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Abstract
In recent years, numerous studies have focused on the effects of global climate
warming and increased nitrogen deposition on the structure and function of
grassland ecosystems. However, considerable uncertainties remain regarding
the response mechanisms of plant community biomass stability to these two
major climate factors in alpine meadows of the Qinghai-Xizang Plateau, China.
In light of this, the present study, based on field control experiments, systemat-
ically evaluated the effects of different levels of climate warming (W0 (no warm-
ing), W1 (air temperature increased by 0.47°C or soil temperature increased by
0.61°C), W2 (air temperature increased by 0.92°C or soil temperature increased
by 1.09°C), W3 (air temperature increased by 1.44°C or soil temperature in-
creased by 1.95°C)), nitrogen deposition (N0 (0 kg N/(hm2・a)), N16 (16 kg
N/(hm2・a)), and N32 (32 kg N/(hm2・a))), and their interactions on plant
community biomass and its temporal stability, and explored the underlying
regulatory mechanisms. The results demonstrated that with increasing temper-
ature, the biomass of the total community, Gramineae, and dominant species in-
creased significantly, whereas the biomass of common and rare species decreased
significantly. Nitrogen deposition also significantly promoted biomass accumu-
lation in the community and gramineous plants. Under the W3N32 treatment,
the biomass of the plant community, Gramineae, and dominant species reached
maximum values, indicating a synergistic effect. Structural equation modeling
revealed that warming significantly decreased the stability of plant community
biomass by reducing the stability of Gramineae and dominant species biomass
and weakening species asynchrony. The interaction between nitrogen deposition
and warming increased biomass fluctuations in the gramineous functional group,
thereby amplifying its negative impact on community stability. Greater atten-

chinarxiv.org/items/chinaxiv-202510.00093 Machine Translation

https://chinarxiv.org/items/chinaxiv-202510.00093
https://chinarxiv.org/items/chinaxiv-202510.00093


tion should be devoted to the response and regulatory mechanisms of dominant
species and functional groups under global climate change. This study pro-
vides a theoretical basis for elucidating the stability maintenance mechanisms
of alpine grasslands and offers scientific support for developing future grassland
ecosystem management and assessment strategies.
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Abstract
In recent years, numerous studies have examined how global climate warming
and increased nitrogen deposition affect grassland ecosystem structure and func-
tion. However, significant uncertainties remain regarding the response mecha-
nisms of plant community biomass stability in alpine meadows of the Qinghai-
Xizang Plateau to these two major climate factors. To address this knowledge
gap, we conducted field control experiments to systematically evaluate the ef-
fects of different levels of climate warming (W0: no warming; W1: air tem-
perature increased by 0.47°C or soil temperature increased by 0.61°C; W2: air
temperature increased by 0.92°C or soil temperature increased by 1.09°C; W3:
air temperature increased by 1.44°C or soil temperature increased by 1.95°C),
nitrogen deposition (N0: 0 kg N/(hm2・a), N16: 16 kg N/(hm2・a), and N32:
32 kg N/(hm2・a)), and their interactions on plant community biomass and its
temporal stability, while exploring potential regulatory mechanisms.

Our results showed that total community biomass, Gramineae biomass, and
dominant species biomass increased significantly with rising temperature,
whereas common and rare species biomass decreased significantly. Nitrogen
deposition also significantly promoted biomass accumulation in the community
and gramineous plants. Under the W3N32 treatment, biomass of the plant
community, Gramineae, and dominant species reached maximum values,
indicating a synergistic effect. Structural equation modeling revealed that
increasing temperature significantly decreased plant community biomass
stability by reducing the stability of grass and dominant species biomass and
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weakening species asynchrony. The interaction between nitrogen deposition
and temperature increased biomass fluctuation in the grass functional group,
thereby amplifying its negative influence on community stability. These
findings underscore the need for greater attention to the responses and
regulatory mechanisms of dominant species and functional groups under global
climate change. This study provides a theoretical basis for revealing stability
maintenance mechanisms in alpine grasslands and offers scientific support for
future grassland ecosystem management and assessment strategies.
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Introduction
The temporal stability of plant biomass reflects an ecosystem’s capacity to main-
tain functional stability over time under external environmental disturbances [?].
Stable ecosystems are essential for providing sustainable ecological services to
humans [?]. However, global climate change is affecting ecosystem structure and
function at an unprecedented rate, with climate warming and increased nitro-
gen deposition emerging as two of the most important factors in contemporary
global change [?, ?, ?].

Climate warming influences the stability of plant community productivity
through both direct and indirect pathways. On one hand, increased tempera-
ture can alter plant phenology and interspecific competition, thereby changing
community productivity [?, ?]. On the other hand, climate warming may lead
to plant species loss, shifts in community composition, and reduced species
asynchrony, which collectively weaken the community’s buffering capacity
against environmental disturbances [?]. Previous studies have shown that
the stability of plant communities under climate warming exhibits regional
heterogeneity, with the direction and magnitude of its influence regulated
by plant community diversity levels, soil resource limitation, and community
structure [?, ?]. Simultaneously, the significant increase in atmospheric
nitrogen deposition caused by human activities has altered soil nutrient status
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and profoundly impacted plant community function and stability [?]. Previous
research on nitrogen deposition effects has yielded inconsistent results regarding
temporal stability of plant communities, with studies showing positive effects
[?], negative effects [?], and even neutral effects [?]. These divergent outcomes
may be closely related to ecosystem type, nitrogen application intensity, and
experimental duration.

Although progress has been made in understanding how climate warming and
nitrogen deposition independently affect plant community stability, most stud-
ies have focused on single-factor effects, and a systematic understanding of their
interactive mechanisms on community biomass temporal stability remains lack-
ing [?, ?]. Given that climate warming and nitrogen deposition, as two key
factors of global change, often occur synergistically in natural environments,
their potential synergistic or antagonistic effects may trigger nonlinear ecological
responses with far-reaching impacts on plant community structure, functional
properties, and stability. Therefore, systematically assessing the comprehensive
effects of climate warming and nitrogen deposition interactions on plant commu-
nity biomass stability has important theoretical significance and practical value
for deepening our understanding of dynamic regulation mechanisms of grassland
ecosystem structure and function under global change and improving predictive
capacity regarding ecosystem response and adaptability.

In recent decades, substantial research has examined potential mechanisms un-
derlying plant community stability [?, ?]. Plant diversity plays a positive role
in community stability, as more diverse communities are often better able to
withstand external disturbances [?, ?]. Studies indicate that communities with
higher diversity exhibit greater temporal stability [?]. Additionally, species asyn-
chrony—driven by compensatory interactions among species—can also influence
temporal stability in plant communities [?]. A strong positive relationship exists
between the stability of plant communities and that of plant functional groups
[?]. The mass ratio hypothesis highlights the importance of dominant species
in ecosystem functioning [?]. However, variations in species sensitivity to en-
vironmental changes introduce uncertainty in their effects on plant community
stability [?]. Considering the complex responses of community biomass stability,
an in-depth examination of direct and indirect factors influencing community
biomass stability under climate warming and nitrogen deposition is essential
for accurately predicting grassland ecosystem dynamics in a changing climate.
This understanding will aid in formulating effective conservation and manage-
ment strategies to address ecological challenges posed by global climate change.

As one of the largest alpine ecosystems in the world, alpine meadows on the
Qinghai-Xizang Plateau play a crucial role in regional water conservation, car-
bon sink maintenance, and plateau animal husbandry development [?, ?]. How-
ever, due to high altitude, low temperature, and nutrient limitation, this ecosys-
tem is highly vulnerable to external disturbances [?, ?]. In recent years, con-
tinuous climate warming and nitrogen deposition have posed serious threats to
alpine meadow ecosystem functions, particularly the structure and stability of
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plant communities [?]. Given that the temporal stability of plant communities
can more accurately reflect ecosystem responses to global change, in-depth re-
search on this topic is helpful for scientifically assessing degradation risk and
restoration potential of grasslands and provides a scientific basis for formulating
adaptive ecological protection and management strategies.

In summary, this study aims to simulate temperature increase and nitrogen
deposition at different levels in typical alpine meadows on the Qinghai-Xizang
Plateau through field control experiments, and systematically explore the fol-
lowing scientific questions: (1) How does biomass stability of alpine meadow
plant communities respond to the interaction of climate warming and nitrogen
deposition? (2) Is the response of plant community biomass stability to climate
change primarily driven by species asynchrony, stability of dominant species, or
stability of functional groups? and (3) Do these driving mechanisms change un-
der the interaction between climate warming and nitrogen deposition? Through
in-depth discussion of these issues, we aim to reveal the internal mechanisms
of alpine meadow ecosystem stability changes under global change, improve our
ability to predict future evolution trends of ecosystem function, and provide
theoretical support for sustainable utilization and ecological security of plateau
grasslands.

2.1 Study Area
The study was conducted at the Ministry of Education Field Scientific
Observation Station of the Sanjiangyuan Ecosystem, located in Chengduo
County, Yushu Autonomous Prefecture, Qinghai Province, China (33°24�30�N,
97°18�00�E; 4270 m a.s.l.). The study area has a typical high-altitude con-
tinental climate, with an annual average temperature ranging from –5.60°C
to 3.80°C and average annual precipitation of 562.2 mm. Most precipitation
(approximately 75.00%) falls from July to September, coinciding with peak
grass growth. Vegetation is dominated by sedges and grasses, with main
dominant species including Kobresia humilis (C.A. Mey ex Trauvt) Serg.,
Kobresia pygmaea Clarke, Elymus nutans Griseb., and Poa annua L.

2.2 Experimental Design and Soil Sampling
Temperature control devices used in field experiments fall into four main cate-
gories: open-top chambers (OTCs), soil heating cables, infrared reflectors, and
infrared radiators. OTCs, which are simple in design and widely used, are partic-
ularly suitable for low-stature plants [?]. OTCs are also applicable for long-term
positioning observation of alpine ecosystems, especially in resource-limited and
environmentally sensitive field conditions, as they provide a relatively stable
passive warming environment without introducing external energy sources.

In this study, a field experiment was established in a 50 m × 50 m fenced flat
area in May 2023. Climate projections indicate that the Qinghai-Xizang Plateau
may experience additional warming of up to 2.00°C by 2035 and 4.90°C by 2100
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[?]. Therefore, we applied four warming treatments (W0 as control and three
incremental warming levels) using OTCs to create a controlled temperature
gradient (Table 1 ). Soil temperature at 5 cm depth and air temperature at 10
cm height were continuously measured from June to October using HOBO S-
TMB-M006 temperature sensors (Onset Computer Corporation, Bourne, USA),
with data recorded every 120 minutes.

During the growing season, both air temperature (10 cm height) and soil tem-
perature (5 cm depth) in the study area showed significant fluctuations (Fig. 1a
[Figure 1: see original paper] and 1b). Under control treatment, mean soil tem-
perature was 10.83°C, with a maximum of 21.93°C and a minimum of 5.37°C.
Compared with the control, W1, W2, and W3 treatments increased soil temper-
ature by 0.61°C, 1.09°C, and 1.95°C, respectively. Mean air temperature under
control treatment was 8.73°C, with a maximum of 16.92°C and a minimum
of 1.02°C. Under W1, W2, and W3 treatments, air temperature increased by
0.47°C, 0.92°C, and 1.44°C, respectively. Overall, the OTCs effectively increased
temperatures in this alpine meadow, with significant differences observed across
warming gradients, achieving the desired warming effect (Table 1).

Atmospheric nitrogen deposition on the Qinghai-Xizang Plateau is approxi-
mately 8 kg N/(hm2・a), primarily in the form of ammonium and nitrate nitrogen
[?]. To simulate future nitrogen deposition scenarios, we applied three nitrogen
levels: N0 (0 kg N/(hm2・a)), N16 (16 kg N/(hm2・a)), and N32 (32 kg N/(hm2・
a)). Ammonium nitrate (NH4NO3) was used to simulate nitrogen deposition
during the growing season by dissolving NH4NO3 in water and spraying it evenly
on each plot, with an equal amount of water also sprayed in the control plots.

The experiment used a randomized block design with 12 treatments and 4
replicates for each: W0N0, W0N16, W0N32, W1N0, W1N16, W1N32, W2N0,
W2N16, W2N32, W3N0, W3N16, and W3N32.

2.3 Plant Community Composition and Biomass Measure-
ment
Surveys were conducted in mid-August from 2023 to 2024. In each plot, a
0.5 m × 0.5 m quadrat was placed at the center to assess plant coverage and
biomass. To estimate aboveground biomass for the plant community and func-
tional groups (grasses, sedges, and forbs), we clipped all aboveground vegetation,
sorted it by species, and oven-dried it at 65.00°C to a constant weight [?]. Across
the study period, 19 plant species were recorded, categorized into the following
functional groups: sedges (2 species), grasses (3 species), and forbs (14 species)
(Fig. S1a).

Additionally, based on the relative biomass of each species in the control plots,
we categorized species within the community by dominance [?]. Dominant
species were defined as those with a relative abundance of >10.00%. Throughout
the study period in the control plots, common species had a relative abundance
between 1.00% and 10.00%, and rare species had a relative abundance of <1.00%
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[?]. These three categories comprised 4, 5, and 3 species, respectively, account-
ing for 83.51%, 15.14%, and 1.35% of the total community relative biomass (Fig.
S1b).

2.4 Data Analysis and Calculation
In this study, inter-annual variation in aboveground biomass from 2023 to 2024
was used as an indicator of plant community temporal stability [?]. Tempo-
ral stability of plant communities was calculated as the coefficient of variation
(CV). Additionally, temporal stability of aboveground biomass was calculated
for species grouped by dominance categories (dominant, common, and rare
species) as well as by functional groups (sedge, grass, and forb). Species biomass
temporal stability was determined as the mean temporal stability of individual
species biomass within the community.

Species asynchrony, a potential mechanism regulating community temporal sta-
bility [?], was quantified as follows:

𝜙𝑥 = 1 − 𝜎2

(∑𝑆
𝑖=1 𝜎𝑖)

2

where 𝜙𝑥 is the species synchrony; 𝜎2 is the variance of community aboveground
biomass; and 𝜎𝑖 is the standard deviation of the biomass of species 𝑖 in a com-
munity of 𝑆 species. The species asynchrony index ranges from 0 (completely
synchronous) to 1 (completely asynchronous).

The Simpson dominance index (𝐷) was used to assess changes in community
dominance, which may influence temporal stability [?]. The equation is as
follows:

𝐷 =
𝑆

∑
𝑖=1

𝑃 2
𝑖

where 𝑃𝑖 is the relative aboveground biomass of species 𝑖 in a community of 𝑆
species.

2.5 Statistical Analysis
Data were naturally log-transformed to meet normality assumptions for statis-
tical analysis. A mixed-effect model was used to analyze the effects of nitrogen
deposition and climate warming on plant biomass, community biomass stabil-
ity, stability of dominant, common, and rare species, stability of grasses, sedges,
and forb biomass, as well as species asynchrony and dominance. Year, climate
warming, and nitrogen deposition treatments, along with all their interactions,
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were included as fixed effects, while experimental plots were treated as random
effects.

One-way analysis of variance (ANOVA) and Tukey’s multiple comparison tests
were conducted to evaluate the impacts of climate warming and nitrogen depo-
sition on each variable. Linear regression was used to examine the relationships
between species asynchrony, species dominance, stability of the three abun-
dance groups, stability of the three functional groups, and community biomass
temporal stability. All statistical analyses were performed using SPSS v.24.0
software (SPSS Inc., Chicago, USA). Based on linear regression results, we con-
structed a structural equation model (SEM) using SPSS software. To build
the SEM, we excluded biological factors unaffected by warming and nitrogen
changes, then selected the best-fitting model based on a non-significant Chi-
square test (𝑃 > 0.050), low Akaike information criterion (AIC), and low root
mean square error of approximation (RMSEA) values. To comprehensively in-
vestigate causal relationships and underlying mechanisms among variables, we
estimated path coefficients within the SEM framework to differentiate direct
effects (i.e., the effect of variable A on variable C not mediated by other vari-
ables) from indirect effects (i.e., the effect of variable A on variable C mediated
through variable B). Based on the significance of individual path coefficients,
we systematically removed non-significant paths to refine the model structure
and enhance overall model fit.

3.1 Plant Biomass of Alpine Meadow
Climate warming significantly impacted the biomass of plant community, domi-
nant species, common species, and rare species (𝑃 < 0.050). Compared withW0,
plant community biomass in 2023 increased by 6.68% and 8.81% under W2 and
W3 treatments, respectively, and in 2024, it increased by 9.05% and 17.87%,
respectively. Grass biomass, relative to W0, showed a significant increase of
38.70% and 115.23% in 2023 under W2 and W3 treatments, respectively, and
increases of 12.61%, 37.31%, and 88.60% in 2024 under W1, W2, and W3 treat-
ments, respectively. In 2024, biomass of dominant species under W2 and W3
treatments increased by 5.13% and 30.18%, respectively, while biomass of com-
mon and rare species decreased by 12.43% and 26.04% under W3 treatment
(Fig. 2 [Figure 2: see original paper]; Table S1).

Nitrogen deposition significantly influenced the biomass of plant community,
grass, and dominant species (𝑃 < 0.001). Under N32 treatment, plant commu-
nity biomass increased by 19.96% in 2023 and 24.90% in 2024 compared with
N0 treatment. Similarly, grass biomass increased by 74.42% in 2023 and 51.64%
in 2024 under N32 treatment, and dominant species biomass increased by 9.90%
in 2024.

The interaction of climate warming and nitrogen deposition had a significant
effect on the biomass of plant community, grass, forb, dominant species, and
common species (𝑃 < 0.050). Biomass of plant community, grass, and dominant
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species peaked under W3N32 treatment, whereas biomass of forb and common
species reached their lowest levels under W3N32 treatment. Additionally, in-
teractions among the three factors had no significant effects on the biomass of
plant community, the three abundance groups (dominant, common, and rare
species), or the three functional groups (sedge, grass, and forb).

3.2 Stability of Alpine Meadow Community Biomass
Climate warming significantly affected the stability of plant communities, grass,
dominant species, and common species biomass, as well as species asynchrony
(𝑃 < 0.050). Specifically, compared with W0 treatment, stability of plant com-
munity biomass decreased by 14.10% and 48.87% under W2 and W3 treatments,
respectively. Species asynchrony decreased significantly by 22.81% and 50.57%
under W2 and W3 treatments, respectively. Stability of grass, dominant species,
and common species biomass decreased by 40.73%, 63.49%, and 53.99%, respec-
tively, under W3 treatment. Nitrogen deposition significantly impacted stability
of grass biomass (𝑃 < 0.050), with a notable reduction of 22.51% under N32
treatment. Additionally, the interaction between climate warming and nitro-
gen deposition significantly influenced stability of grass and dominant species
biomass, and species asynchrony, with minimum values of 5.24, 43.85, and 0.12,
respectively, under W3N32 treatment (Fig. 3 [Figure 3: see original paper];
Table S2).

3.3 Relationship Between Stability of Plant Community
Biomass and Driving Factors
The primary factors influencing stability of grassland plant community biomass
under climate warming and nitrogen deposition were evident. Linear regres-
sion analyses revealed significant positive correlations between stability of plant
community biomass and that of grass (𝑅2 = 0.32, 𝑃 < 0.001), forb (𝑅2 = 0.11,
𝑃 = 0.030), and dominant species biomass (𝑅2 = 0.38, 𝑃 < 0.001), as well as
species asynchrony (𝑅2 = 0.24, 𝑃 < 0.001) (Fig. 4 [Figure 4: see original pa-
per]). The SEM indicated that stability of grass and dominant species biomass,
and species asynchrony under climate warming and nitrogen deposition jointly
explained 40.00% of the stability of plant community biomass (Fig. 5a [Figure
5: see original paper]).

Climate warming could indirectly reduce stability of plant community biomass
by directly lowering stability of grass biomass (with a path coefficient of –0.62),
stability of dominant species biomass (with a path coefficient of –0.74), and
species asynchrony (with a path coefficient of –0.24). Meanwhile, nitrogen de-
position could also reduce stability of plant community biomass by directly
affecting stability of grass biomass (with a path coefficient of –0.34) (Fig. 5b).
Therefore, both climate warming and nitrogen deposition could affect the sta-
bility of plant community biomass.

chinarxiv.org/items/chinaxiv-202510.00093 Machine Translation

https://chinarxiv.org/items/chinaxiv-202510.00093


4.1 Effects of Climate Warming and Nitrogen Deposition
on Plant Community Biomass
Grassland community biomass serves as a crucial indicator of plant community
structure and function, reflecting vegetation growth conditions and responses
to external environmental changes [?]. Temperature is a critical limiting fac-
tor influencing plant growth [?, ?]. Some studies have indicated that climate
warming can decrease biomass by reducing soil moisture and inhibiting plant
growth [?], while others have shown that it can enhance biomass through in-
creased mineral nutrient absorption and organic matter accumulation [?]. Our
results indicated that climate warming significantly increased the biomass of
community, grass, and dominant species, while notably decreasing the biomass
of common and rare species. This pattern can be explained by the following
reasons: (1) different species exhibit varying sensitivities to changes in environ-
mental factors [?]. Grass species and other dominant species typically possess
higher photosynthetic efficiencies and heat tolerance, while common and rare
species may exhibit weaker growth under climate warming conditions [?]; and
(2) climate warming may alter patterns of ecological niche overlap and differenti-
ation among species within the community. Under climate warming conditions,
the growth space and resource acquisition of common and rare species become
limited, exacerbating the ecological exclusion effect and further contributing to
the decline in their biomass [?].

Nutrient availability can limit primary productivity in grasslands, while fertil-
ization improves soil quality and nutrient bioavailability, positively impacting
grassland ecosystem productivity [?]. Our findings indicated that at a nitrogen
addition rate of 32 kg N/hm2, biomass of plant community, grass species, and
dominant species significantly increased. This result aligns with previous stud-
ies on grassland ecosystems in the Xizang Plateau [?, ?]. Variability in nitrogen
utilization strategies and efficiencies among different functional groups leads to
varying responses to nitrogen, ultimately affecting plant community biomass
[?]. Research has shown that nitrogen deposition allows dominant species to ac-
quire more nutrients for rapid growth [?]. This phenomenon can be attributed
to the following factors: (1) intense competition within plant communities en-
ables nitrogen-preferring species to access more light and water resources, with
most grass species tending to prefer nitrogen compared with sedge species [?];
and (2) nitrogen addition can increase aboveground light limitation for low-
stature plants through the accumulation of plant biomass and litter [?]. This
asymmetry in light availability enhances the competitive advantage of resource-
acquiring species that exhibit rapid growth [?]. As a result, plant communities
tend to retain species belonging to similar functional groups, leaving smaller
plant species unable to capture enough light to compensate for their limitation,
thus affecting plant community biomass.

The results also showed that the interaction between climate warming and
nitrogen deposition significantly affected the biomass of plant community,
Gramineae, and dominant species, with the strongest promoting effect observed
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under W3N32 treatment. However, the biomass of various grasses and common
species decreased to the lowest value under this treatment. This response
indicates that the combined effect of temperature increases and nitrogen
deposition is not simply additive but exhibits significant nonlinear charac-
teristics. Previous studies have shown that climate warming and nitrogen
deposition stimulate plant biomass and enhance key plant photosynthesis [?].
Increased soil nutrient availability (particularly nitrogen) allows grass species
and dominant plants, known for their strong resource acquisition capabilities
and adaptability to environmental changes, to quickly utilize these enhanced
resources, further increasing their biomass. Simultaneously, climate warming
and nitrogen deposition may amplify the competitive advantages of grass
and dominant species within the community, intensifying their competitive
exclusion of other plants. This competition limits the growth space and resource
utilization of mixed grasses and common species, resulting in decreased biomass
for these plants [?, ?].

4.2 Mechanisms of Temporal Stability of Plant Community
Biomass in Alpine Meadows to Climate Warming and Ni-
trogen Deposition
Numerous studies have demonstrated that dominant species, functional groups,
and species asynchrony play critical roles in maintaining grassland community
stability [?, ?]. The results of this study showed that increasing temperature af-
fects the stability of plant community biomass by reducing the stability of grass
and dominant species. This finding is consistent with research on alpine mead-
ows of the Xizang Plateau [?]. Dominant species [?] or plant functional groups
under climate change [?, ?] play an important role in maintaining grassland
productivity stability. There is increasing evidence that community biomass
stability is often closely related to the stability of dominant species [?, ?]. The
mass ratio hypothesis suggests that ecosystem stability is primarily regulated
by the characteristics of dominant species or functional groups [?]. The degree
of interspecific interaction in a given community is determined by plant species
that exhibit the highest productivity [?].

Previous studies have shown that increasing temperature can weaken plant com-
munity stability by reducing species asynchrony and the relative abundance of
dominant species [?, ?]. Species asynchrony is one of the key mechanisms main-
taining community stability, as it effectively buffers adverse effects of the ex-
ternal environment through asynchronous responses of different species on the
temporal scale [?]. This phenomenon reflects that the stability of plant biomass
arises from compensation dynamics among interspecific species with different tol-
erances to environmental disturbances [?]. The results of this study also indicate
that increasing temperature affects the stability of plant community biomass by
reducing species asynchrony. The existence of species asynchrony enables dif-
ferent species in a community to occupy their specific ecological niches, reduces
interspecific competition, and helps enhance the buffer capacity of plant commu-
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nities against environmental disturbances, thereby improving biomass stability
[?]. In this study area, K. humilis (sedge) and E. nutans (grass) are the main
dominant species, which occupy a high biomass proportion in the plant com-
munity and have strong resource competitive advantages and adaptability. To
adapt to environmental changes, dominant species ensure effective water use
and nutrient acquisition through well-developed roots, higher canopy, increased
branching, and larger specific leaf area [?, ?]. However, due to the small number
of non-dominant species in the alpine meadow plant community, their impact on
overall community productivity is relatively limited. Therefore, once the stabil-
ity of dominant species declines, the buffer capacity of the whole community to
environmental fluctuations will be significantly weakened, resulting in decreased
community stability. Increasing temperature may further promote some high-
temperature-tolerant and fast-growing dominant species (such as Gramineae) to
occupy more resources and space in the community, strengthening their domi-
nant position. This trend will reduce community species uniformity [?] and lead
to the phenomenon of“mono-dominant species,”which makes species with similar
functions dominate the community and weakens the role of asynchronous regula-
tion mechanisms between species. Ultimately, the decline in species asynchrony
will lead to reduced community responsiveness in the face of environmental fluc-
tuations or extreme climate events, thereby reducing overall plant community
stability [?]. These results confirm the important role of asynchronous mecha-
nisms in maintaining community functional stability and suggest that we should
pay attention to the dynamics of dominant species and their potential effects on
community structure and functional stability in the context of climate warming.

The results of this study also showed that single nitrogen addition did not sig-
nificantly affect the overall stability of plant community biomass. However, the
interaction of nitrogen addition and climate warming (under W3N32 treatment)
reduced the stability of grass biomass to the minimum value. These results
suggest that nitrogen deposition and climate warming may indirectly regulate
overall community stability by affecting the biomass stability of key functional
groups such as grass. In alpine meadow ecosystems, grasses are important for
maintaining community structure and function due to their strong resource uti-
lization capacity and high biomass output [?]. However, under the interaction
of climate warming and nitrogen deposition, biomass fluctuation of grass func-
tional groups increased, which not only directly affected the stability of the
group itself but also weakened the response ability of the whole community to
external disturbances by changing the structural status of dominant species in
the community [?]. In other words, the instability of key functional groups has
an amplifying effect, resulting in a decline in stability at the community scale
[?]. This trend suggests that changes in community stability may not be driven
solely by species diversity or richness but more by the synergistic relationship
of functional groups in the community. In conclusion, although nitrogen depo-
sition alone has a weak effect on community stability, it can indirectly affect
community stability by regulating biomass fluctuation of key functional groups
under the background of temperature increase. These findings highlight the
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complexity of ecosystem response mechanisms under multiple climate changes
and suggest that dynamic changes of key functional groups and their roles in
maintaining community stability should receive more attention in future grass-
land ecological management and policy making.

5 Conclusions
Based on control experiments, this study systematically evaluated the effects
of temperature increase, nitrogen deposition, and their interactions on the tem-
poral stability of plant community biomass in alpine meadows of the Xizang
Plateau. The results showed that increasing temperature significantly decreased
the stability of plant community biomass by decreasing the stability of grass and
dominant species biomass and weakening species asynchrony. Further analysis
showed that there was a significant interaction between nitrogen deposition and
temperature increase, which could aggravate the fluctuation of grass functional
group biomass, thus amplifying its negative effect on community stability. These
results indicate that the response of community stability to climate change is not
only determined by species richness or diversity but also by key functional group
stability and interspecific dynamic relationships. In the future, dynamic moni-
toring and regulation of dominant functional groups should be strengthened to
enhance their ecological adaptability to multiple stress factors. Additionally, it
should be pointed out that this study mainly revealed the short-term response
process of plant communities to temperature increase and nitrogen deposition,
and the relevant mechanisms need to be verified through long-term monitor-
ing and multi-spatiotemporal scale studies to better understand the stability
regulation mechanism of grassland ecosystems in the context of global change.
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Appendix
Fig. S1 Vegetation coverage (a) and relative biomass (b) of different plant
functional groups and categories under different treatments. W0, no warming;
W1, air temperature increased by 0.47°C or soil temperature increased by 0.61°C;
W2, air temperature increased by 0.92°C or soil temperature increased by 1.09°C;
W3, air temperature increased by 1.44°C or soil temperature increased by 1.95°C;
N0, 0 kg N/(hm2・a); N16, 16 kg N/(hm2・a); N32, 32 kg N/(hm2・a).

Table S2 Results of linear mixed model assessing individual or interactive ef-
fects of climate warming (W) and nitrogen deposition (N) on the temporal
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stability of the biomass of plant community and different functional groups, as
well as on species asynchrony and degree of species dominance.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.
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