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Abstract

In recent decades, global climate change and overgrazing have led to severe
degradation of alpine meadows. Understanding the changes in soil character-
istics and vegetation communities in alpine meadows with different degrees of
degradation is helpful to reveal the mechanism of degradation process and take
the remediation measures effectively. This study analyzed the changes in veg-
etation types and soil characteristics and their interrelationships under three
degradation degrees, i.e., non-degradation (ND), moderate degradation (MD),
and severe degradation (SD) in the alpine meadows of northeastern Qinghai-
Xizang Plateau, China through the long-term observation. Results showed that
the aggressive degradation changed the plant species, with the vegetation alter-
ing from leguminous and gramineous to forbs and harmful grasses. The Pielou
evenness and Simpson index increased by 24.58% and 7.01%, respectively, the
Shannon-Wiener index decreased by 17.52%, and the species richness index
remained constant. Soil conductivity, soil organic matter, total potassium,
available potassium, and porosity declined. However, the number of vegeta-
tion species increased in MD. Compared with ND, the plant diversity in MD
enhanced by 8.33%, 8.69%, and 7.41% at family, genus, and species levels, re-
spectively. In conclusion, changes in soil properties due to degradation can
significantly influence the condition of above-ground vegetation. Plant diversity
increases, which improves the structure of belowground network. These find-
ings may contribute to designing better protection measures of alpine meadows
against global climate change and overgrazing.
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Abstract

In recent decades, global climate change and overgrazing have led to severe
degradation of alpine meadows. Understanding the changes in soil characteris-
tics and vegetation communities across different degradation degrees is crucial
for revealing degradation mechanisms and implementing effective remediation
measures. This study analyzed vegetation types, soil characteristics, and their
interrelationships under three degradation degrees—non-degradation (ND), mod-
erate degradation (MD), and severe degradation (SD)—in the alpine meadows
of northeastern Qinghai-Xizang Plateau, China, through long-term observation.
Results showed that aggressive degradation altered plant species composition,
with vegetation shifting from leguminous and gramineous species to forbs and
harmful grasses. The Pielou evenness and Simpson index increased by 24.58%
and 7.01%, respectively, while the Shannon-Wiener index decreased by 17.52%,
and the species richness index remained constant. Soil conductivity, soil or-
ganic matter, total potassium, available potassium, and porosity all declined.
However, the number of vegetation species increased in MD. Compared with
ND, plant diversity in MD enhanced by 8.33%, 8.69%, and 7.41% at fam-
ily, genus, and species levels, respectively. In conclusion, degradation-induced
changes in soil properties significantly influence above-ground vegetation condi-
tions. Plant diversity increases, which improves the structure of belowground
networks. These findings may contribute to designing better protection mea-
sures for alpine meadows against global climate change and overgrazing.
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Introduction

The Qinghai-Xizang Plateau, known as the “Water Tower of Asia,” is a sensitive
area of global climate change that encompasses diverse grassland types playing
crucial roles in regional water cycles, ecological environments, and climatic regu-
lation [?, 7, ?]. Among these grassland types, alpine meadows constitute one of
the primary categories on the Qinghai-Xizang Plateau, covering approximately
97.683x107{6}$ km? [?, ?]. Alpine meadows have nurtured rich species vari-
ety and germplasm resources due to their unique geographical characteristics,
such as high altitude and large temperature differences, and thus significantly
impact ecosystem service functions including climate regulation, water conserva-
tion, and soil formation and protection [?, ?]. However, heavy industrialization
[?, 7], global climate change [?, ?, 7], overgrazing [?, ?], and irrational grassland
management have caused grassland quality decline and ecological environment
damage [?, ?]. Although the Chinese government has implemented various mea-
sures such as fencing, turf cutting, no-tillage reseeding, and fertilizer addition
to prevent grassland degradation [?, 7, ?], more than half of the meadows have
degraded to different degrees due to external disturbances and global climate
change effects [?, ?].

The most significant variation of grassland degradation is a decline in vegetation
cover and increased soil bareness rate, followed by soil nutrient loss and changes
in vegetation functional groups [?, ?], ultimately disrupting the soil-vegetation
equilibrium. Soil nutrients support normal plant growth, while photosynthesis
and other processes facilitate compound exchange and energy transfer between
vegetation and soil [?, ?]. This dynamic equilibrium is essential for maintaining
overall grassland ecosystem stability. Therefore, studying the impacts of soil
degradation on vegetation functional groups is of great significance. Addition-
ally, some studies have reported synergistic effects of vegetation degradation
and soil degradation [?, ?]. The fundamental purpose of managing degraded
alpine meadows can be achieved by improving the soil environment [?, ?] and
cultivating high-quality pasture grasses suitable for the area, such as selecting
and breeding grasses with excellent traits and expanding seed banks [?, ?]. Tt
is also necessary to investigate changes in soil characteristics caused by severe
grassland degradation and the succession patterns of key and dominant plant
species [?, 7, 7].

Degradation reduces grassland yield and quality, deteriorates soil, pollutes
groundwater, and impedes ecological functions. While studies of alpine meadow
restoration have focused on increasing grazing capacity, the long-term effects
of grassland degradation on vegetation and soil characteristics have received
less attention [?, ?, ?, ?]. Therefore, this study aims to reveal relationships
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between grassland degradation and vegetation-soil changes across different
degraded alpine meadows on the Qinghai-Xizang Plateau, China. The specific
objectives are: (1) to characterize soil and vegetation changes during grassland
degradation; (2) to reveal the evolution of dominant forage during degradation;
and (3) to analyze whether degradation degree changes the ability of alpine
meadows to resist climate change. This study will help understand the effects
of alpine meadow degradation on vegetation and soil, further clarify degraded
grassland restoration, and provide references for exogenous nutrient addition
and vegetation improvement in alpine meadows.

2.1 Study Area

The study area is located at the Haibei Scientific Station, Northwest Plateau Re-
search Institute, Menyuan Hui Autonomous County, Qinghai Province, China
(37°36 48 N; 101°18 33 E; 3200-3600 m a.s.l.). The area has a distinct temper-
ate continental climate with weak Southeast Asian summer monsoon influence.
Restricted by high altitudes, temperatures are extremely low, with an annual
average temperature of -1.7°C and precipitation of approximately 560 mm. Pre-
cipitation is concentrated from May to September during the plant growth sea-
son, accounting for about 80.00% of annual precipitation [?, ?]. The soil type is
alpine meadow soil. The constructive species was Kobresia humilis Serg., with
dominant species including Elymus nutans Griseb., Stipa aliena Keng, Gentiana
straminea Maxim., and Oxytropis kansuensis Bunge.

2.2 Methods

Three degradation types were identified in the study area: non-degradation
(>90.00% average coverage; ND), moderate degradation (60.00%-90.00% aver-
age coverage; MD), and severe degradation (<60.00% average coverage; SD)
(Fig. 1 [Figure 1: see original paper|). Three sample plots were randomly
selected, with three replicates per plot and approximately 100 m distance be-
tween plots, totaling 9 sample plots and 27 soil samples. Soil samples of about
2 kg were collected at 0-20 cm depth in September 2023. This study evaluates
alpine meadow resistance to external disturbances based on the central role
of vegetation and soil in the ecosystem. Vegetation functional group and soil
characteristics together reflect alpine meadow health and capacity to cope with
external environmental changes [?, 7, ?].

2.2.1 Vegetation Survey Three replicated plots were randomly established
within degraded alpine meadows, with approximately 100 m distance between
each plot. For each plot, 0.5 m? quadrats were set up in ND, MD, and SD for
vegetation surveys. Plant number, height, and coverage of each species were
recorded. Importance value (IV) was calculated based on relative abundance,
height, and frequency of each species [?, ?]. The Shannon-Wiener index, Simp-

son index, species richness index, and Pielou evenness index were calculated
[?7,7,7].
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2.2.2 Soil Sample Collection and Measurement A soil auger (30 mm
diameter) was used to collect soil samples from 0-20 cm depth at each plot.
Three soil samples within each plot were mixed to ensure uniformity. Each
composite sample was air-dried and sieved through a 2-mm mesh for physical-
chemical property analysis. Measurement methods are shown in Table 1 .

Table 1 Methods for measurement of soil physical-chemical characteristics

Index Abbreviation Measurement method Reference
Soil total Flame photometry Bao, 2000
potas-

sium

Soil Ammonium acetate

available leaching-flame

potas- photometry

sium

Electrical Conductivity meter

conduc- method

tivity

Soil Ring knife method

porosity

Soil Potassium dichromate

organic external heating method

matter

2.3 Data Analysis The Shannon-Wiener index (H’ ), Simpson index (D),
species richness index (R), and Pielou evenness index (E) were used to assess
plant diversity using the following equations [?, 7, 7, ?]:

E=H'/H,

ax

IV = (relative cover + relative density + relative plant height)/3
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where P, is the proportion of individuals belonging to species ¢; n is the number
of species; H/ .. is the maximum Shannon index; S is the total number of species

max

present; and IV is the importance value of each species within the sampled area.

Data were analyzed using SPSS v.20.0 software. Significant differences in soil
physical-chemical properties across degradation levels were compared using one-
way ANOVA followed by least-square standard deviation tests. Pearson’ s cor-
relation analysis investigated interactions between plant diversity indices and
soil environmental factors. Figures were plotted using Origin v.2022.

3.1 Changes in Vegetation Composition

As degradation intensified, vegetation types and importance values (IV) in
alpine meadows changed notably. E. nutans emerged as the dominant species in
ND and MD, accounting for 40.05% and 33.61% of IV, respectively. However, its
IV decreased by 6.44%, while that of P. anserina increased up to 28.55%. Sub-
dominant species included Medicago archiducis-nicolai Sirj. (13.95%), Lancea
tibetica Hook. f. et Thoms. (15.67%), and E. nutans (25.15%). Primary-
associated, secondary-associated, and occasional species varied according to
degradation degree (Table 2 ).

Variations in plant height and cover structure led to competitive inhibition
among certain dominant species due to taller cover, resulting in slowed or ceased
growth processes that facilitated vegetation community succession. MD and SD
exhibited dominance at family, genus, and species levels compared with ND. At
the family level, numbers were 9.09% and 18.18% higher in MD and SD than
in ND, respectively (Fig. 2a [Figure 2: see original paper]); at the genus level,
they were 9.52% higher than ND (Fig. 2b); and at the species level, they were
8.00% and 4.00% higher, respectively (Fig. 2c¢). The IV of gramineous and legu-
minous plants decreased by 8.00% and 8.84% in MD, and by 7.04% and 5.37%
in SD, respectively, compared with ND. The IV of forbs increased by 16.84%
and 12.41% in MD and SD, respectively. Harmful grasses were highest in MD,
followed by ND, and lowest in SD (Fig. 2d). These differences across taxonomic
levels reflect the inherent complexity of biodiversity and ecological adaptability,
influencing not only morphological and physiological characteristics of distinct
plant taxa but also ecosystem structure and function as critical determinants of
stability.

3.2 Changes in Vegetation Diversity Index

The Shannon-Wiener index was greater in MD with more abundant community
species compared with ND, while SD had the lowest species diversity (Fig. 3a
[Figure 3: see original paper]). The Simpson index was highest in MD, reflect-
ing uneven species distribution, followed by SD and ND (Fig. 3b). The Pielou
evenness index was directly proportional to degradation degree across all three
meadow types (Fig. 3c). Furthermore, the species richness index for MD ex-
ceeded those of ND and SD (Fig. 3d). These results demonstrate that grassland
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degradation significantly influences diversity indices, with differences primarily
stemming from shifts in vegetation functional group attributes. In contrast, the
species richness index was relatively less affected, suggesting that although spe-
cific species composition may change in response to environmental alterations,
overall biodiversity can remain relatively stable within certain limits. This ob-
servation underscores the complexity inherent in understanding mechanisms by
which grassland degradation impacts vegetation structure and function.

3.3 Changes in Soil Characteristics

As alpine meadow degradation intensified, soil characteristics underwent con-
tinuous changes. Specifically, electrical conductivity (EC), soil organic matter
(SOM), total potassium (TK), and available potassium (AK) values declined
significantly with degradation intensification (Fig. 4a [Figure 4: see original
paper]-d). Additionally, soil porosity (SP) decreased but stabilized during
later degradation stages (Fig. 4e). These findings indicate that intensifying
degradation corresponds with declining soil nutrient content, deteriorating aer-
ation, altered granular structure, and uneven nutrient distribution. At the
macro-level, soil physical-chemical indicators were highly disproportionately dis-
tributed among ND, MD, and SD. Higher AK contents suggest more balanced
status, while SOM and TK contents were significantly low. This variability pro-
foundly influenced soil ecosystem stability (Fig. 5 [Figure 5: see original paper]),
as even micro-changes in soil nutrients can trigger chain reactions, altering nu-
trient status, changing microbial growth environments, affecting decomposition
and regulation processes, and thus endangering overall soil ecosystem stability
and health.

3.4 Correlation Between Soil and Vegetation Characteristics

Pearson’ s correlation analysis investigated relationships between soil and veg-
etation characteristics (Fig. 6 [Figure 6: see original paper]). Results showed
significant positive correlations among all measured soil properties, indicating
synergistic effects among nutrient components. Conversely, negative correla-
tions occurred between soil characteristics and species diversity indices. For ex-
ample, the Pielou evenness and Simpson indices exhibited significantly negative
correlations with SOM, EC, AK, TK, and SP, suggesting uneven plant distri-
bution with fewer dominant species in alpine meadows. The Shannon-Wiener
index and species richness index were positively correlated with soil properties,
indicating interdependent and synergistic relationships among soil properties
where alterations in one index can markedly influence and cascade into others,
demonstrating complex soil ecosystem interactions. However, the intricacy of
these relationships primarily arises because different vegetation types have vary-
ing requirements and preferences for specific soil attributes, leading to intricate
soil-vegetation interactions.
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4.1 Effect of Alpine Meadow Degradation on Vegetation Character-
istics

Vegetation communities serve as indicators of grassland health. As alpine
meadow degradation progresses, these communities undergo varying degrees of
succession. In ND, E. nutans (IV=40.05%) from Gramineae and M. archiducis-
nicolai (IV=13.95%) from Leguminosae were predominant (Table 2), suggesting
potential grazing utilization. Furthermore, leguminous grasses accounted for the
largest proportion in ND (Fig. 2b), helping maintain nitrogen balance in grass-
land ecosystems. Many leguminous grasses harbor rhizobacteria in their root
systems that form nodules for nitrogen fixation [?, ?], effectively capturing at-
mospheric N and positively influencing nitrogen cycling and deposition [?, ?].
This positive feedback loop promoted growth of Gramineae and Leguminosae.

In MD, proportions of Gramineae and Leguminosae decreased while harmful
grasses and forbs increased, forming the highest plant species numbers. Poten-
tial reasons include: (1) decreased soil fertility from degradation affected growth
of Gramineae and Leguminosae, which require high soil nutrients [?, ?], reduc-
ing their numbers; (2) harmful grasses and forbs exhibit fast growth and strong
adaptability [?, ?], surviving and reproducing under harsh conditions and dom-
inating habitats where Gramineae and Leguminosae might grow; and (3) the
potential function of MD cannot be neglected despite lower grazing utilization
than ND [?, ?]. Many harmful grasses and forbs have extensive canopies and
well-developed root systems [?, ?], protecting alpine meadows from rain-induced
erosion and inhibiting black soil area expansion [?, ?]. Lower grazing utilization
means less livestock disturbance, further enhancing MD’ s natural resilience to
some extent [?, 7, ?].

In contrast, SD had the most forbs and least harmful grasses due to low veg-
etation cover and bare soil, giving forbs competitive advantage and increasing
their populations. Certain forbs may act as pioneer species capable of rapidly
colonizing bare soil surfaces [?, ?|, preventing erosion and creating favorable
conditions for subsequent communities. Additionally, certain forbs such as L.
sagitta and P. sibiricum possess significant medicinal value along with robust
resistance to low temperatures, drought, and salinity. These forbs have adapted
to SD’ s ecological environment and play crucial roles in maintaining ecosystem
stability and balance [?, ?].

4.2 Effect of Alpine Meadow Degradation on Soil Characteristics

Soil characteristics play important roles in the soil-vegetation system and are
dominant factors affecting plant growth. Soil deterioration is the primary driver
of alpine meadow degradation, stemming from substantial changes in physical-
chemical properties [?, ?]. Regarding physical properties, increased degradation
greatly altered soil characteristics, with both EC and SP showing decreasing
trends. First, changes in soil granular structure, probably due to anthropogenic
disturbances and severe livestock trampling, led to decreased porosity [?, ?].
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Second, degradation caused succession of aboveground vegetation communities
and inhibited growth of plants with root systems containing high salt and ion
levels, thus affecting soil EC [?, ?]. These changes not only reshape overall soil
structure and inhibit respiration rates but also affect atmospheric CO, levels
and soil carbon accumulation rates [?, ?].

Soil nutrients are crucial for normal above-ground vegetation growth. This
study reported that increased degradation significantly reduced SOM, TK, and
AK contents. This decline can be attributed to SOM originating partially from
plant residues [?, ?]. Consequently, surface vegetation degradation markedly
decreased vegetation cover, reducing SOM generated through soil decomposition.
Furthermore, degradation increased soil erosion risk, causing substantial SOM
loss from wind and water erosion. Additionally, alkaline soils within the study
area may have accelerated SOM loss [?, ?]. Decreases in TK and AK contents
can be linked to degradation processes promoting increases in forbs and harmful
grasses due to their high potassium uptake [?, ?]. This phenomenon disrupted K
morphological transformation and hindered cross-border signal regulation [?, ?],
ultimately diminishing TK and AK contents. More critically, global climate
change is altering plant root morphology while reducing areas associated with
inter-root nutrient uptake [?, ?, ?]. Over time, this disruption will affect the
dynamic balance among soil-microbe-plant systems, leading to decreased soil
nutrient content and ongoing shifts within vegetation functional groups.

In summary, grassland restoration efforts should prioritize vegetation restora-
tion and soil quality improvement. When developing restoration strategies, it is
essential to consider multiple factors such as climatic conditions, rodent infesta-
tions, and overgrazing to ensure scientifically sound, feasible, and environmen-
tally sustainable solutions [?, ?, ?]. This integrated approach aims to restore
soil health while promoting vegetation diversity, thereby effectively mitigating
and reversing grassland ecosystem degradation.

4.3 Strategies to Deal with Alpine Meadow Degradation

Alpine meadow degradation can lead to severe ecological deterioration and sud-
den biodiversity declines. In addressing climate change and overgrazing, it is
essential to focus on complex interactions between internal and external envi-
ronments in alpine meadows and seek external interventions to combat degen-
eration. For soil characteristics, excessive fertilizer reliance should be avoided.
Alpine meadow soils are rich in nutrients, including roots, soil microorganisms,
and unactivated nutrients [?, ?, ?]. Therefore, during restoration, incorporating
beneficial microorganisms may be an effective strategy to activate these nutri-
ents through microbial metabolic activities and synergistic interactions with
root-associated microorganisms, enabling plant uptake and reducing exogenous
fertilizer needs [?, ?]. Moreover, maintaining favorable vegetation conditions
is crucial for mitigating degradation. However, this does not necessarily im-
ply high uniformity among vegetation types. Different species exhibit varying
resistance levels to cold temperatures, drought, and human disturbances [?, ?],
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contributing to ecosystem stability. Additionally, vegetation diversity helps pre-
vent irreversible degradation resulting from rapid succession caused by factors
such as global climate change and severe disturbances [?, ?, 7].

4.4 Limitation and Implication

Alpine meadow degradation is a dynamic process involving many factors [?,
?]. This study investigated three degradation levels (ND, MD, and SD) to
more accurately elucidate their characteristics and facilitate targeted restoration
measures. Furthermore, this study advocates introducing appropriate grass
species within alpine meadows to effectively mitigate ecological deterioration
through promotion of vegetation diversity [?, ?].

It is important to note that changes in vegetation characteristics and soil nu-
trient status from alpine meadow degradation are critical for future restoration
and management efforts. However, this study only monitored vegetation and
soil data from selected alpine meadows on the Qinghai-Xizang Plateau over
a one-year period, making it difficult to comprehensively and systematically
reveal dynamic degradation characteristics. Therefore, future research should
concentrate on temporal and spatial heterogeneity by extending study durations
and expanding geographical coverage to gain deeper insights into degradation
mechanisms [?, ?]. Additionally, climate change and external disturbances are
key degradation drivers [?, ?]. This study did not incorporate variables such
as precipitation, temperature, or grazing pressure, limiting completeness and
applicability of findings. Subsequent research should comprehensively consider
these factors.

Conclusions

Alpine meadow degradation is a complex process regulated by various factors,
and ecosystem restoration is time-consuming and challenging. As degrada-
tion intensified, species richness gradually stabilized, but community structure
changed significantly, particularly decreasing Gramineae and Leguminosae while
increasing forbs and harmful grasses. Additionally, deterioration of soil aeration
properties and significant nutrient content decline led to succession of dominant
species. In conclusion, restoring alpine meadows in the context of global climate
change requires primary focus on maintaining and optimizing the soil-vegetation
system balance. This study emphasizes that the key is improving ecosystem re-
silience to external disturbances and changes rather than pursuing excessive
grazing utilization.
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