were randomly 
distributed among six blocks arranged across the sample plots, 
with six replicates of each treatment and a 3 m buffer interval 
between each block. Each sample square was 3 × 3 m in size, with 
a 2 m distance separating each square. A 0.5 m × 0.5 m fixed 
sample square in the middle of each 3x3m square was used to 
assess plant cover and abundance. There were four treatments in 
this study: blank control (CK), phosphorus fertilizer (P, added 
amount: 10 g m−2  year−1), nitrogen fertilizer (N, added  
amount: 10 g m−2 year−1), and nitrogen and phosphorus fertilizer 
applied together (NP, N: 10 g m−2  year−1, P: 10 g m−2  year−1)  
(Liu et  al., 2020). Fertilization treatments were applied  
every June.

Sample collection

Sampling was conducted at the end of August 2021 after 4 years of 
fertilization treatments. Plants were at the time of sampling. A 0.5 m 
× 0.5 m area was randomly selected within the lower left 1/4 of the 
sample plot for plant species identification and counting. Above-
ground plant parts were cut, sorted, and taken to the laboratory, where 
they were dried at 65°C before weighing.

Soil and root samples were collected and analyzed in early 
September 2021. Soil samples were taken from each 3 m × 3 m 
treatment sample square with a 4-cm diameter soil auger, using the 
five-point method to bore five holes 15 cm deep. Each set of five 
samples was mixed into a single sample and placed into a self-sealing 
bag, after which it was labeled and stored at 4°C during transit to the 
laboratory. In the laboratory, a 2 mm soil sieve was used to remove 
debris and sort out plant roots in the soil. Samples were divided into 
2 parts: one portion was stored at 4°C for 1 day until soil nematodes 
could be extracted, and the other one was used to characterize soil 
physicochemical properties.

Measurement of plant root functional traits

Sorted roots were gently washed with deionized water to remove 
attached soil and other residues, wrapped in plastic wrap and tin foil 
and refrigerated at 1°C. Root samples were scanned and imaged 
(Winrhizo, Regent Instruments, Inc. Nepean, Ontario, Canada) to 
determine total root length (Length), total root volume (Root 
Volume), and total root surface area (Surf Area). Specific root area 
(SRA: root length per unit weight), root tissue density (RTD), total 
root biomass (Root biomass), specific root length (SRL), and root 
length density (RLD) were calculated from root dry weights (Freschet 
et al., 2021).

Physical and chemical soil properties

10 g of soil was placed in an aluminum box and dried at 105°C 
for 72 h to determine soil moisture content (SM). Soil pH was 
determined using a pH analyzer (meter-s210 Seven Compact™, 
Switzerland) with a 1:2 ratio of soil to water. Soil total nitrogen 
(TN) was determined by the semi-Kaeschner method (Sparks 
et  al., 1996), soil total phosphorus (TP) by the sulfuric acid-
perchloric acid digestion-molybdenum antimony anti-colorimetric 
method, soil available phosphorus (P) by the sodium bicarbonate 
leaching-molybdenum antimony anti-colorimetric method, and 
soil organic carbon (SOC) by the walker-black method (Nelson 
and Sommers, 1982). Soil ammonium (NH4 +) and soil nitrate 
(NO3

−) were determined by the indophenol blue colorimetric 
method (Dorich and Nelson, 1983) and salicylate colorimetric 
method (Yang et al., 1998), respectively.

Isolation, identification, and measurement 
of soil nematodes

Soil nematodes were isolated using a modified Bellman funnel 
method (Liu et al., 2015). The soil was stored in a refrigerator at 4°C, 
after which a 50 g sample was taken and isolated for 48 h before being 
fixed and filmed with glycerol. Head and tail morphology were used 
to sort nematodes into genera, after which nematodes were counted 
and photographed under a compound microscope (Olympus BX53 
microscope at 10–1,000×). Nematodes were identified using the Soil 
Fauna of China Retrieval Atlas (Yin, 1998) and the Study of Freshwater 
and Soil Nematodes in China (Wu, 1999).

The number of individual nematodes was converted to bars/100 g 
of dry soil. When the number of isolated nematodes was less than 100, 
all nematodes were identified; if the number was greater than 100, 100 
individuals were randomly selected. The nematodes were classified 
into four groups according to their feeding characteristics: 
bacterivores, fungivores, plant-feeders, and omnivore-predators 
(Bongers and Bongers, 1998).

For each sample, the overall size was calculated by summing 
the sizes of all identified nematodes. The relative abundance of a 
genus was calculated as the ratio of the abundance of a genus to 
the total abundance of nematodes in a sample. Community-
weighted mean (CWM) was calculated by weighting the average 
body size to relative diversity. The calculation of the cluster 
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individual size weighted mean is based on the equation presented 
by Liu et al. (2015):

	
CWM =

=
∑
i

N
i iP X

1

where N represents the number of nematode genera, Xi represents 
the mean body size value for genus i; Pi represents the relative 
abundance of genus i.

The body type characteristics of soil nematodes were determined 
by Digimizer software. The nematode body size (V) was calculated 
using the following equation:

	
V L D= ×( )2 1 7/ .

where V represents the volume of each nematode; L represents the 
body length of each nematode; D represents the maximum body 
width of each nematode, and 1.7 is a constant.

Statistical analysis

Here, we assess how soil nematode diversity is influenced by 
changes in soil physicochemical properties and plant communities 
occurring in response to nitrogen and phosphorus fertilization. 
Species richness was calculated from plant community data; Soil 
physicochemical properties (e.g., soil pH, soil organic carbon, 
total nitrogen, total phosphorus, ammonium nitrogen, nitrate 
nitrogen, and available phosphorus) were measured from soil 
samples; Plant root traits were determined from subsurface  
sections.

At the community level, nematode abundance, functional group 
abundance, genus richness, and Shannon diversity were calculated. 
CWM was calculated using individual body length and body width 
data. This index was used to better explain the response of nematode 
communities to nitrogen and phosphorus additions. Through the 
analysis of different functional groups of nematodes, the changes in 
the structure and function of the soil food web were studied, to 
evaluate the response of the soil food web to environmental disturbance.

A linear mixed-effects model and two-factor ANOVA were 
used to analyze changes to soil physicochemical factors, root 
functional traits, plant species richness, soil nematode diversity, 
and each nematode functional group. Principal component 
analysis (PCA) was used to standardize the soil physicochemically 
and root functional trait variables, and the respective first axis 
principal component data were extracted and recorded as 
“SoilPC1” and “RootPC1.” SoilPC1 and RootPC1 were then used 
to analyze the effects of soil physicochemical properties and root 
functional traits on soil nematode diversity (i.e., total abundance, 
abundance, Shannon diversity, Simpson diversity, and evenness) 
and functional diversity (i.e., CWM values dispersion based on 
body size). Simple linear regression analysis was used to 
investigate the correlation between soil nematode diversity and 
functional diversity and “SoilPC1,” “RootPC1,” and plant species 
richness using the “lm” function in R. Finally, structural equation 
modeling (SEM) was used to explore the pathways by which 

fertilizer application influences soil nematode communities, with 
“SoilPC1,” “RootPC1,” and plant species richness as 
potential variables.

All data were analyzed using R software version 4.1.2. The “FD” 
package was used to calculate CWM and FDis based on nematode size 
(Laliberté et al., 2014). The “vegan” package was used to calculate 
Shannon diversity, Simpson diversity, and evenness metrics for 
nematodes. PCA was also conducted using the “vegan” package 
(Oksanen, 2016). The “lme” function in the “lme4” package was used 
to calculate linear mixed effects (Bates et  al., 2015). Finally, the 
“ggplot2” package was used for plotting, and the “piecewiseSEM” 
package was used for SEM (Lefcheck, 2016).

Results

The influence of fertilizer application on 
nematode and plant diversity

Fertilizer application had different effects on soil nematode 
diversity and functional diversity. Shannon diversity, Simpson 
diversity, and evenness increased significantly when only nitrogen 
(N) fertilizer was applied. When only phosphorus (P) fertilizer 
was added, the individual abundance of soil nematodes was 
reduced significantly and the functional richness index (FRic) of 
nematode communities increased significantly. Nematode 
abundance, Shannon diversity, Simpson diversity, community 
functional dispersion (FDis), and Rao’s quadratic entropy index 
(RaoQ) decreased significantly with the co-application of nitrogen 
and phosphorus (NP) fertilizers. Moreover, the co-application of 
NP fertilizer significantly reduced above-ground plant species 
richness (Table 1). This indicates that the addition of different 
chemical fertilizers has different effects on the soil nematode 
community. Soil nematode diversity was greater in all cases of 
N-only fertilization compared to P-only fertilization, suggesting 
that phosphorus deposition may be  a key factor affecting 
nematode communities.

The influence of fertilizer application on 
soil physicochemical properties and root 
functional traits

Fertilization treatments were observed to affect the subsurface 
soil environment and plant roots. Under N addition, soil pH 
decreased significantly and nitrate (NO3

−) content increased 
significantly, but the effect of N addition on root traits was not 
significant (Table 2). Under P addition, soil effective phosphorus 
content and total soil phosphorus (TP) content increased 
significantly; fine root dry weight (FM) and root length density 
(RLD) values of the underground root fraction decreased 
significantly (Table 2). However, the effect of fertilization on soil 
physicochemical factors and root traits was not significant under 
the NP treatment (Table  2). These changes indicate that soil 
physicochemical factors were more sensitive to the addition of 
either N or P fertilizers compared to NP treatment. Changes to 
root system functional properties were stronger for P treatment 
than for N or NP.
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Effect of fertilizer application on nematode 
functional groups

Fertilizer application also affected soil nematodes of different 
functional groups. Bacterivore richness and abundance increased 
significantly under the N application and decreased significantly 
under the NP application (Table  3). In the P treatment, only the 
abundance of plant-feeder nematodes was reduced significantly 
(Table  3). The abundance and richness of omnivore-predator 
nematodes decreased significantly in the NP treatment (Table  3). 
We found that fertilization did not significantly affect soil nematode 
volume in any group. This indicates that N fertilization favored the 
growth of bacterivore nematode communities, P fertilization inhibited 
the survival of plant-feeder nematodes, and NP fertilization was 
determinantal to the development of soil nematode communities 
(Table 3).

Effects of soil physicochemical properties 
and root traits on soil nematode diversity

Principal component analysis (PCA) was performed on soil 
physicochemical properties and root characteristics. Results showed 
a significant positive correlation between soil physicochemical 
properties, nematode species richness, Shannon diversity, Simpson 
diversity, and FDis (Figure 1A; Supplementary Figure S1). CWM and 

nematode community evenness (E) were not correlated to soil 
physicochemical properties (Figure  1A). There was a significant 
negative correlation between root characteristics, Shannon diversity, 
and Simpson diversity (Figure 1B; Supplementary Figure S2). Plant 
species richness was negatively correlated to E and root characteristics 
(Supplementary Figure S3).

Structural equation modeling (SEM) analysis was performed to 
illuminate the relative importance of relationships between measured 
variables. The model included plant community richness, root 
functional attributes, and soil nematode community variables. NP 
fertilization significantly reduced plant community richness, and soil 

TABLE 1  Effect of fertilizer application on soil nematode and plant 
diversity.

Differences between treatments with 
blanks as reference

N P N:P

Nematode diversity

Nematode richness 4.83 −2.33 −10.50*

Nematode 

abundance

−38.74 −568.44* −55.98

Shannon Wiener 0.35a 0.04 −0.60*

Simpson 0.04* 0.01 −0.06*

Community 

evenness (E)

0.04a 0.02 −0.01

Functional diversity of soil nematode communities

CWM for body-size 0.13 1.25 −1.45

FRic 0.03 1.38a −1.80

FEve −0.002 −0.07 0.13

FDiv 0.04 −0.02 −0.04

FDis 0.06 0.07 −0.24*

RaoQ 0.06 0.37 −0.73a

Plant richness −3.00 −0.83 −9.33**

A linear mixed-effects model was used to test the effect of fertilization treatments on soil 
nematode and plant diversity (numbers are the slope values of the linear mixed-effects model. 
Blank was used as a control, positive and negative values indicate whether the fertilization 
conditions increased or decreased relative to other fertilization conditions in control, ***: 
p < 0.001; **: p < 0.01; *: p < 0.05; a: p < 0.1). FRic, functional richness index; FEve, functional 
evenness index; FDiv, functional divergence index; FDis, functional dispersion index; RaoQ, Rao’s 
quadratic entropy index. The bold numbers are indicate significant effects.

TABLE 2  Effect of N and P fertilizer addition and their interaction on 
subsurface soil environmental factors and functional attributes of the 
root system.

Differences between study sites with 
gaps as reference

N P N:P

Soil physicochemical index

Soil available P (AP) −0.18 41.17*** −13.82

Soil pH (pH) −0.17* −0.10 0.17

Soil ammonium  

(NH4 +)

0.09 −0.91 0.29

Soil nitrate (NO3
−) 10.80* 2.68 −9.14

Soil organic matter 

(SOC)

0.21 −0.17 −0.18

Soil total N (TN) 0.02 −0.02 −0.02

Soil total C (TC) 0.25 −0.25 −0.14

Soil total P (TP) 0.03 0.15*** −0.01

Soil moisture content 

(SM)

0.02 −0.03 −0.03

Root system functional properties

The dry weight of fine 

roots (FM)

0.002 −0.008a −0.004

Root biomass −0.99 −1.06 2.45

Total root length 

(Length)

−4,456 −1931 13,779

Total root volume 

(RootVolume)

−1.83 −0.51 6.38

Total root surface area 

(SurfArea)

−330.7 −116.5 1062.4

Specific root length 

(SRL)

93.65 498.43 240.21

Specific root area 

(SRA)

8.63 50.26 13.44

Root tissue density 

(RTD)

−17.74 −7.69 54.85

Root length density 

(RLD)

−0.01 −0.06a −0.01

A linear mixed-effects model was used to test the effects of fertilization treatments on the 
subsurface soil environment and functional attributes of the root system (numbers are slope 
values of the linear mixed-effects model. Positive and negative values indicate whether the 
fertilization conditions increased or decreased relative to other fertilization conditions in control, 
***: p < 0.001; **: p < 0.01; *: p < 0.05; a: p < 0.1). The bold numbers are indicate significant effects.
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A B

FIGURE 1

Principal component analysis (PCA). Relationship between soil nematode diversity and soil physicochemical properties (A) and plant root functional 
traits (B) under fertilization treatments. CWM, community means based on nematode body size; FDis, Functional dispersion index; Abundance, 
Abundance of soil nematodes in 100 g of dry soil; Richness, Soil nematode richness; E, Community evenness; Plant_ richness, Plant species richness. 
Soil physical and chemical properties and root functional traits were extracted separately from the first principal component (PC1) after dimensionality 
reduction by principal component analysis. The indicators measured for root functional traits were RTD, Root tissue density; RLD, Root length density; 
FM, Fine root dry weight; Length, Total root length; RootVolume, Total root volume; SRL, Specific root length; SRA, Specific root area; SurfArea, Total 
root surface area. Soil physical and chemical properties were measured as follows: SOC, Soil organic carbon; TN, Total soil nitrogen; TC, Total soil 
carbon; TP, Total soil phosphorus; P, Soil available phosphorus; pH, Soil pH; NH4

+, Soil ammonium; NO3
−, Soil nitrate. Variables corresponding to the 

red arrows indicate that the effect on soil or root traits is significant. Gray arrows indicate that the effects are not significant.

physicochemical properties; N and P treatments had a direct effect on 
soil physicochemical properties (Figures 2A,B). P fertilization directly 
resulted in lower nematode abundance (Figure 2A). NP treatment 
indirectly affected nematode species richness by altering soil 
physicochemical properties (Figure 2B). Therefore, we concluded that 
P fertilization exerts a direct effect on soil nematode communities. N 
and P fertilization had no significant effect on CWM (Table 1). In 
summary, we  found that P fertilization had a direct effect on soil 
nematode abundance and that NP fertilization had an indirect effect 
on nematode species richness.

Discussion

The influence of fertilization on soil 
nematode diversity

Fertilization significantly altered the soil nitrogen and phosphorus 
levels. This experiment found that the addition of N significantly 
altered soil nitrate N content and pH; P treatment significantly altered 
soil effective P and total soil P, while the mixed addition of N and P 
fertilizer had no effect on soil physical and chemical properties. The 
effects of the treatment type on soil nematodes were different from 
their effects on physicochemical properties. N fertilization significantly 
increased Shannon diversity, Simpson diversity, and E, which is 
consistent with previous work conducted in Inner Mongolia (Wang 
et al., 2019).

These results corroborated our first hypothesis and found that P 
fertilization greatly reduced soil nematode abundance and that the 
interaction of N and P fertilizers significantly reduced soil nematode 

TABLE 3  Effect of fertilization treatments on soil nematode communities 
of each functional group.

Differences between study sites 
with gaps as reference

N P N:P

Different functional groups of nematodes

Abundance of bacterivores 88.35** −30.20 −78.81a

Abundance of fungivores 3.12 −24.17 −28.31

Abundance of plant-

feeders

−18.33 −104.26* −39.54

Abundance of omnivores-

predators

9.87 −7.80 −22.78a

Richness of bacterivores 4.17** 0.33 −4.17*

Richness of fungivores −0.83 −0.83 −0.33

Richness of plant-feeders 0.83 −1.67 −3.00

Richness of omnivores-

predators

1.17 0.50 −3.00*

Bacterivores volume 1513.00 2205.00 −3,284

Fungivores volume 899.72 3184.58 −2789.00

Plant-feeders volume 243.90 1727.70 −1078.30

Omnivores-predators 

volume

−13327.82 3363.50 −2164.10

A linear mixed-effects model was used to test the effect of fertilization treatments on soil 
nematodes for each functional taxon (numbers are slope values of the linear mixed-effects 
model. Using blank as a control, positive and negative values indicate whether the 
fertilization conditions increased or decreased relative to other fertilization conditions of 
control, ***: p < 0.001; **: p < 0.01; *: p < 0.05; a: p < 0.1). The bold numbers are indicate 
significant effects.
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richness. The addition of P fertilizer significantly decreased overall 
nematode abundance, consistent with work done in a low-lying paddy 
field located on the Ivory Coast of Africa and a tropical forest (Zhao 
et  al., 2014; Čerevková et  al., 2017). However, other studies have 
shown that fertilization can have a positive effect on nematodes and 
improve overall species richness (Sarathchandra et al., 2001). One of 
the reasons for this inconsistency is likely due to the amount of 
fertilizer applied. In the study by Sarathchandra et al., the amount of 
fertilizer applied was 20 g per m 2 N and 20 g per m 2 P, and our 
application amount of N and P fertilizer was only 10 g per m 2. Most 
of the fertilizer was probably taken up by the plants, and the remaining 
amount was insufficient to change the soil nematode community. 
Moreover, the effects of N and P fertilization on soil physicochemical 
properties are also important. N application lowers soil pH and 
increases soil nitrate N content, and P application increases the 
content of effective and total phosphorus; the decrease in soil pH leads 
to soil acidification, which contributes to the decreasing nematode 
populations because soil acidification destroys optimal growth 
conditions, and some soil nematodes are sensitive to changes in the 
soil environment (Li et al., 2013), especially large nematodes (Liang 
et al., 2009). Furthermore, it has been shown that P fertilization is 
toxic to nematodes and can restrict their reproductive ability (Hu 
et  al., 2017). Here, we  found that N fertilization increased the 
abundance and richness of bacterivores, similar to findings by other 
researchers (Hu et  al., 2017). Hu et  al. found that soil microbial 
biomass, C and N increased significantly, increasing the amount of 
food available for bacterivore nematodes. Consistent with these 

findings, PCA revealed that soil N and organic matter content 
increased, positively impacting bacterivores (Figure 1A).

In contrast, a study conducted in a New Zealand pasture found 
that P additions significantly increased fungivore abundance (Chen 
et al., 2014), while other work found that P fertilization resulted in 
slight increases in bacterivore and omnivore-predator populations as 
well as soil nematode species richness (Sarathchandra et al., 2001). 
Bottom-up control mechanisms are widely present in subsurface 
ecosystems (Neher, 2010), and P input changes the composition and 
functional characteristics of the soil microbial community by 
promoting the rapid growth of vegetation (Leff et al., 2015). In this 
study, structural equation modeling revealed that P fertilization had a 
direct negative effect on soil nematode abundance (Figure 2A), which 
was inconsistent with hypothesis 3. Other nematode studies found 
that the addition of P fertilizer under N-enriched conditions 
significantly increased the functional variables in soil nematode 
communities, which attenuated the positive effect of P (Zhao et al., 
2014). In contrast, our experiments found that NP application 
significantly reduced nematode richness and functional diversity, and 
P attenuated the positive effect of N on soil nematode communities.

At the same time, fertilization reduces plant species richness. 
Numerous studies have shown that fertilizer application increases 
above-ground plant biomass, increasing canopy cover. This results in 
decreased light for non-grass vegetation and legumes, ultimately 
leading to the loss of these species (Qi, 2013). Previous studies have 
found that fertilization alters soil nematode community structure by 
decreasing plant species diversity. However, our results differ in that 
fertilization did not affect the functional traits of plant roots (Figure 2). 
The reduction in nematode abundance under P fertilization was 
mostly due to a decrease in the number of plant-feeders (Table 3); this 
is probably because plant-feeders subsist on root secretions, and P 
fertilization reduced fine root dry weight and root tissue density and 
had an indirect negative effect on root functional attributes by 
reducing plant species diversity. Thus, changes in root functional 
attributes may affect root exudation, thereby affecting the population 
of plant-feeders. An additional explanation may be that the loss of 
plant species that results from fertilization causes changes in root 
biomass (Cortois et al., 2017), which in turn reduces plant-feeder 
nematode populations.

Roots play a vital role in ecosystems and provide habitats for many 
underground organisms (Bardgett and van der Putten, 2014). Thin 
roots provide more space for herbivores and predators to survive in 
the soil (Legay et al., 2020). The greater the root length, the more 
beneficial it is to microbial life, and thus to the microfauna living there 
(Picot et  al., 2019). Second, there is a strong selectivity of root 
secretions to rhizosphere microorganisms, and the addition of 
nitrogen has a significant effect on the rhizosphere bacterial 
community (Wang et  al., 2022). Although we  did not find any 
significant effect of fertilization on the root functional traits, research 
based on root characteristics can help us to better understand the soil 
nematode community.

The influence of fertilization on plant 
functional diversity

To improve investigation into the relationship between soil 
nematode communities and environmental changes and ecosystem 
functions, nematode body size indicators are increasingly used as a 

A

B

FIGURE 2

SEM analysis showed the interaction between plant and soil and its 
effects on (A) soil nematode abundance (AIC = 60, Fisher’s C = 0, p = 1) 
and (B) richness (AIC = 60, Fisher’s C = 0, p = 1). Roots and soils are 
represented by principal component analysis (PCA) of the reduced 
dimensional first principal component, respectively. Root functional 
property variables include all indices measured, and soil 
physicochemical property variables include so-measured soil 
physicochemical indicators. Boxes in the model represent individual 
variables; solid arrows represent significant effects (p < 0.1); dashed 
arrows represent non-significant effects (p > 0.1); numbers on the 
arrows represent path coefficients. R2 values represent the variance 
of response variables explained by other variables. ***: p < 0.001; **: 
p < 0.01; *: p < 0.05; a: p < 0.1.
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measure of functional diversity in soil systems (Mulder et al., 2009). 
Indicators such as CWM, which are based on body size, are more 
reliable than those based on abundance to explain the response of soil 
nematode communities to fertilization (Liu et al., 2015). Of the large 
variation in body size among different genera of nematodes, CWM 
was introduced to facilitate the description of soil nematode 
communities (Niu et al., 2014). Work in rice fields found that CWM 
values of soil nematode communities were positively correlated with 
soil nutrients, and could serve as a sensitive indicator of nematode 
community response to fertilizer application (Liu et  al., 2015). 
Research by Christian et al. found that low P soils were more favorable 
for the survival of small-bodied soil animals, and high P soils 
supported larger-bodied soil animals at higher trophic levels; this was 
because increased P content improved the quality of food for small soil 
animals, who were previously limited by their food’s stoichiometric 
ratio and also improved the quality of organic matter in the soil, 
Together, these factors increased the nutrient transfer rate among soil 
animals (Mulder and Elser, 2009). However, some work suggests that 
in areas with high P content, small nematodes such as bacterivores, 
fungivores, and plant-feeders can survive better due to higher 
microbial diversity (Zhao et al., 2020). Other studies have also found 
that functional diversity improves as soil N and soil organic matter 
increases (van den Hoogen et al., 2019) and results in increasing size 
of individual nematodes, indicating that nitrogen fertilization favors 
the survival of large-bodied nematodes (Liu et al., 2015; Andriuzzi and 
Wall, 2018).

Here, we found that the CWM of soil nematode communities did 
not respond significantly to fertilization, which was not consistent 
with hypothesis 2. Changes in nematode communities take place over 
long periods, and 4 years of fertilization may not be long enough to 
induce substantial changes in nematode community structure. As 
such, we need longer-term fertilization experiments to understand soil 
nematode community dynamics under such conditions. Additionally, 
further investigation is needed to determine how fertilization affects 
soil nematodes at different trophic levels.

Conclusion

In alpine meadow ecosystems of the Tibetan Plateau, although N 
fertilization increased the abundance and richness of bacterivore 
nematodes, the abundance and richness of both bacterivore and 
omnivore-predator nematodes decreased under NP application, 
suggesting that P fertilization has a greater impact on soil nematode 
communities than N fertilization does. Here, we  use soil 
physicochemical properties and root functional traits to understand 
how fertilization alters nematode communities; however, we did not 
investigate how changes in plant root secretions and soil 
microorganisms resulting from fertilization influence nematode 
communities. Longer-term studies examining how fertilization alters 

subsurface biological communities and abiotic factors are needed. 
Moreover, the effects of fertilization, the soil environment, and plant 
root systems are intertwined. We  must further investigate how 
interactions between these factors alter soil nematode communities in 
fertilized soils to provide a scientific basis for the management of 
alpine meadows in the Tibetan Plateau.
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