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ABSTRACT
Background: Plant species diversity is of great significance to maintain the structure
and function of the grassland ecosystem. Analyzing community niche and
interspecific associations is crucial for understanding changes in plant species
diversity. However, there are few studies on the response of plant species diversity,
species niche characteristics, and interspecific relationships to nitrogen addition in
alpine meadows on the Qinghai-Tibet Plateau.
Methods: This study investigates the effects of different levels of nitrogen addition (0,
15, 30, 45, and 60 g N m−2) on plant species diversity, functional group importance
values, niche width, niche overlap, and interspecific associations in an alpine
meadow.
Results: 1) Compared with the control (CK), the Shannon-Weiner index and species
richness index significantly increased by 11.36% and 30.77%, respectively, with
nitrogen addition at 30 g N m−2, while both indices significantly decreased by 14.48%
and 23.08%, respectively, at 60 g N m−2. As nitrogen addition increased, the
importance value of grasses showed an upward trend, whereas the importance value
of sedges showed a decline. 2) The niche width of Poa pratensis L., Elymus nutans
Griseb., and Stipa purpurea Griseb. are increased with higher nitrogen addition.
As nitrogen addition increases, the niche overlap values also show a rising trend.
At 60 g N m−2, the overall community association in the alpine meadow exhibited a
significant negative correlation. These findings suggest that grasses exhibit strong
ecological adaptability under high nitrogen addition and gain a competitive
advantage in spatial competition, increasing their niche width. Moreover, as nitrogen
levels increase, the importance values of grasses rise significantly, and their ecological
characteristics become more similar, resulting in reduced niche overlap among plant
species. Furthermore, high nitrogen addition intensifies interspecific competition
between grasses, sedges, and forbs, disrupting the original balance and reducing
species diversity. These insights provide a valuable understanding of changes in
species diversity and competitive dynamics in alpine meadow plant communities
under high nitrogen addition.
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INTRODUCTION
Biodiversity is essential for maintaining functionality and delivering ecosystem services
(Pennekamp et al., 2018). Plant diversity enhances an ecosystem’s capacity to support
various functions and processes, such as carbon sequestration, productivity, and nutrient
accumulation (Midolo et al., 2019). Over the past century, agricultural and industrial
activities have increased nitrogen compound emissions, contributing to elevated
atmospheric nitrogen deposition in natural and semi-natural ecosystems worldwide
(Erisman et al., 2013). Nitrogen deposition is one of the primary drivers of plant
biodiversity loss in terrestrial ecosystems (Midolo et al., 2019). The response of plant
community diversity to nitrogen deposition varies depending on factors such as the
amount and duration of nitrogen input, nitrogen forms, climate factors, and vegetation
types (Humbert et al., 2016; Perring et al., 2018; Simkin et al., 2016; Smith, Schuster &
Dukes, 2016). Some studies have shown that nitrogen enrichment promotes plant growth
and consequently alters community composition (Liao et al., 2024; Liu et al., 2024), while
others have demonstrated that species richness generally decreases with higher nitrogen
inputs (Fraser et al., 2015;Midolo et al., 2019). The mechanisms behind the decline in plant
species richness under high nitrogen concentrations remain unclear (DeMalach &
Kadmon, 2017; Harpole et al., 2017). Therefore, exploring the mechanisms driving the
reduction of plant diversity under high nitrogen levels is crucial for understanding the
complex effects of future climate change on plant communities and providing data and
theoretical support for biodiversity conservation.

Some studies suggest that the decline in plant species richness under high nitrogen
concentrations is due to increased interspecific competition (DeMalach & Kadmon, 2017).
Nitrogen addition boosts plant productivity and canopy height, shifting competition
among plant species from below-ground nutrient competition to above-ground
competition for light. This shift means that taller or faster-growing species can capture
more light per unit area compared to shorter species, intensifying competitive exclusion
(Niu et al., 2018). In this context, interspecific competition emerges as one of the most
important factors influencing changes in plant species diversity (Mahaut et al., 2020).
Interspecific relationships have long been a cornerstone of community ecology and are
essential for understanding species distribution, community assembly, and responses to
environmental changes (Ding & Ma, 2021). Interspecific competition includes both the
struggle for limited resources and the mechanisms that enable stable coexistence, which are
often revealed through species’ niche characteristics and interspecific associations
(Zwolicki et al., 2016). Niche characteristics represent how species in a community utilize
resources and their functional relationships with other populations. These characteristics
can be categorized into niche width and niche overlap (Litchman et al., 2007). Niche
width reflects a species’ capacity to use resources and adapt to environmental conditions
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(He et al., 2022), while niche overlap indicates the degree to which two species in the
community share and compete for a given resource (Gu et al., 2019). Thus, studying niche
characteristics is critical for understanding coexistence mechanisms and predicting
community succession. Numerous experiments have shown that moderate nitrogen
addition can alleviate resource limitations or reduce nutrient heterogeneity, which, in turn,
decreases niche overlap and leads to fewer coexisting species (Harpole et al., 2016).
The alleviation of resource limitations also increases above-ground biomass, shifting
competition from nutrient acquisition to light capture, indirectly reducing niche overlap
and breadth, thereby intensifying interspecific competition (Yan et al., 2020). Niche
characteristics (niche width and overlap) reflect a species’ ability to utilize resources and its
role within the community, while interspecific association refers to the spatial
co-occurrence of species, largely determined by their coexistence in a specific environment
(Su et al., 2015). Interspecific association is a crucial characteristic of plant communities,
influencing their formation and evolution (Sfenthourakis, Tzanatos & Giokas, 2006).
Integrating niche characteristics with interspecies associations provides a more
comprehensive and effective understanding of community composition, species
interactions, and predictions of population dynamics in grassland ecosystems (Hu et al.,
2022). Research has shown that as grassland ecosystems transition from low-stability
pioneer communities to highly stable climax communities, positive correlations between
species gradually increase (Löffler & Pape, 2020). Conversely, when grassland ecosystems
are in an unstable state, negative correlations between species tend to rise (Cassini, 2020).
Studies have indicated that in the later stages of artificial grassland vegetation recovery,
species tend to occupy narrower niches, leading to stable communities and harmonious
coexistence. Over time, the impact of interspecies associations on community stability
increases, making it a valuable tool for quantifying community structure (Wu et al., 2022).
Therefore, investigating the underlying mechanisms of species diversity changes in
grassland ecosystems under nitrogen addition by examining both niche characteristics
(niche overlap and width) and interspecies associations is of significant importance. As a
globally significant ecological region, the alpine meadows of the Tibetan Plateau harbor a
unique repository of alpine biodiversity and genetic resources, while also providing
essential ecosystem services such as nutrient cycling regulation and carbon storage (Dong
et al., 2023). Atmospheric nitrogen deposition has become an important part of global
change due to human activities such as the burning of fossil fuels and the excessive use of
fertilizers (Erisman et al., 2013). This article aims to explore the combined effects of
nitrogen addition on plant community species diversity, niche characteristics, and
interspecific associations, providing theoretical support for maintaining grassland species
diversity under future climate change. Specifically, this study addresses the following
questions: (1) How does nitrogen addition affect species composition and diversity in
alpine meadow plant communities? (2) How do changes in plant species niche
characteristics and interspecific associations influence species diversity in alpine meadows
following nitrogen addition?
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MATERIALS AND METHODS
Study area overview
The study was conducted at the Sanjiangyuan Ecosystem Field Observation Station of the
Ministry of Education, located at Qinghai University (33�24′30″N, 97�18′00″E) at 4,270
meters. The region experiences a typical plateau continental climate. According to
observations by the Chengduo County Meteorological Bureau in Yushu Prefecture from
2020 to 2022, the annual average temperature ranges from −10.3 �C to 4.6 �C, and the
yearly precipitation averages 614.1 mm, with most rainfall occurring between June and
September. The grassland is categorized as Kobresia humilis meadow, with dominant
vegetation species including Kobresia humilis (C.A.Mey.ex Trauvt.) Sergiev. and Kobresia
pygmaea Clarke of Cyperaceae, as well as Elymus nutans Griseb. and Poa annua L. of
Gramineae. The soil in the study area is alpine meadow soil, with a pH of 6.92, organic
matter content of 2.36%, available nitrogen content of 14.0 mg·kg−1, available phosphorus
content of 7.0 mg·kg−1, and available potassium content of 76.5 mg·kg−1.

Experimental design
On June 25, 2020, a flat, representative area with uniform vegetation was selected as the
experimental site in Zhenqin Town, Chengduo County. The experiment was arranged in a
completely randomized block design. Based on previous research, the nitrogen addition
threshold for moderately degraded grasslands on the Tibetan Plateau is 272 kg N ha−1

year−1 (He et al., 2024), and the nitrogen addition levels were set according to the
conditions of the study area. Five nitrogen levels were established: 0 (CK), 15 g N·m−2

(N15), 30 g N·m−2 (N30), 45 g N·m−2 (N45), and 60 g N·m−2 (N60), corresponding to urea
application rates of 32.60, 65.22, 97.83, and 130.43 g·m−2. Each treatment had three
replicates, with a plot size of 20 m2 (4 m × 5 m) and a 1 m buffer between plots. Urea
(Yuntianhua brand, total nitrogen ≥46.4%) was applied once in June 2020, and the
experiment continued until 2022.

In mid-August 2022, during the peak growing season, vegetation surveys were
conducted to collect data. Three replicate samples were taken using a quadrat method with
a sample size of 0.5 m × 0.5 m. The survey recorded plant species richness (number of
species), plant height, plant coverage, and above-ground biomass. Plant coverage was
measured as the percentage of each species’ projected area relative to the total plot area.
Plant height was measured by selecting five plants per quadrat in their natural state.
Above-ground biomass was collected by clipping all plants at ground level within the
quadrat and drying them in an oven at 80 �C until a constant weight was achieved.

Data analysis
Species diversity index
In the vegetation survey, a total of 17 plant species were recorded, belonging to nine
families and 16 genera. Following the taxonomic and nomenclatural information provided
by the Flora of China (http://www.iplant.cn/foc/), the plant species were classified into
three functional types: grasses (Gramineae species), sedges (Cyperaceae species), and forbs
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(excluding Gramineae and Cyperaceae species) (Han et al., 2022; Wen et al., 2020)
(Table 1). Specifically, the species were divided into three groups: three genus and three
species of grasses, one genus and one species of sedges, and 13 species from 12 genera and
seven families of forbs. The weed group included species from the Gentianaceae, Rosaceae,
Asteraceae, Ranunculaceae, Scrophulariaceae, Leguminosae, and Polygonaceae families.

The importance value (IV) of plant species can reflect the degree of dominance of
species in the community. It is calculated by the average value of the sum of relative height
(RH), relative coverage (RC), and relative biomass (RB). The formula is as follows (Zhang
et al., 2022c):

IV ¼ RH þ RC þ RB
3

Note: Relative height = the average height of each species (functional group)/the sum of
the average height of all species (functional group) in the quadrat;

Relative coverage = the sub-coverage of each species (functional group) in the quadrat/
the total coverage of species (functional group);

Relative biomass = the sum of the aboveground biomass of each species (functional
group) in the quadrat/biomass of all species (functional group).

Table 1 Importance values of plant species under different levels of nitrogen addition.

Species Abbreviation Plant functional types Treatment (%)

CK N15 N30 N45 N60

Stipa purpurea Griseb. Sp Grasses 6.25 5.74 8.90 8.99 6.82

Poa pratensis L. Pp 11.32 17.21 16.20 25.67 33.29

Elymus nutans Griseb. En 13.33 11.80 14.43 18.21 38.64

Kobresia humilis (C.A.Mey.ex Trautv) Kh Sedges 45.2 38.72 36.25 25.64 4.11

Gentiana futtereri Diels et Gilg Gf Weeds 3.9 2.91 2.70 2.66 3.20

Potentilla anserina L. Pa 2.62 3.20 2.35 2.50 2.71

Taraxacum lugubre Dahlst. Tl 2.46 3.27 2.51 3.80 3.93

Thalictrum petaloideum L. Tp 0.83 1.64 1.39 1.72 0.00

Lancea tibetica Hook. f. & Thomson Lt 1.79 2.05 1.47 1.95 1.60

Oxytropis ochrocephala Bunge Oo 3.17 8.69 2.77 2.54 2.45

Aster flaccidus Bunge Af 5.28 2.49 2.67 2.07 2.44

Anaphalis lactea Maxim. Al 1.30 0.00 1.57 1.54 1.12

Polygonum viviparum L. Pv 0.36 1.02 2.01 0.83 0.00

Pedicularis kansuensis Maxim. Pk 0.53 0.00 1.43 0.76 0.00

Gentiana straminea Maxim. Gs 0.00 0.42 1.05 0.89 0.00

Saussurea superba Anthony Ss 0.36 0.29 1.12 0.31 0.00

Ranunculus longicaulis C.A.Mey.var.nephelogenes (Edgew.) L.Liou Rl 1.05 0.31 1.04 0.37 0.00
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In this study, the commonly used species diversity indexes were species richness index
(R), Shannon-Weiner index (H), and Pielou evenness index (J), and their calculation
formulas were as follows (Wen et al., 2020):

R ¼ S

H ¼ �
Xs

i¼1

PilnPi

J ¼ H=lnS

In the formula, S is the number of species and Pi is the relative importance value of
species i.

Niche characteristics

To analyze niche characteristics and overall interspecific associations, we selected species
with an importance value of ≥1% based on their ranking. Only species that were present in
all surveyed plots were considered for this analysis (Du et al., 2024; Yuan & Wang, 2023).
Therefore, the study focused on ten key species: Stipa purpurea Griseb., Poa pratensis L.,
Elymus nutans Griseb., Kobresia humilis (C.A.Mey.ex Trautv), Gentiana futtereri Diels et
Gilg, Potentilla anserina L., Taraxacum lugubre Dahlst., Lancea tibetica Hook. f. &
Thomson, Oxytropis ochrocephala Bunge, Aster flaccidus Bunge (Table 1).

Niche width and niche overlap were calculated using Levins’ niche width index (Bi) and
Levins’ niche overlap index (Oik), with the formulas as follows (Genitsaris et al., 2020):

Bi ¼ 1
Pr

j¼1
Pij
� �2

Oik ¼

Pr

j¼1
PijPkj

Pr

j¼1
Pij
� �2 :

In the formula, Pij and Pkj represent the proportion of the important value of species i
and species k in the j square to the sum of the important values of the species in all squares,
respectively. Bi represents the utilization of resources and environmental adaptability of
the species, and Oik represents the degree of overlap between the two species in resource
utilization.

Overall interspecific association
The overall correlation (VR) between plant species is greater than 1 indicates a positive
correlation between species, less than 1 indicates a negative correlation between species,
and VR = 1 indicates no correlation between species. The calculation formula is as follows
(Perelman, León & Oesterheld, 2001):
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VR ¼ S2T
Q2

T

¼

1
N

XN

j¼1

Tj � t
� �2

Ps

i¼1
1� Pið Þ

In the formula, S is the total number of species in the survey plot, N is the number of
quadrats, Pi is the percentage of each species in the total population, Tj is the total number
of species in sample j, and t is the average value of species in all samples.

Statistical W = VR × N was used to test the significance of VR value deviating from 1.
If there is no significant correlation between species, then W conforms to χ2. This
distribution provides a 90% probability bound: χ2 0.95 (N) < W < χ2 0.05 (N).

Interspecific relationship analysis
Spearman correlation test and association coefficient (AC) test were used to determine the
interspecific association. The Spearman correlation coefficient is based on quantitative
data and more sensitively reflects the interspecific relationship of plants. The formula is as
follows (Bishara & Hittner, 2012):

rs ikð Þ ¼ 1�
6
PN

j¼1
xij � xkj
� �2

N3 � N
:

In the formula, the Spearman correlation range is [−1,1]; positive value indicates
positive correlation, negative value indicates negative correlation; n is the total plot, and xij
and xkj are the important values of species i and species k in plot j, respectively.

The correlation coefficient, namely AC, is calculated as follows (Ma et al., 2022):
If ab ≥ bc, then

AC ¼ ad � bc
aþ bð Þ bþ dð Þ :

If bc > ad and d ≥ a, then

AC ¼ ad � bc
aþ bð Þ aþ cð Þ :

If bc > ad and d < a, then

AC ¼ ad � bc
bþ dð Þ d þ cð Þ :

The value range of AC is −1 ~ 1. The closer the AC is to −1, the stronger the negative
connection is. The closer AC is to 1, the stronger the positive connection is. When AC = 0,
the species is completely independent. When AC = 0.67, there is a strong positive coupling;
0.67 > AC > 0 indicates a weak positive association, AC = 0 indicates no association,
−0.67 < AC < 0 indicates a strong negative association, and AC ≤ −0.67 also indicates a
strong negative association.
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Statistical analyses
In the R 4.2.3 (R Core Team, 2023) version, the ‘spaa’ software package was used to
calculate the species association index and niche. SPSS 25.0 software (SPSS Inc., Chicago,
IL, USA) was used for one-way analysis of variance and least significant difference (LSD)
post hoc test to test the effects of different levels of nitrogen addition on plant species
diversity index, important value of functional groups and niche width, showing
significance at a confidence level of 0.05. The significance test of the Spearman correlation
coefficient was performed and plotted in Origin 2023b (Origin Lab Corp., Hampton,
MA, USA).

RESULTS
Plant species diversity
The plant species diversity indices showed significant variations under different levels of
nitrogen addition (Fig. 1). Compared to the control (CK), the Shannon-Weiner index
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Figure 1 Effects of nitrogen addition on species diversity index and functional group importance
value of plant community. (A) Shannon-Weiner index; (B) Species richness index; (C) Pielou index;
(D) Important value of functional groups. Different letters indicate significant differences between N
treatments at the 0.05 level. CK, N15, N30, N45, and N60 represent the treatments with no nitrogen
addition, 15, 30, 45, and 60 g N m−2, respectively. Data are presented as mean ± standard error.

Full-size DOI: 10.7717/peerj.18526/fig-1
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increased significantly by 11.36% under the N30 treatment but decreased significantly by
14.48% under the N60 treatment (F = 7.71, p < 0.05). Similarly, the species richness index
increased significantly by 30.77% under the N30 treatment and decreased significantly by
23.08% under the N60 treatment (F = 11.72, p < 0.05). However, the Pielou evenness index
did not show significant changes across different nitrogen levels (F = 0.81, p > 0.05)
(Figs. 1A–1C).

Additionally, the importance values of plant functional groups varied with nitrogen
addition levels. Compared to CK, the importance value of grasses increased significantly by
27.90%, 69.83%, and 153.96% under the N30, N45, and N60 treatments, respectively
(F = 256.21, p < 0.05). In contrast, the importance value of sedges decreased significantly by
43.08% and 90.93% under the N45 and N60 treatments, respectively (F = 434.97, p < 0.05).
The importance value of forbs, however, did not show significant changes under different
nitrogen levels (F = 3.41, p > 0.05) (Fig. 1D).

Overall, these results indicate that with increasing nitrogen addition, both the
Shannon-Weiner index and species richness index initially increased and then decreased,
while the importance value of grasses showed a continuous increase and that of sedges a
continuous decrease. The Shannon-Weiner index and species richness index reached their
maximum values at a nitrogen addition level of 30 g N m−2, while the importance value of
grasses peaked at 60 g N m−2.

Niche characteristics
Niche width of the ten main species in the study area varied with different levels of
nitrogen addition (Fig. 2). Without nitrogen addition, the species with the largest niche
width were Kobresia humilis (3.00), Aster flaccidus (2.88), and Elymus nutans (2.80). At a
nitrogen addition rate of 15 g Nm−2, the species with the largest niche width were Kobresia
humilis (3.00), Elymus nutans (2.85), and Poa pratensis (2.84). With 30 g N m−2 nitrogen
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Figure 2 Niche width of major plant species under different nitrogen addition levels.
Full-size DOI: 10.7717/peerj.18526/fig-2
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addition, the species with the largest niche width were Poa pratensis (3.00), Elymus nutans
(2.98), Stipa purpurea (2.96), and Kobresia humilis (2.90). At 45 g N m−2, the species with
the largest niche width were Poa pratensis (2.98), Elymus nutans (2.98), Stipa purpurea
(2.98), and Kobresia humilis (2.90). With 60 g N m−2 nitrogen addition, the species with
the largest niche width were Poa pratensis (3.00), Stipa purpurea (2.99), Elymus nutans
(2.98), and Kobresia humilis (2.78). This indicates that at nitrogen addition rates of 30, 45,
and 60 g N m−2, the niche width of Poa pratensis, Elymus nutans, and Stipa purpurea
exceeds that of sedges and other grasses.

Under different nitrogen addition levels, the niche overlap values for the ten major plant
species exhibit variability. When the niche overlap value exceeds 0.83, there are 25 pairs
(55.56%) without nitrogen addition, 19 pairs (42.22%) with N15, 21 pairs (46.67%) with
N30, 17 pairs (37.78%) with N45, and four pairs (8.88%) with N60. For overlap values
between 0.66 and 0.83, there are 10 pairs (22.22%) without nitrogen addition, nine pairs
(20.00%) with N15, eight pairs (17.78%) with N30, 20 pairs (28.89%) with N45, and three
pairs (6.67%) with N60. When the overlap value ranges from 0.50 to 0.66, there are five
pairs (11.11%) without nitrogen addition, 11 pairs (24.44%) with N15, five pairs (11.11%)
with N30, two pairs (4.44%) with N45, and four pairs (8.89%) with N60. For overlap values
between 0.33 and 0.50, there are two pairs (4.44%) without nitrogen addition, three pairs
(6.67%) with N15, six pairs (13.33%) with N30, two pairs (4.44%) with N45, and four pairs
(8.89%) with N60. When the niche overlap value is between 0.16 and 0.33, there are three
pairs (6.67%) with N15, five pairs (11.11%) with N30, five pairs (11.11%) with N45, and
three pairs (6.67%) with N60. When the overlap value is less than 0.16, there are three pairs
(6.67%) without nitrogen addition, six pairs (13.33%) with N45, and 27 pairs (60.00%)
with N60 (Fig. 3). Overall, as the nitrogen addition increases, the number of plant species
pairs with a niche overlap value below 0.16 progressively increases (Fig. 4).

Characteristics of interspecific association
Overall interspecific association
The overall inter-species connectivity (VR) varies with different nitrogen addition levels.
When VR > 1, species in the plant community exhibit a positive correlation; when VR < 1,
they exhibit a negative correlation; and when VR = 1, there is no correlation. As shown in
Table 2, positive correlations are observed under CK, N15, and N30 treatments, while
negative correlations are observed under N45 and N60 treatments. The W statistic
(W = N × VR) is used to further test the significance of deviations of VR from 1. When the
condition X2

0.95(N) < W < X2
0.95(N) is met, the differences between species are not

statistically significant; otherwise, significant associations exist. This indicates that under
the N60 treatment, the overall inter-species connectivity is significantly negatively
correlated, whereas under CK, N15, N30, and N45 treatments, there are no significant
correlations among plant species (Table 2).

Analysis of the interspecific relationship of main species

Figure 5 illustrates that, under different nitrogen levels (CK, N15, N30, N45, N60), the
number of species pairs with an association coefficient (AC) ≥ 0.01 are 36, 32, 35, 27, and
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Figure 3 Niche overlap values of major plant species under different nitrogen addition levels. Full-size DOI: 10.7717/peerj.18526/fig-3
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Figure 4 Distribution frequencies of niche overlap values under different nitrogen addition levels.
Full-size DOI: 10.7717/peerj.18526/fig-4
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Figure 5 The impact of different nitrogen levels on interspecies connectivity within plant communities.
Full-size DOI: 10.7717/peerj.18526/fig-5

Table 2 The impact of different nitrogen levels on inter-species associations in plant communities.

Treatment N S Var. Ratio Statistics W Chi-square critical value
(χ20.95 (N) ≤ χ2 ≤ χ20.05 (N))

Community
relevance

CK 3 10 1.20 3.60 (0.35, 7.82) Positive correlation

N15 3 10 1.33 3.99 (0.35, 7.82) Positive correlation

N30 3 10 1.47 4.41 (0.35, 7.82) Positive correlation

N45 3 10 0.82 2.46 (0.35, 7.82) Negative correlation

N60 3 10 0.11 0.33 (0.35, 7.82) Significant negative correlation

Note:
In the table, CK, N15, N30, N45, and N60 correspond to nitrogen additions of 0, 15, 30, 45, and 60 g N·m−2, respectively. N and S represent the total number of plots and
species, respectively.
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22, respectively, while those with AC < 0.01 are 9, 13, 10, 18, and 23, respectively. The plant
interspecies relationships significantly vary with nitrogen addition levels (Fig. 6). Under
the CK, N15, N30, N45, and N60 treatments, the number of significantly positively
correlated species pairs are 11, 11, 14, 12, and 13, respectively, while the number of

Figure 6 The effect of different nitrogen levels on Spearman correlation coefficients and their significance. The color depth of the circle in the
figure represents the size of the correlation coefficient. The lighter the color, the less linear correlation between the two variables. The size of the circle
represents the absolute value of the correlation coefficient. The larger the area, the greater the absolute value. * Indicates p < 0.05; ** indicates
p < 0.01; *** indicates p < 0.001. Full-size DOI: 10.7717/peerj.18526/fig-6
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significantly negatively correlated pairs are 6, 5, 6, 10, and 23, respectively. Specifically,
under the CK treatment, Stipa purpurea shows significant positive correlations with
Lancea tibetica, Oxytropis ochrocephala, and Aster flaccidus; Poa pratensis is significantly
positively correlated with Taraxacum lugubre; and Elymus nutans is significantly positively
correlated with Kobresia humilis and Taraxacum lugubre. Under the N15 treatment, Stipa
purpurea shows significant positive correlations with Kobresia humilis, Gentiana futtereri,
and Potentilla anserina; and Elymus nutans is significantly positively correlated with
Oxytropis ochrocephala. Under the N30 treatment, Stipa purpurea shows significant
positive correlations with Kobresia humilis, Gentiana futtereri, Taraxacum lugubre, and
Oxytropis ochrocephala; Poa pratensis is significantly positively correlated with Gentiana
futtereri, Oxytropis ochrocephala, and Aster flaccidus; and Elymus nutans is significantly
positively correlated with Kobresia humilis and Aster flaccidus. Under the N45 treatment,
Stipa purpurea shows significant negative correlations with Potentilla anserina,
Taraxacum lugubre, and Aster flaccidus, but a significant positive correlation with Lancea
tibetica; Poa pratensis is significantly positively correlated with Kobresia humilis,
Taraxacum lugubre, and Aster flaccidus; while Elymus nutans shows significant negative
correlations with Kobresia humilis, Potentilla anserina, Taraxacum lugubre, and Aster
flaccidus. Under the N60 treatment, Stipa purpurea is significantly positively correlated
with Gentiana futtereri and negatively correlated with Kobresia humilis, Taraxacum
lugubre, Lancea tibetica, Oxytropis ochrocephala, and Aster flaccidus; Poa pratensis shows
significant negative correlations with Kobresia humilis, Gentiana futtereri, Taraxacum
lugubre, Lancea tibetica, Oxytropis ochrocephala, and Aster flaccidus; while Elymus nutans
is significantly positively correlated with Kobresia humilis and negatively correlated with
Gentiana futtereri, Taraxacum lugubre, Lancea tibetica, Oxytropis ochrocephala, and Aster
flaccidus. Overall, with increasing nitrogen levels, grasses (Stipa purpurea, Poa pratensis,
and Elymus nutans) show significant negative interspecies correlations with other sedges
and forbs.

DISCUSSION
Plant species diversity
The plant species diversity index is an effective metric for assessing plant community
heterogeneity and successional processes (Wei et al., 2024). The results of this study
indicate that, with increasing nitrogen addition levels, both the Shannon-Weiner index
and the species richness index initially increase and then decrease. This trend is consistent
with findings from temperate grassland studies, which show that both low and
high-nitrogen treatments significantly reduce plant species richness (Zhang et al., 2014).
The addition of an optimal amount of nitrogen can lead to differences among plant species
in nitrogen utilization, growth rate, and life cycle, resulting in greater ecological niche
differentiation and enabling more species to coexist in the same habitat (Tian et al., 2022).
However, excessive nitrogen addition may enhance the nitrogen utilization abilities of
certain plants, leading to increased interspecific competition. This competition is a key
factor in the reduction of plant diversity under high nitrogen conditions, as dominant
species compete for available nitrogen, suppressing the growth of smaller species and
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reducing niche dimensions (Farrer & Suding, 2016). Our findings suggest that at a nitrogen
application rate of 30 g N m−2, both the Shannon-Weiner index and species richness index
reach their peak values. This is attributed to the fact that nitrogen addition at a moderate
level (272.24 kg ha−1 yr−1) eliminates nitrogen limitations in degraded grasslands,
stimulates community growth, and thereby enhances community stability (He et al., 2024).

Many scholars consider increased nitrogen deposition to be a significant factor
influencing plant community composition and diversity (Han et al., 2019; Zhou et al.,
2018). Due to varying nitrogen utilization strategies and efficiencies, different species and
functional groups respond differently to nitrogen deposition, leading to shifts in plant
community composition (Kwaku et al., 2021). Research in temperate grasslands has shown
that long-term nitrogen enrichment reduces the dominance of graminoids and herbaceous
plants while increasing the dominance of annual plants (Bai et al., 2010). Some studies
suggest that nitrogen deposition allows dominant species to acquire more nutrients for
rapid growth, thereby decreasing plant community diversity by reducing the abundance of
rare species (Zhang et al., 2022b). The results of this study indicate that as nitrogen
addition increases, the importance value of grasses gradually rises, while the importance
value of sedges progressively declines. This is primarily because 1) intense competition
within plant communities drives nitrogen-preferring plants to access lighter and water
resources. Compared to sedges, grasses such as Stipa purpurea, Poa pratensis, and Elymus
nutans are nitrogen-loving species (Zhang et al., 2015). Furthermore, dominant functional
groups or species capture soil resources more rapidly after nitrogen enrichment, leading to
increased importance values for grasses (Liu et al., 2018). 2) Nitrogen addition enhances
plant productivity and canopy height, shifting competition from below-ground nutrient
acquisition to above-ground light competition (DeMalach, Zaady & Kadmon, 2017).
Faster-growing or taller species capture more light than shorter or slower-growing species,
intensifying competitive exclusion among species and reducing the importance values of
sedges. In summary, different plant functional groups respond differently to nitrogen,
leading to changes in plant community composition and structure.

Niche characteristics
Niche width reflects a species’ adaptability to environmental conditions and its capacity to
utilize ecological resources (Fajardo & Siefert, 2019). A larger niche width indicates a
greater ability to exploit resources (Yang et al., 2021). This study reveals that, at nitrogen
addition levels of 30, 45, and 60 g N·m−2, the niche widths of Poa pratensis, Elymus nutans,
and Stipa purpurea are greater than those of other plant taxa. This is because tall
graminoids in grasslands possess deeper root systems and exhibit stronger competitive
advantages for light and nutrients, which enhances their dominant position in plant
communities (Zhao et al., 2023). The study also found that species with the largest niche
widths are not confined to graminoids; certain forbs (Aster flaccidus, Oxytropis
ochrocephala, Gentiana futtereri) and sedges (Kobresia humilis) also have considerable
niche widths. This indicates that these species have strong ecological adaptability and hold
a significant competitive advantage in spatial resource utilization.
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In conditions of resource scarcity, niche overlap reflects both the ecological similarity
between species and the level of competition among them. Conversely, under resource-rich
conditions, niche overlap merely indicates ecological similarity or the occupation of similar
ecological space by species (Wang et al., 2023). The results of this study indicate that as
nitrogen addition increases, the niche overlap values also show a rising trend. Previous
research also shows that nitrogen addition significantly reduces niche overlap among plant
species (Du et al., 2024). This can be attributed to: 1) an increase in nitrogen addition levels
leading to dominance by nitrogen-preferring species such as Poa pratensis and Elymus
nutans. These species share similar ecological characteristics and resource utilization
strategies, resulting in a more concentrated niche space and consequently reduced niche
overlap among species (Yang & Hui, 2021). 2) Nitrogen addition induces significant
differences in resource utilization among some plants, leading to niche differentiation.
This reduces resource competition and promotes species co-occurrence, thereby
decreasing interspecies niche overlap (Tsafack et al., 2021).

Research has found that species with larger niche widths tend to exhibit greater niche
overlap with other species (Yuan et al., 2016). In this study, Elymus nutans demonstrated a
large niche width and also showed considerable niche overlap with Oxytropis ochrocephala
and Aster flaccidus. This is because species with larger niche widths are better able to utilize
environmental resources and have broader distribution ranges, resulting in higher
probabilities of niche overlap with other species (Liu et al., 2020). Conversely, species such
as Potentilla anserina andOxytropis ochrocephala have smaller niche widths but show high
niche overlap values. This may be due to differences in resource utilization strategies
among plants, leading to some degree of niche differentiation (Pulla et al., 2017).

Characteristics of interspecific association
The associations between species are primarily influenced by positive correlations arising
from mutualistic or symbiotic relationships, and negative correlations resulting from
competition for shared resources (Wang et al., 2023). Positive correlations indicate that
species have similar or identical environmental resource requirements, leading to strong
complementarity and more efficient resource utilization (Jin et al., 2022). Conversely,
negative correlations suggest significant differences in biological traits and adaptations to
environmental heterogeneity, resulting in niche separation (Pastore et al., 2021). The results
of this study reveal that in the CK, N15, N30, and N45 treatments, most species pairs
showed non-significant correlations. Previous research indicates that when species have
relatively independent distribution patterns within a community, and the likelihood of
encountering other species is low, most species pairs exhibit weak or no associations (Yuan
& Wang, 2023). This phenomenon is attributed to reduced species richness and lower
individual density of herbaceous plants following nitrogen addition, leading to increasingly
independent distributions and a non-associative trend among populations (Zhang et al.,
2022a). In contrast, under the N60 treatment, the overall connectivity between plant species
showed significant negative correlations. Previous studies also suggest that nitrogen
addition disrupts the original stability of plant communities, leading to intensified
competition for nutrients among species and a shift towards negative overall connectivity
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(Du et al., 2024). Additionally, increased levels of soil nutrients (such as moisture, organic
carbon, and nitrogen) exacerbate competition for survival resources among species,
including competition for above-ground light resources, resulting in significant negative
interspecies correlations (Juan et al., 2023). Research has also shown that nitrogen addition
disrupts plant species composition and reduces plant diversity, primarily due to competitive
interactions among dominant species (Du et al., 2024). In this study, at a nitrogen addition
level of 60 g N·m−2, grasses (e.g., Stipa purpurea, Poa pratensis, and Elymus nutans)
exhibited significant negative correlations with sedges (Kobresia humilis) and forbs
(Gentiana futtereri, Taraxacum lugubre, Lancea tibetica, Oxytropis ochrocephala, and Aster
flaccidus). This indicates that nitrogen addition intensifies competition between dominant
grasses and other species, disrupting existing balances and reducing plant diversity, leading
to a less stable plant community.

CONCLUSIONS
Under nitrogen addition, grasses exhibit significantly wider niches than other plant
groups, and niche overlap values decrease, with overall interspecies connectivity showing a
negative correlation. This suggests that high levels of nitrogen addition in the alpine
meadows of the Tibetan Plateau exacerbate competition between grasses, sedges, and other
forbs. The strong ecological adaptability of grasses leads to an expanded niche width and
reduced niche overlap, disrupting the existing balance and diminishing plant community
diversity. These findings provide crucial data and theoretical insights for understanding
the competitive mechanisms and changes in plant community diversity under high
nitrogen levels in alpine meadows. Furthermore, exploring the role of other environmental
factors, such as soil moisture and temperature, in shaping plant community responses to
nitrogen deposition will offer a more comprehensive understanding of future shifts in
community structure and composition under climate change. This research will contribute
to the development of biodiversity conservation strategies and sustainable management
practices for alpine meadows on the Tibetan Plateau.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This study was supported by the National Key Research and Development Project
(2022YFD1602302), the Key R&D and Transformation Plan of Qinghai Provincial Science
and Technology Department (2024-NK-137), and the Sanjiangyuan Ecosystem Field
Observation and Research Station of the Ministry of Education (K9922050). The Research
and demonstration on seed propagation and silage processing and storage technology of
annual forage grass in Chengduo County (2024-NK-P28) supported the APC of this
article. The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Xiang et al. (2024), PeerJ, DOI 10.7717/peerj.18526 17/23

http://dx.doi.org/10.7717/peerj.18526
https://peerj.com/


Grant Disclosures
The following grant information was disclosed by the authors:
National Key Research and Development Project: 2022YFD1602302.
Key R&D and Transformation Plan of Qinghai Provincial Science and Technology
Department: 2024-NK-137.
Sanjiangyuan Ecosystem Field Observation and Research Station of the Ministry of
Education: K9922050.
The research and demonstration on seed propagation and silage processing and storage
technology of annual forage grass in Chengduo County: 2024-NK-P28.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
. Xuemei Xiang conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

. Ke Jia De conceived and designed the experiments, prepared figures and/or tables,
authored or reviewed drafts of the article, and approved the final draft.

. Weishan Lin performed the experiments, authored or reviewed drafts of the article, and
approved the final draft.

. Tingxu Feng performed the experiments, authored or reviewed drafts of the article, and
approved the final draft.

. Fei Li performed the experiments, authored or reviewed drafts of the article, and
approved the final draft.

. Xijie Wei performed the experiments, authored or reviewed drafts of the article, and
approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The raw measurements are available in the Supplemental File.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.18526#supplemental-information.

REFERENCES
Bai YF, Wu JG, Clark CM, Naeem S, Pan QM, Huang JH, Zhang LX, Han XG. 2010. Tradeoffs

and thresholds in the effects of nitrogen addition on biodiversity and ecosystem functioning:
evidence from inner Mongolia Grasslands. Global Change Biology 16(1):358–372
DOI 10.1111/j.1365-2486.2009.01950.x.

Bishara AJ, Hittner JB. 2012. Testing the significance of a correlation with nonnormal data:
comparison of pearson, spearman, transformation, and resampling approaches. Psychological
Methods 17(3):399–417 DOI 10.1037/a0028087.

Xiang et al. (2024), PeerJ, DOI 10.7717/peerj.18526 18/23

http://dx.doi.org/10.7717/peerj.18526#supplemental-information
http://dx.doi.org/10.7717/peerj.18526#supplemental-information
http://dx.doi.org/10.7717/peerj.18526#supplemental-information
http://dx.doi.org/10.1111/j.1365-2486.2009.01950.x
http://dx.doi.org/10.1037/a0028087
http://dx.doi.org/10.7717/peerj.18526
https://peerj.com/


Cassini MH. 2020. A review of the critics of invasion biology. Biological Reviews 95(5):1467–1478
DOI 10.1111/brv.12624.

DeMalach N, Kadmon R. 2017. Light competition explains diversity decline better than niche
dimensionality. Functional Ecology 31(9):1834–1838 DOI 10.1111/1365-2435.12841.

DeMalach N, Zaady E, Kadmon R. 2017. Light asymmetry explains the effect of nutrient
enrichment on grassland diversity. Ecology Letters 20:60–69 DOI 10.1111/ele.12706.

Ding ZQ, Ma KM. 2021. Identifying changing interspecific associations along gradients at multiple
scales using wavelet correlation networks. Ecology 102(6):e03360 DOI 10.1002/ecy.3360.

Dong SK, Li S, Xu YD, Shen H, Song HJ, Wu ZF, Wu SN, Zhou BR, Li F. 2023. Different
responses of alpine plants to natural climate change reduced coexistence through phenological
niche overlap. Science of the Total Environment 892(1):164522
DOI 10.1016/j.scitotenv.2023.164522.

Du ZY, Zhang XW, Liu SX, An H. 2024. Nitrogen and water addition alters species diversity and
interspecific relationship in a desert grassland. Science of the Total Environment 908(5):168386
DOI 10.1016/j.scitotenv.2023.168386.

Erisman JW, Galloway JN, Seitzinger S, Bleeker A, Dise NB, Petrescu AMR, Leach AM,
de Vries W. 2013. Consequences of human modification of the global nitrogen cycle.
Philosophical Transactions of the Royal Society B-Biological Sciences 368(1621):20130116
DOI 10.1098/rstb.2013.0116.

Fajardo A, Siefert A. 2019. The interplay among intraspecific leaf trait variation,niche breadth, and
species abundance along light and soil nutrient gradients. Oikos 128(6):881–891
DOI 10.1111/oik.05849.

Farrer EC, Suding KN. 2016. Teasing apart plant community responses to N enrichment: the roles
of resource limitation, competition, and soil microbes. Ecology Letters 19(10):1287–1296
DOI 10.1111/ele.12665.

Fraser LH, Pither J, Jentsch A, Sternberg M, Zobel M, Askarizadeh D, Bartha S,
Beierkuhnlein C, Bennett JA, Bittel A, Boldgiv B, Boldrini II, Bork E, Brown L, Cabido M,
Cahill J, Carlyle CN, Campetella G, Chelli S, Cohen O, Csergo AM, Díaz S, Enrico L,
Ensing D, Fidelis A, Fridley JD, Foster B, Garris H, Goheen JR, Henry HAL, Hohn M,
Jouri MH, Klironomos J, Koorem K, Lawrence-Lodge R, Long RJ, Manning P, Mitchell R,
Moora M, Müller SC, Nabinger C, Naseri K, Overbeck GE, Palmer TM, Parsons S, Pesek M,
Pillar VD, Pringle RM, Roccaforte K, Schmidt A, Shang ZH, Stahlmann R, Stotz GC,
Sugiyama S, Szentes S, Thompson D, Tungalag R, Undrakhbold S, van Rooyen M,
Wellstein C, Wilson JB, Zupo T. 2015. Worldwide evidence of a unimodal relationship
between productivity and plant species richness. Science 349(6245):302–305
DOI 10.1126/science.aab3916.

Genitsaris S, Stefanidou N, Leontidou K, Matsi T, Karamanoli K, Mellidou I. 2020. Bacterial
communities in the rhizosphere and phyllosphere of halophytes and drought-tolerant plants in
mediterranean ecosystems. Microorganisms 8(11):1708 DOI 10.3390/microorganisms8111708.

Gu L, O’Hara KL, Li WZ, Gong ZW. 2019. Spatial patterns and interspecific associations among
trees at different stand development stages in the natural secondary forests on the Loess Plateau.
China Ecology and Evolution 9(11):6410–6421 DOI 10.1002/ece3.5216.

Han WY, Chen L, Su XK, Liu D, Jin TT, Shi SL, Li T, Liu GH. 2022. Effects of soil
physico-chemical properties on plant species diversity along an elevation gradient over alpine
grassland on the Qinghai-Tibetan Plateau. China Frontiers in Plant Science 13:822268
DOI 10.3389/fpls.2022.822268.

Xiang et al. (2024), PeerJ, DOI 10.7717/peerj.18526 19/23

http://dx.doi.org/10.1111/brv.12624
http://dx.doi.org/10.1111/1365-2435.12841
http://dx.doi.org/10.1111/ele.12706
http://dx.doi.org/10.1002/ecy.3360
http://dx.doi.org/10.1016/j.scitotenv.2023.164522
http://dx.doi.org/10.1016/j.scitotenv.2023.168386
http://dx.doi.org/10.1098/rstb.2013.0116
http://dx.doi.org/10.1111/oik.05849
http://dx.doi.org/10.1111/ele.12665
http://dx.doi.org/10.1126/science.aab3916
http://dx.doi.org/10.3390/microorganisms8111708
http://dx.doi.org/10.1002/ece3.5216
http://dx.doi.org/10.3389/fpls.2022.822268
http://dx.doi.org/10.7717/peerj.18526
https://peerj.com/


Han YH, Dong SK, Zhao ZZ, Sha W, Li S, Shen H, Xiao JN, Zhang J, Wu XY, Jiang XM,
Zhao JB, Liu SL, Dong QM, Zhou HK, Jane CY. 2019. Response of soil nutrients and
stoichiometry to elevated nitrogen deposition in alpine grassland on the Qinghai-Tibetan
Plateau. Geoderma 343(3):263–268 DOI 10.1016/j.geoderma.2018.12.050.

Harpole WS, Sullivan LL, Lind EM, Firn J, Adler PB, Borer ET, Chase J, Fay PA, Hautier Y,
Hillebrand H, MacDougall AS, Seabloom EW, Bakker JD, Cadotte MW, Chaneton EJ,
Chu CJ, Hagenah N, Kirkman K, LaPierre KJ, Moore JL, Morgan JW, Prober SM, Risch AC,
Schuetz M, Stevens CJ. 2017. Out of the shadows: multiple nutrient limitations drive
relationships among biomass, light, and plant diversity. Functional Ecology 31(9):1839–1846
DOI 10.1111/1365-2435.12967.

Harpole WS, Sullivan LL, Lind EM, Firn J, Adler PB, Borer ET, Chase J, Fay PA, Hautier Y,
Hillebrand H, MacDougall AS, Seabloom EW, Williams R, Bakker JD, Cadotte MW,
Chaneton EJ, Chu CJ, Cleland EE, D’Antonio C, Davies KF, Gruner DS, Hagenah N,
Kirkman K, Knops JMH, LaPierre KJ, McCulley RL, Moore JL, Morgan JW, Prober SM,
Risch AC, Schuetz M, Stevens CJ, Wragg PD. 2016. Addition of multiple limiting resources
reduces grassland diversity. Nature 537:93–96 DOI 10.1038/nature19324.

He S, Du JQ, Wang YF, Cui LZ, Liu WJ, Xiao YF, Ran QW, Li LF, Zhang ZP, Tang L, Hu RH,
Hao YB, Cui XY, Xue K. 2024. Differences in background environment and fertilization
method mediate plant response to nitrogen fertilization in alpine grasslands on the
Qinghai-Tibetan Plateau. Science of the Total Environment 906(D22):167272
DOI 10.1016/j.scitotenv.2023.167272.

He CM, Jia SH, Luo Y, Hao ZQ, Yin QL. 2022. Spatial distribution and species association of
dominant tree species in Huangguan Plot of Qinling Mountains, China. Forests 13:866
DOI 10.3390/f13060866.

Hu Y, Wang HC, Jia HP, Pen MDJ, Liu NA, Wei JJ, Zhou BY. 2022. Ecological niche and
interspecific association of plant communities in alpine desertification grasslands: a case study of
Qinghai Lake Basin. Plants-Basel 11(20):2724 DOI 10.3390/plants11202724.

Humbert JY, Dwyer JM, Andrey A, Arlettaz R. 2016. Impacts of nitrogen addition on plant
biodiversity in mountain grasslands depend on the dose, application duration, and climate: a
systematic review. Global Change Biology 22(1):110–120 DOI 10.1111/gcb.12986.

Jin SS, Zhang YY, Zhou ML, Dong XM, Chang CH, Wang T, Yan DF. 2022. Interspecific
association and community stability of tree species in natural secondary forests at different
altitude gradients in the Southern Taihang Mountains. Forests 13(3):373
DOI 10.3390/f13030373.

Juan W, Junjie L, Chao L, Xiaoyu D, Yong W. 2023. Species niche and interspecific associations
alter flora structure along a fertilization gradient in an alpine meadow of Tianshan Mountain.
Xinjiang Ecological Indicators 147(12):109953 DOI 10.1016/j.ecolind.2023.109953.

Kwaku EA, Dong SK, Shen H, Li W, Sha W, Su XK, Zhang Y, Li S, Gao XX, Liu SL, Shi JB,
Li XW, Liu QR, Zhao ZZ. 2021. Biomass and species diversity of different alpine plant
communities respond differently to nitrogen deposition and experimental warming. Plants-
Basel 10(12):10122719 DOI 10.3390/plants10122719.

Liao JQ, Quan Q, Ma FF, Peng JL, Niu SL. 2024. Plant height bridges hierarchical community
responses to nitrogen enrichment. Journal of Ecology 112(9):2069–2081
DOI 10.1111/1365-2745.14381.

Litchman E, Klausmeier CA, Schofield OM, Falkowski PG. 2007. The role of functional traits and
trade-offs in structuring phytoplankton communities: scaling from cellular to ecosystem level.
Ecology Letters 10(12):1170–1181 DOI 10.1111/j.1461-0248.2007.01117.x.

Xiang et al. (2024), PeerJ, DOI 10.7717/peerj.18526 20/23

http://dx.doi.org/10.1016/j.geoderma.2018.12.050
http://dx.doi.org/10.1111/1365-2435.12967
http://dx.doi.org/10.1038/nature19324
http://dx.doi.org/10.1016/j.scitotenv.2023.167272
http://dx.doi.org/10.3390/f13060866
http://dx.doi.org/10.3390/plants11202724
http://dx.doi.org/10.1111/gcb.12986
http://dx.doi.org/10.3390/f13030373
http://dx.doi.org/10.1016/j.ecolind.2023.109953
http://dx.doi.org/10.3390/plants10122719
http://dx.doi.org/10.1111/1365-2745.14381
http://dx.doi.org/10.1111/j.1461-0248.2007.01117.x
http://dx.doi.org/10.7717/peerj.18526
https://peerj.com/


Liu R, Chen L, Tu H, Liang S, Jiang Y, Li Y, Huang D, Nong J. 2020. Niche and interspecies
connections of dominant shrub species in the evergreen oak community on karst rocky
mountains in Guilin. Acta Ecologica Sinica 40:2057–2071 (in Chinese)
DOI 10.13287/j.1001-9332.202307.006.

Liu JS, Cui Y, Li XF, Wilsey BJ, Isbell F, Wan SQ, Wang L, Wang DL. 2018. Reversal of
nitrogen-induced species diversity declines mediated by change in dominant grass and litter.
Oecologia 188(3):921–929 DOI 10.1007/s00442-018-4252-x.

Liu C, Liu JJ, Wang J, Ding XY. 2024. Effects of short-term nitrogen additions on biomass and soil
phytochemical cycling in alpine grasslands of Tianshan. China Plants-Basel 13(8):1103
DOI 10.3390/plants13081103.

Löffler J, Pape R. 2020. Thermal niche predictors of alpine plant species. Ecology 101:e02891
DOI 10.1002/ecy.2891.

Ma YM, Li QH, Pan SP, Liu C, Han MS, Brancelj A. 2022. Niche and interspecific associations of
Pseudoanabaena limnetica exploring the influencing factors of its succession stage. Ecological
Indicators 138:108806 DOI 10.1016/j.ecolind.2022.108806.

Mahaut L, Fort F, Violle C, Freschet GT. 2020. Multiple facets of diversity effects plant
productivity: Species richness, functional diversity, species identity, and intraspecific
competition. Functional Ecology 34:287–298 DOI 10.1111/1365-2435.13473.

Midolo G, Alkemade R, Schipper AM, Benítez-López A, Perring MP, De Vries W. 2019. Impacts
of nitrogen addition on plant species richness and abundance: a global meta-analysis. Global
Ecology and Biogeography 28:398–413 DOI 10.1111/geb.12856.

Niu DC, Yuan XB, Cease AJ, Wen HY, Zhang CP, Fu H, Elser JJ. 2018. The impact of nitrogen
enrichment on grassland ecosystem stability depends on nitrogen addition level. Science of the
Total Environment 618:1529–1538 DOI 10.1016/j.scitotenv.2017.09.318.

Pastore AI, Barabás G, Bimler MD, Mayfield MM, Miller TE. 2021. The evolution of niche
overlap and competitive differences. Nature Ecology & Evolution 5:1–8
DOI 10.1038/s41559-020-01383-y.

Pennekamp F, Pontarp M, Tabi A, Altermatt F, Alther R, Choffat Y, Fronhofer EA,
Ganesanandamoorthy P, Garnier A, Griffiths JI, Greene S, Horgan K, Massie TM,
Mächler E, Palamara GM, Seymour M, Petchey OL. 2018. Biodiversity increases and decreases
ecosystem stability. Nature 563:109–112 DOI 10.1038/s41586-018-0627-8.

Perelman SB, León RJC, Oesterheld M. 2001. Cross-scale vegetation patterns of Flooding Pampa
grasslands. Journal of Ecology 89(4):562–577 DOI 10.1046/j.0022-0477.2001.00579.x.

Perring MP, Diekmann M, Midolo G, Schellenberger Costa D, Bernhardt-Römermann M,
Otto JCJ, Gilliam FS, Hedwall P-O, Nordin A, Dirnböck T, Simkin SM, Máliš F, Blondeel H,
Brunet J, Chudomelová M, Durak T, De Frenne P, Hédl R, Kopecký M, Landuyt D, Li D,
Manning P, Petřík P, Reczy�nska K, Schmidt W, Standovár T, Świerkosz K, Vild O,
Waller DM, Verheyen K. 2018. Understanding context dependency in the response of forest
understorey plant communities to nitrogen deposition. Environmental Pollution 242:1787–1799
DOI 10.1016/j.envpol.2018.07.089.

Pulla S, Suresh HS, Dattaraja HS, Sukumar R. 2017. Multidimensional tree niches in a tropical
dry forest. Ecology 98(5):1334–1348 DOI 10.1002/ecy.1788.

R Core Team. 2023. R: a language and environment for statistical computing. Vienna: R
Foundation for Statistical Computing. Available at https://www.R-project.org/.

Sfenthourakis S, Tzanatos E, Giokas S. 2006. Species co-occurrence: the case of congeneric species
and a causal approach to patterns of species association. Global Ecology and Biogeography
15:39–49 DOI 10.1111/j.1466-822X.2005.00192.x.

Xiang et al. (2024), PeerJ, DOI 10.7717/peerj.18526 21/23

http://dx.doi.org/10.13287/j.1001-9332.202307.006
http://dx.doi.org/10.1007/s00442-018-4252-x
http://dx.doi.org/10.3390/plants13081103
http://dx.doi.org/10.1002/ecy.2891
http://dx.doi.org/10.1016/j.ecolind.2022.108806
http://dx.doi.org/10.1111/1365-2435.13473
http://dx.doi.org/10.1111/geb.12856
http://dx.doi.org/10.1016/j.scitotenv.2017.09.318
http://dx.doi.org/10.1038/s41559-020-01383-y
http://dx.doi.org/10.1038/s41586-018-0627-8
http://dx.doi.org/10.1046/j.0022-0477.2001.00579.x
http://dx.doi.org/10.1016/j.envpol.2018.07.089
http://dx.doi.org/10.1002/ecy.1788
https://www.R-project.org/
http://dx.doi.org/10.1111/j.1466-822X.2005.00192.x
http://dx.doi.org/10.7717/peerj.18526
https://peerj.com/


Simkin SM, Allen EB, Bowman WD, Clark CM, Belnap J, Brooks ML, Cade BS, Collins SL,
Geiser LH, Gilliam FS, Jovan SE, Pardo LH, Schulz BK, Stevens CJ, Suding KN, Throop HL,
Waller DM. 2016. Conditional vulnerability of plant diversity to atmospheric nitrogen
deposition across the United States. Proceedings of the National Academy of Sciences of the
United States of America 113(15):4086–4091 DOI 10.1073/pnas.1515241113.

Smith NG, Schuster MJ, Dukes JS. 2016. Rainfall variability and nitrogen addition synergistically
reduce plant diversity in a restored tallgrass prairie. Journal of Applied Ecology 53:579–586
DOI 10.1111/1365-2664.12593.

Su SJ, Liu JF, He ZS, Zheng SQ, Hong W, Xu DW. 2015. Ecological species groups and
interspecific association of dominant tree species in Daiyun Mountain National Nature Reserve.
Journal of Mountain Science 12:637–646 DOI 10.1007/s11629-013-2935-7.

Tian QY, Lu P, Zhai XF, Zhang RF, Zheng Y, Wang H, Nie B, Bai WM, Niu SL, Shi PL,
Yang YH, Li KH, Yang DL, Stevens C, Lambers H, Zhang WH. 2022. An integrated
belowground trait-based understanding of nitrogen-driven plant diversity loss. Global Change
Biology 28:3651–3664 DOI 10.1111/gcb.16147.

Tsafack N, Wang XP, Xie YZ, Fattorini S. 2021.Niche overlap and species co-occurrence patterns
in carabid communities of the northern Chinese steppes. Zookeys 1044:929–949
DOI 10.3897/zookeys.1044.62478.

Wang XF, Liu Y, Li YH, Jin JQ, Guo QS, Pei SX. 2023. Interspecies association and community
stability of plants in the core distribution area of Thuja sutchuenensis. Forests 14:762
DOI 10.3390/f14040762.

Wei JJ, Zhou HK, Shao XQ, Sun J, Ma L, Zhang ZH, Qin RM, Su HY, Hu X, Chang T, Shi ZC,
Ade H, Wang HC. 2024. Effects of short- and long-term plant functional group loss on alpine
meadow community structure and soil nutrients. Ecology and Evolution 14(3):30
DOI 10.1002/ece3.10919.

Wen J, Qin RM, Zhang SX, Yang XY, Xu MH. 2020. of long-term warming on the aboveground
biomass and species diversity in an alpine meadow on the Qinghai-Tibetan Plateau of China.
Journal of Arid Land 12(2):252–266 DOI 10.1007/s40333-020-0064-z.

Wu SN, Wen L, Dong SK, Gao XX, Xu YD, Li S, Dong QM, Wessell K. 2022. The plant
interspecific association in the revegetated alpine grasslands determines the productivity stability
of plant community across restoration time on Qinghai-Tibetan Plateau. Frontiers in Plant
Science 13:181 DOI 10.3389/fpls.2022.850854.

Yan XB, Diez J, Huang KL, Li SP, Luo X, Xu XY, Su FL, Jiang L, Guo H, Hu SJ. 2020. Beyond
resource limitation: an expanded test of the niche dimension hypothesis for multiple types of
niche axes. Oecologia 193(3):689–699 DOI 10.1007/s00442-020-04713-w.

Yang YH, Hui C. 2021.How competitive intransitivity and niche overlap affect spatial coexistence.
Oikos 130:260–273 DOI 10.1111/oik.07735.

Yang G, Wang Y, Wang M, Jia L. 2021. Niche and interspecies relationships of the desert
grassland beetle (Lagria hirta) in the Helan Mountain alluvial fan. Acta Entomologica Sinica
64:840–850 (in Chinese) DOI 10.16380/j.kcxb.2021.07.008.

Yuan S, Wang XJ. 2023. Niche and interspecific association of dominant tree species in spruce-fir
mixed forests in Northeast China. Forests 14:1513 DOI 10.3390/f14081513.

Yuan Y, Zhao Z, Bai Z, Wang H, Xu Z, Niu S. 2016. Niche of dominant herbaceous plant species
under different reclamation modes in the Antaibao open-pit coal mine. Journal of Ecology
35:3215–3222 (in Chinese) DOI 10.13292/j.1000-4890.201612.008.

Xiang et al. (2024), PeerJ, DOI 10.7717/peerj.18526 22/23

http://dx.doi.org/10.1073/pnas.1515241113
http://dx.doi.org/10.1111/1365-2664.12593
http://dx.doi.org/10.1007/s11629-013-2935-7
http://dx.doi.org/10.1111/gcb.16147
http://dx.doi.org/10.3897/zookeys.1044.62478
http://dx.doi.org/10.3390/f14040762
http://dx.doi.org/10.1002/ece3.10919
http://dx.doi.org/10.1007/s40333-020-0064-z
http://dx.doi.org/10.3389/fpls.2022.850854
http://dx.doi.org/10.1007/s00442-020-04713-w
http://dx.doi.org/10.1111/oik.07735
http://dx.doi.org/10.16380/j.kcxb.2021.07.008
http://dx.doi.org/10.3390/f14081513
http://dx.doi.org/10.13292/j.1000-4890.201612.008
http://dx.doi.org/10.7717/peerj.18526
https://peerj.com/


Zhang L, Gao Y, Li JR, Zhang C, Li MY, Hu Z, Cui XX. 2022a. Effects of grazing disturbance of
spatial distribution pattern and interspecies relationship of two desert shrubs. Journal Of
Forestry Research 33:507–518 DOI 10.1007/s11676-021-01353-5.

Zhang T, Guo R, Gao S, Guo JX, Sun W. 2015. Responses of plant community composition and
biomass production to warming and nitrogen deposition in a temperate meadow ecosystem.
PLOS ONE 10:123160 DOI 10.1371/journal.pone.0123160.

Zhang ZC, Liu YF, Cui Z, Huang Z, Liu Y, Leite PAM, Zhao JX, Wu GL. 2022c. Shrub
encroachment impaired the structure and functioning of alpine meadow communities on the
Qinghai-Tibetan Plateau. Land Degradation & Development 33:2454–2463
DOI 10.1002/ldr.4323.

Zhang YH, Lü XT, Isbell F, Stevens C, Han X, He NP, Zhang GM, Yu Q, Huang JH, Han XG.
2014. Rapid plant species loss at high rates and at low frequency of N addition in a temperate
steppe. Global Change Biology 20:3520–3529 DOI 10.1111/gcb.12611.

Zhang R, Shen H, Dong SK, Li S, Xiao JN, Zhi YL, Zhang J, Zuo H, Wu SN, Mu ZY, Shi H.
2022b. Effects of 5-Year nitrogen addition on species composition and diversity of an alpine
steppe plant community on Qinghai-Tibetan Plateau. Plants-Basel 11:11070966
DOI 10.3390/plants11070966.

Zhao L, Zhang W, Xu X, Li J, Tian Q, Yu H, Li X, Chun F. 2023. Response of plant community
characteristics and species niches of Stipa krylovii grassland to grazing intensity. Chinese Journal
of Grassland 45:11–21 DOI 10.13287/j.1001-9332.201607.034.

Zhou XB, Bowker MA, Tao Y, Wu L, Zhang YM. 2018. Chronic nitrogen addition induces a
cascade of plant community responses with both seasonal and progressive dynamics. Science of
the Total Environment 626:99–108 DOI 10.1016/j.scitotenv.2018.01.025.

Zwolicki A, Zmudczynska-Skarbek K, Richard P, Stempniewicz L. 2016. Importance of
marine-derived nutrients supplied by planktivorous seabirds to high arctic tundra plant
communities. PLOS ONE 11:0154950 DOI 10.1371/journal.pone.0154950.

Xiang et al. (2024), PeerJ, DOI 10.7717/peerj.18526 23/23

http://dx.doi.org/10.1007/s11676-021-01353-5
http://dx.doi.org/10.1371/journal.pone.0123160
http://dx.doi.org/10.1002/ldr.4323
http://dx.doi.org/10.1111/gcb.12611
http://dx.doi.org/10.3390/plants11070966
http://dx.doi.org/10.13287/j.1001-9332.201607.034
http://dx.doi.org/10.1016/j.scitotenv.2018.01.025
http://dx.doi.org/10.1371/journal.pone.0154950
http://dx.doi.org/10.7717/peerj.18526
https://peerj.com/

	The ecological niche characteristics and interspecific associations of plant species in the alpine meadow of the Tibetan Plateau affected plant species diversity under nitrogen addition ...
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


