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Abstract: Alpine meadows, one of the most widespread and important vegetation types on the Qinghai-Tibet Plateau,
are facing severe degradation. This study examines how degradation affects soil medium and trace elements in the
eastern Qinghai-Tibet Plateau, along with their relationships with plant traits and soil properties. Results indicate that
alpine meadow degradation significantly reduces vegetation coverage, height, biomass, soil water content (SWC), and
the levels of soil organic carbon (SOC), nitrogen (N), and phosphorus (P), while increasing soil bulk density (BD),
pH, and potassium (K) content. Soil Ca, Zn, and Mo decrease with degradation, whereas Mg, Fe, Mn, Cu, Ni, and Co
increase, with Ca, Fe, and Mn showing the strongest changes. Correlation and redundancy analyses indicate that abo-
veground biomass, SWC, SOC, N, and P positively correlate with Ca, Mo, and Zn, while pH, BD, and K associate with
Mn, Fe, Ni, Co, Mg, and Cu. Therefore, alpine meadow degradation significantly influences the distribution of certain
soil physicochemical properties and medium and trace elements in the eastern Qinghai-Tibet Plateau. Meanwhile, these
medium and trace elements are also affected by specific soil physicochemical properties. Future grassland restoration
should consider not only macronutrients and basic soil properties but also key elements like Ca, Fe, and Mn. This study
provides foundational data for the ecological restoration of degraded alpine meadows.
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The Zoige Plateau, located in the semi-humid
region of the eastern Qinghai-Tibet Plateau. It is
not only a vital component of the Qinghai-Tibet
Plateau ecological barrier but also hosts the world’s
largest alpine peat swamp wetlands and represents
one of China’s key biodiversity hotspots, making its
ecological position exceptionally significant (Xu et al.
2023; Shi et al. 2025). Characterised by high altitude
and low temperatures, this region exhibits weak
biogeochemical processes in soil formation, result-

ing in a sensitive and fragile ecosystem (Chen et al.
2023). In recent decades, global climate change and
unsustainable anthropogenic activities have severely
degraded the alpine meadow ecosystems in Zoige,
posing serious challenges to regional economic and
social development (Shi et al. 2025). Grassland deg-
radation manifests superficially through reduced
species richness, declining biodiversity, and decreased
biomass (Zhang et al. 2025a), while soil degradation
involves structural fragmentation, substantial nutri-
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ent loss, and functional deterioration, ultimately
impairing plant growth and development (Luo et al.
2022). Therefore, investigating the impacts of grass-
land degradation on soil properties holds significant
scientific and practical importance.

Vegetation degradation and soil degradation are
direct manifestations of grassland degradation. Due
to the distinct attributes of plants and soils, soil
degradation in grassland systems often lags behind
vegetation degradation but is more difficult to restore
once degraded (Du et al. 2025). Numerous studies
have demonstrated that the relationship between
aboveground vegetation characteristics and soil en-
vironmental factors is crucial for understanding the
connection between biodiversity and ecosystem func-
tioning (Zhang et al. 2025b). Plant nutrients include
macronutrients such as nitrogen, phosphorus, and
potassium, as well as medium and trace elements like
calcium (Ca), magnesium (Mg), iron (Fe), manganese
(Mn), copper (Cu), zinc (Zn), boron (B), and molyb-
denum (Mo). Beyond macronutrients, medium and
trace elements in soil are essential for normal plant
growth and development. The deficiency of these
elements can cause nutrient deficiency symptoms
in plants, while their excess may lead to soil compac-
tion and antagonism (e.g., between Ca**/Mg** ions
and other nutrients), which impairs nutrient uptake.
Additionally, excess may result in heavy metal toxicity
(from Fe, Mn, Cu, Zn, etc.), ultimately harming plant
growth and even posing a threat to human and animal
health (Mu et al. 2023). For instance, Fe is involved
in chlorophyll biosynthesis and stabilisation, serving
as a component of respiratory and photosynthetic
electron transport systems and as a cofactor for elec-
tron carriers (Cyt f, Cyt b559, and Cyt b563), closely
associated with CO, fixation. Fe deficiency leads
to stunted growth and reduced rhizobium activity
and nitrogen fixation in legumes (Rai et al. 2021).
Mn deficiency inhibits photosynthesis, reducing
photosynthetic products and dry matter accumula-
tion (Heine et al. 2011). Cu deficiency causes slow
growth, dwarfism, chlorosis, necrosis, and reduced
seed set (Zhu et al. 2012). Recent studies on medium
and trace elements in grassland soils have increased.
Hu and Zhou (2024) found that long-term grazing
exclusion in Inner Mongolia’s semi-arid grasslands
enhanced plant uptake of trace elements, reducing
their soil concentrations. Qi et al. (2024) observed
that in Qilian Mountain’s semi-arid grasslands, soil
Zn, Mn, and Ca decreased with degradation severity,
while Se, Fe, Mg, Mo, Cu, and Co increased.

Current research on soil properties of alpine
meadows in the semi-humid region of the eastern
Qinghai-Tibet Plateau primarily focuses on soil struc-
ture, conventional physicochemical properties, and
stoichiometric analysis (Li et al. 2024; Zhang et al.
2024), while studies on medium and trace element
variations in degraded alpine meadow soils of this
region remain scarce. This study, therefore, inves-
tigates the characteristic changes of medium and
trace elements during alpine meadow degradation
in the semi-humid eastern Qinghai-Tibet Plateau,
analysing their relationships with plant biomass and
soil physicochemical properties. The findings aim
to provide references for formulating restoration
strategies.

MATERIAL AND METHODS

Study site and land history. This study selected
the Zoige National Nature Reserve (33°55'-33°56'N,
102°49'-102°50'E) (Figure 1) in the eastern Qinghai-
Tibet Plateau as the research area, with an average
altitude of 3 500 m. The region features a typical con-
tinental plateau cold-temperate semi-humid monsoon
climate, with a mean annual temperature of 1.7 °C and
annual precipitation ranging from 600—-700 mm. The
reserve exhibits gentle terrain with well-developed
meandering rivers and dense marshes, containing
numerous waterways but relatively homogeneous
vegetation types. The dominant vegetation consists
of meadow plant communities dominated by Kobre-
sia tibetica and Blysmus sinocompressus, with soils
developing from alluvial deposits mixed with minor
slope wash and diluvial parent materials to form
meadow soils. Over recent decades, under combined
natural and anthropogenic influences, the area has
experienced varying degrees of degradation and
even desertification, severely constraining regional
economic and ecological sustainable development
(Luo et al. 2022; Qian et al. 2024).

Soil sampling and parameter analysis. In August
2021, based on consistent parent material and topo-
graphic conditions, and referring to previous research
(Zhang et al. 2024; Liu et al. 2025) and field survey data
(coverage, height, dominant plant species, and rodent
hole density), the alpine meadows were classified
into native meadow (NM), lightly degraded meadow
(LDM), moderately degraded meadow (MDM), and
heavily degraded meadow (HDM) (Table 1). Three
50 x 50 m plots were established for each meadow
type (totalling 12 plots). The distance between each
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Figure 1. Study area

sample plot is greater than 100 m. Within each plot,
three 1 x 1 m quadrats were randomly placed to sur-
vey vegetation coverage and height. All aboveground
plants within the quadrats were clipped, collected
in sealed plastic bags. One intact soil block (20 x
20 cm) with roots was excavated for belowground
root biomass determination. Undisturbed soil sam-
ples were collected using 100 cm?® cutting rings for
bulk density analysis. Soil samples from 0-20 cm
depth were collected, with three quadrat samples
from the same plot thoroughly mixed and quartered
to obtain 2 kg composite samples. These were stored
in sealed bags, air-dried, sieved, and prepared for
physicochemical property analysis in the laboratory.

Plant biomass was determined by the oven-drying
method after removing soil particles at 65 °C until

constant weight. Soil water content (SWC) was meas-
ured using the oven-drying method. Soil pH was de-
termined with a pH meter (water: soil ratio = 2.5: 1).
Bulk density (BD) was measured by the cutting ring
method. Soil organic carbon (SOC) was analysed
using the potassium dichromate external heating
method. Total nitrogen (TN) was determined by the
semi-micro Kjeldahl method. Total phosphorus (TP)
was measured through sulfuric acid-perchloric acid
digestion, while available phosphorus (AP) was ana-
lysed by the molybdenum-antimony colourimetric
method. Total potassium (TK) was determined using
NaOH fusion-flame photometry, and available po-
tassium (AK) was extracted with ammonium acetate
for flame photometric measurement (Lu 2000). Soil
Na, Ca, Mg, Al, Fe, Mn, Cu, Zn, Ni, Pb, and Co con-

Table 1. Main habitat characteristics of meadows with different degradation degrees

Coverage Height of vegetation . Hole
Types (%) (cm) Dominant plants (100 m2)
NM 96.67 + 4.71 3956 + 2.47 Kobresia tibetica Maximowicz, Blysmus sinocompressus, 0
Poa palustris
LDM 7533 + 3.68 18.85 + 2.25 Kobresia tzbetzcc;lll/[axzmowzcz, Roegneria purpurascens, 18.00 + 1.63
lysmus Sinocompressus
MDM  45.67 + 6.65 9.73 + 1.53 Potentilla bifurca, Ligularia sibirica, 35.33 + 3.40
Leontopodium leontopodioides
HDM 19.50 + 1.63 252 + 0.55 Potentilla anserina, Stellera chamaejasme, 5933+ 2.05

Plantago asiatica

NM - native meadow; LDM - lightly degraded meadow; MDM — moderately degraded meadow; HDM — heavily degraded

meadow
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centrations were analysed by inductively coupled
plasma atomic emission spectroscopy (ICP-AES,
PerkinElmer Avio500, China). Soil Mo concentra-
tions were analysed by inductively coupled plasma
atomic emission spectroscopy (ICP-MS, PerkinElmer
NexION 350x, China) (Liu et al. 2025).

Calculations and statistical analysis. Statistical
analysis was done with SPSS 20.0 (Chicago, USA).
A one-way ANOVA following Fisher’s LSD test was
applied to compare differences among treatment
means at P < 0.05. Pearson’s method and redundancy
analysis (RDA) were used to analyse the correlation
between the data.

RESULTS

Variation of vegetation and soil physicochemical
properties in degraded alpine meadows. As shown
in Figure 2, alpine meadow degradation progres-
sively reduced vegetation biomass (P < 0.05). Above-
ground biomass in LDM, MDM, and HDM decreased
by 31.33%, 73.38%, and 90.98% versus NM (P < 0.05).
Underground biomass followed similar trends, with
NM highest (1 940.95 g/m®) before sharp degradation-
induced declines.

Degradation of alpine meadows significantly reduced
SWC, SOC, TN, TP, AN, and AP, while increasing soil
BD, pH, TK, and AK (P < 0.05) (Table 2). The most
pronounced changes were observed in HDM. The re-
sults demonstrate degradation’s strong impact on soil
physicochemical properties, with moisture and nutri-
ents declining as compaction and alkalinity increase.
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Figure 2. Plant biomass of alpine meadows at different
degrees of degradation

AB - aboveground biomass; UB — underground biomass; NM —
native meadow; LDM - lightly degraded meadow; MDM — mo-
derately degraded meadow; HDM - heavily degraded meadow;
different lowercase letters indicate significant differences among
the restoration years at P < 0.05

Characteristics of medium and trace element
variations in degraded alpine meadow soils. The
variation of medium elements in alpine meadow soils
is presented in Figure 3, demonstrating a progressive
decline in Ca content with increasing degradation
severity. Compared to NM, the Ca content decreased
by 5.81%, 13.66%, and 15.20% in LDM, MDM, and
HDM, respectively. Among them, there were signifi-

Table 2. Soil physicochemical properties in the different reclamation years

Index NM LDM MDM HDM
SWC (%) 117.72 + 13.63% 59.15 + 10.06" 43.14 + 2.95" 34.14 + 1.43°
pH 7.24 + 0.09° 7.48 +0.13° 7.57 +0.14° 7.80 + 0.08?
BD (g/cm?) 0.47 £ 0.074 0.83 + 0.04¢ 0.99 + 0.02° 1.16 + 0.022
SOC (g/kg) 185.45 + 9.32? 120.75 + 14.92° 86.59 + 8.65° 49.33 + 3.41¢
TN (g/kg) 11.33 + 1.15% 7.46 + 1.08° 5.13 + 0.28¢ 3.98 + 0.60¢
TP (g/kg) 1.13 £ 0.20° 0.76 + 0.08" 0.76 + 0.05° 0.67 + 0.04°
TK (g/kg) 10.23 + 0.85P 16.40 + 1.98° 17.43 + 1.17° 18.29 + 1.08°
AN (mg/kg) 785.36 + 73.92° 445.56 + 21,98 362.94 + 26.80° 233.98 + 28.45¢
AP (mg/kg) 36.48 + 2.42° 23.57 + 4.16" 14.97 + 2.26° 10.65 + 2.13¢

AK (mg/kg) 117.75 + 14.66¢

170.36 + 9.89¢

308.20 + 25.41° 402.82 + 26.44°

NM - native meadow; LDM - lightly degraded meadow; MDM — moderately degraded meadow; HDM — heavily degraded
meadow; SWC — soil water content; BD — soil bulk density; SOC — soil organic carbon; TN — total nitrogen; TP — total phos-

phorus; TK — total potassium; AN — alkaline nitrogen; AP — alkaline phosphorus; AK — alkaline potassium; different lowercase

letters indicate significant differences among the restoration years at P < 0.05
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Figure 3. Variation characteristics of medium elements contents in alpine meadow soils under different degradation levels

NM - native meadow; LDM - lightly degraded meadow; MDM — moderately degraded meadow; HDM - heavily degraded meadow;

different lowercase letters indicate significant differences among the restoration years at P < 0.05

cant differences between NM and both MDM and
HDM (P < 0.05). After meadow degradation, Mg
content increased slightly, but the difference was
not significant (P > 0.05).
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Figure 4 demonstrates the variations in soil trace
elements, revealing increasing trends in Fe, Mn, Cu,
Ni, and Co contents with progressive degradation
severity. with HDM having significantly higher Fe,
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Figure 4. Characteristics of trace elements content variations in alpine meadow soils under different degradation levels

NM - native meadow; LDM - lightly degraded meadow; MDM — moderately degraded meadow; HDM - heavily degraded meadow;

different lowercase letters indicate significant differences among the restoration years at P < 0.05
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Figure 5. Correlation analysis of plant biomass and soil physicochemical properties with medium and trace elements

in alpine meadows

SWC - soil water content; AB — aboveground biomass; UB — underground biomass; BD — soil bulk density; SOC — soil organic

carbon; TN - total nitrogen; TP — total phosphorus; TK — total potassium; AN — alkaline nitrogen; AP — alkaline phosphorus;

AK - alkaline potassium; *, ** significant at 0.05 and 0.01
Mn, Ni and Co than NM (P < 0.05). After meadow
degradation, the contents of Zn and Mo decreased
slightly, but the differences were not significant
(P > 0.05). With the intensification of meadow deg-
radation, Pb showed an initial increase, followed
by a decrease and then another increase, although
the differences were not significant (P > 0.05).
Relationships between plant biomass and soil
physicochemical properties with medium and
trace elements in alpine meadows. Correlation
analysis (Figure 5) revealed that soil Ca showed
significant positive correlations with SWC, biomass
(AB/UB), and nutrients (SOC/TN/TP/AN/AP), while
negatively with BD/TK/AK. Mg associated positively
with pH/TK but negatively with UB/TN. Fe, Mn, Ni
and Co showed positive links with pH/BD/TK/AK
but negative correlations with moisture, biomass
and nutrients. Cu positively correlated with TP but
negatively with TK. Zn exhibited positive associations
with AB/SOC/AN but negative with pH/BD/AK. Mo
only showed positive correlation with TP (P < 0.05).
RDA revealed that the first two axes explained
99.79% and 0.10% of the total variance, respectively
(Figure 6). The RDA showed positive correlations
between AB, SWC, SOC, TN, TP, AN, AP and the

0.9

RDA2 (0.10%)

-1.2 1.2
RDA1 (99.79%)

Figure 6. RDA of plant biomass, soil physicochemical pr-
operties and medium/trace elements in alpine meadows
SWC - soil water content; AB — aboveground biomass; UB —
underground biomass; BD — soil bulk density; SOC — soil organic
carbon; TN - total nitrogen; TP — total phosphorus; TK — total
potassium; AN — alkaline nitrogen; AP — alkaline phosphorus;
AK - alkaline potassium; RDA — redundancy analysis

contents of Ca, Mo, and Zn. Conversely, pH, BD,
AK, and TK exhibited positive correlations with
Mn, Fe, Ni, Co, Mg, and Cu contents.
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DISCUSSION

Vegetation coverage and biomass are key indica-
tors of grassland degradation (Zhang et al. 2024).
In alpine meadows, overgrazing and rodent activities
significantly reduce vegetation coverage and biomass
(P <0.05). These findings align with numerous stud-
ies documenting degradation-induced reductions
in vegetation parameters (Guo et al. 2019; Zhang et al.
2024). This phenomenon stems from two primary
mechanisms: (1) severe degradation correlates with
intensive grazing that selectively removes palatable
species, leaving low-biomass weeds (e.g., Stellera
chamaejasme L.) with higher rhizosphere micro-
bial activity that enhances soil nutrient conversion,
conferring competitive advantages that exacerbate
degradation (Guo etal. 2019); (2) degradation reduces
vegetation height and increases bare ground area,
creating optimal habitats for rodents that subse-
quently reduce plant community diversity and stability
through selective herbivory, further promoting weed
invasion and degradation (Qu et al. 2025).

As the primary site for biological activities in grass-
land ecosystems, soil properties are inevitably affected
by vegetation degradation (Du et al. 2025). This
study demonstrates that with increasing degrada-
tion intensity in alpine meadows, soil pH and BD
show an upward trend, consistent with findings from
Yuan et al. (2019) in the Three-River Source Region
of the Qinghai-Tibet Plateau. This phenomenon
occurs because intensified degradation increases
livestock trampling frequency, reduces vegetation
coverage and biomass, elevates soil bulk density,
and expands bare soil areas, leading to enhanced
surface evaporation and decreased soil moisture
content. Consequently, soil salts migrate upward with
evaporating water, resulting in elevated pH (Yuan
et al. 2019). Additionally, reduced vegetation not
only decreases plant-derived organic acid secretion
but also makes soil organic acids more susceptible
to solar radiation damage on exposed surfaces, fur-
ther contributing to pH increase as organic acid
levels decline (Yang et al. 2020). Soil organic matter,
nitrogen, phosphorus, and potassium represent key
fertility indicators. In this study, progressive meadow
degradation significantly reduced SOC, TN, TP, AN,
and AP contents, aligning with findings from other
degraded alpine grasslands (Dong et al. 2021; Sun
et al. 2024). This pattern stems from two mecha-
nisms: (1) without artificial fertilization, grassland
ecosystems primarily rely on plant litter for carbon,
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nitrogen, and phosphorus inputs (Kou et al. 2024),
and degradation-induced reductions in vegetation
coverage and biomass (Tables 1 and 2) substantially
diminish these inputs; (2) increased bare soil area
in degraded meadows enhances vulnerability to rain-
fall erosion and weathering, accelerating organic
matter decomposition and facilitating nutrient loss
through leaching and surface runoff (Table 2), thereby
exacerbating carbon, nitrogen, and phosphorus de-
pletion. Conversely, TK and AK contents increased
with degradation severity, consistent with Wang
et al. (2019) observations in the Three-River Source
Region. This potassium accumulation likely results
from accelerated weathering of primary minerals
in degraded soils, increasing TK, while reduced
vegetation uptake efficiency in degraded meadows
contributes to AK accumulation.

Soil medium and trace elements play pivotal physi-
ological and biochemical roles in various metabolic
processes within organisms (Xu et al. 2025). The
results demonstrate a progressive decline in soil
Ca content with increasing degradation intensity
in alpine meadows, consistent with findings from
Qi et al. (2024) in degraded alpine grasslands of the
Qilian Mountains. This reduction primarily stems
from: (1) decreased high-quality forage (Table 1),
weakening the root-mediated Ca absorption-return
cycle; (2) over 50% reduction in root biomass, sub-
stantially diminishing biological Ca retention (Hu
et al. 2022). Correlation and redundancy analyses
(Figures 5 and 6) revealed significant positive as-
sociations between SOC and Ca content, where
degradation-induced SOC loss reduced colloidal
surfaces and Ca®* adsorption sites, ultimately de-
creasing soil Ca pools (Lan et al. 2025). For Mg,
we observed a non-significant increasing trend post-
degradation, aligning with Qi et al. (2024)’s results.
This pattern reflects two counteracting processes:
(1) enhanced weathering of Mg-silicate minerals (e.g.,
olivine, pyroxene) from exposed parent materials due
to reduced vegetation cover; (2) limited Mg release
from slow chemical weathering rates characteristic
of alpine environments, coupled with reduced plant
uptake efficiency (Hu et al. 2022). The net balance
of these factors resulted in marginally higher but
statistically insignificant soil Mg concentrations
across degradation gradients.

The study found that alpine meadow degradation
increased the contents of trace elements such as Fe,
Mn, Cu, Ni, and Co in the soil. This is because the
decrease in SOC weakened its chelation effect on trace
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elements (especially Fe?* and Cu?"), releasing metal
ions originally fixed by organic matter into the soil
solution (Han et al. 2017). Additionally, degradation
led to increased soil bulk density, potentially enhancing
anaerobic conditions and promoting reductive dis-
solution of Fe and Mn (Aumtong et al. 2023). Coupled
with relatively higher precipitation in this region com-
pared to other arid grasslands (annual precipitation
600-700 mm) (Luo et al. 2022), these trace elements
were leached, as confirmed by correlation analysis and
RDA results (Figure 5 and 6). The study found that
after meadow degradation, soil Zn and Mo contents
decreased but not significantly. Zn and Mo readily
form complexes with organic matter, and meadow
degradation caused significant SOC decline, directly
weakening the adsorption capacity for Zn and Mo
(Louis et al. 2014; Shi et al. 2023). Under sufficient
precipitation conditions, they were prone to leaching
loss. However, the reduction of high-quality forage
(correlation analysis and RDA results showed nega-
tive correlations between plant biomass and Zn/Mo)
also decreased the uptake of soil Zn and Mo, result-
ing in insignificant reductions of soil Zn and Mo.
Pb showed a trend of initial increase, followed by a de-
crease, and then an increase with intensifying deg-
radation. This may be because in early degradation
stages, decomposition of litter and roots released some
organically-bound Pb, causing a short-term increase
(Song et al. 2015). When vegetation was substantially
reduced, enhanced soil anaerobic conditions and in-
creased Fe/Mn contents strengthened Pb adsorption
capacity, leading to a slight increase in soil Pb content
under severe degradation (Zheng et al. 2022).

CONCLUSION

In conclusion, alpine meadow degradation signifi-
cantly reduced surface coverage, height, and vegetation
biomass, with belowground biomass showing the high-
est decrease (56.88-95.18%). It decreased SWC, SOC,
nitrogen, and phosphorus contents, while increasing soil
BD, pH, and potassium contents. Among soil medium
and trace elements, meadow degradation significantly
reduced soil Ca, Zn and Mo content but increased
soil Mg, Fe, Mn, Cu, Ni, and Co content. Correlation
analysis and RDA results showed positive correlations
between AB, SWC, SOC, TN, TP, AN, AP and Ca, Mo,
Zn contents, while pH, BD, AK, TK were positively cor-
related with Mn, Fe, Ni, Co, Mg, and Cu. In summary,
alpine meadow degradation reduced vegetation coverage
and biomass, deteriorated soil properties, and altered
medium and trace element contents. Future degraded
grassland management and restoration should consider

regulating elements like Ca, Fe, and Mn in addition
to macronutrients and basic soil properties. These
findings provide fundamental data for the ecological
restoration of degraded alpine meadows.
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