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Water use efficiency is an important indicator of drought tolerance in plants. The
response of the water use efficiency to different grazing intensities and adaptive
mechanisms in alpine meadows remains unclear. To understand the changes in water
use in alpine meadow ecosystems under different grazing gradients, grazing systems
have to be optimized, and severely receding grasslands should be effectively restored.
This study analyzed the response of water use efficiency of plant dominant species,
coexisting species, and functional group-level plants to grazing intensity using the δ13C
index in an alpine meadow. We found that grazing increased the leaf carbon isotope
composition in plants (δ13C) of Gramineae by 3.37% and grazing at a moderate level
significantly increased it by 4.84% (P < 0.05). In addition, an increase in δ13C was
observed in the functional groups of Cyperaceae (3.45%), Leguminosae (0.81%), and
Forb (1.40%). However, some dominant species and coexisting species showed the
highest δ13C values under moderate grazing. These results indicate that moderate
grazing may significantly improve the water use efficiency of species in alpine meadows.
The path analysis showed that water use efficiency was negatively correlated with
evapotranspiration (P < 0.05), soil water content, soil organic carbon, and soil bulk
density. Nevertheless, there was a positive correlation between water use efficiency and
the available nitrogen. This study concluded that moderate grazing could improve the
efficiency of grassland water use to a certain extent. Additionally, soil evapotranspiration
was the main driving factor affecting the water use efficiency of alpine meadows.

Keywords: available nitrogen, evapotranspiration, environmental factors, grazing activity, δ13C

INTRODUCTION

Leaf carbon isotope composition in plants (δ13C) integrates photosynthetic activities during the
synthesis of the plant leaf tissue, reflecting the relative relationship between plant water loss and
carbon harvest (Shen et al., 2019). This indirectly indicates the long-term water use efficiency
(WUE; Farquhar et al., 1982; Stewart et al., 1995; Liu et al., 2016). Recent studies have shown that
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the δ13C value of plant leaves has a positive correlation with
WUE. Larger δ13C values indicate higher plant WUE (Farquhar
et al., 1982; Su et al., 2005; Shen et al., 2017).

More than 60% of alpine meadows are often overgrazed.
Grazing is the leading cause of degradation of alpine meadows
(Cao et al., 2018). Previous studies focused on the impact of
grazing intensity on grassland multifunctions (Du et al., 2019;
Shen et al., 2019; Zhang et al., 2019). While grazing activities
play a role in balancing and stabilizing the plant community
(Wang, 2018), they also decrease the biomass and diversity
of grassland ecosystems (Xu et al., 2015; Lin et al., 2017),
soil water content (Lin et al., 2011; Zhang et al., 2019), and
evapotranspiration processes (He et al., 2017; Shu et al., 2019;
Zhang et al., 2019). Stable carbon isotope technology is fast
and accurate owing to its labeling, integration, and indication
functions (Jiang et al., 2020). For example, the analysis of monthly
and annual changes in WUE in desert plants using the δ13C
stable isotope technology has found that plants have long-term
WUE (Su et al., 2005). Grazing has a significant impact on
stable isotope indicators in plants (Chen, 2003). Studies on
grazing pastures in Guinea, Brazil, Tanzania, and plant WUE
showed an increasing trend under moderate grazing (Cavalcante
et al., 2016; Wang et al., 2016). The δ13C of Stipa breviflora
plants showed a downward trend with an increasing grazing
activity (Wang et al., 2016). The WUE of typical plants showed
a downward trend under grazing conditions, but that of soil
showed an upward trend in the desert steppe of Inner Mongolia
(Zhu et al., 2016).

The δ13C value is affected by environmental factors, such as
evapotranspiration, soil water content, soil organic carbon, and
soil bulk density, which affect plant WUE. A negative correlation
exists between the changes in precipitation and WUE (Zhang
et al., 2003). With a 100 mm increase in rainfall, the δ13C value
of the plant is negative (0.33h) (Stewart et al., 1995). The soil
water content has a weak negative correlation with WUE (Wu
et al., 2019). The WUE of the Haibei alpine meadow in Qinghai
had a positive correlation with changes in evapotranspiration (Shi
et al., 2020). Zhu et al. (2020) studied the correlation between
the δ13C value and soil organic carbon under different grazing
regimes in the Xilamuren desert steppe in central and western
Inner Mongolia and found a negative correlation between them.
The soil organic carbon content in Panyang Lake was different
from that in δ13C, and the relationship between the two was also
found to be negative (Wang et al., 2016).

Grazing is the primary mode of grassland ecosystem
utilization. Many studies have been conducted on the efficiency
of plant water use in grassland ecosystems, with current studies
focusing on the community level. However, only few studies have
explored the dynamic characteristics of alpine meadow WUE
in response to grazing in terms of dominant species, coexisting
species, and functional group levels. Some studies based on
the δ13C stable isotope technology have found that the best
time for sampling to characterize the long-term plant WUE
should be late August or early September (Su et al., 2005). To
better clarify the change characteristics of water use efficiency
in alpine meadows, the main objectives of this study are (1) to
determine the characteristics of changes in WUE of dominant

species, coexisting species, and functional group species in alpine
meadows under different grazing intensity treatments, (2) to
quantitatively evaluate the effects of environmental factors on the
changes in WUE of alpine meadows regulatory mechanism, and
(3) to provide a scientific basis for the restoration of degraded
grasslands and the sustainable use of the ecosystem.

Therefore, we sampled plant leaves in late August during
the growing season. Under the three treatments of enclosure,
moderate, and heavy grazing, our experiment proposed the
following hypotheses: (1) compared with enclosure treatment,
grazing will improve the WUE and the environmental health of
the grassland and (2) total nitrogen and water contents of soil
could drive WUE changes in alpine meadows.

MATERIALS AND METHODS

Site Description
The study was carried out in Qinghai Haibei alpine grassland
ecosystem national observation and research station (Haibei
Station, 37◦39.876′ N, 101◦10.748′ E, 3227.6 m). The plant
growing season is not disturbed by grazing activity because
the grazing period ranged from the beginning of October to
the end of April of the following year. It belongs to a typical
plateau continental climate. The annual average precipitation
and temperature are 560 mm and −1.7◦C, respectively. During
the growing season, the precipitation from May to September
accounts for about 80% of the total annual precipitation. The
plant-growing season has rain and heat simultaneously, and the
soil type is alpine meadow soil.

The native vegetation of the alpine meadow is the cold
mesophytic, wet mesophytic, or dry mesophytic perennial
Kobresia, which is a constructive vegetation type. The community
structure is relatively complex, and the species composition is
rich. There are about 30 species per m2. The dominant species
mainly include Kobresia humilis, Kobresia pygmaea, Elymus
nutans, Festuca rubra, Poa annua, Oxytropis ochrocephala,
Gentiana straminea, Potentilla nivea, Saussurea superba, and
Thermopsis lanceolata. Coexisting species include Stipa aliena,
P. annua, K. humilis, Kobresia pygmaea, Oxytropis ochrocephala,
Thermopsis lanceolata, S. superba, Leontopodium nanum, G.
straminea, P. nivea, and Anaphalis lactea Maxim. Stipa aliena
and P. annua belong to Gramineae, K. humilis and K. pygmaea
belong to Cyperaceae, O. ochrocephala and T. lanceolata belong
to Leguminous, S. superba, L. nanum, G. straminea, P. nivea, and
A. lactea Maxim belong to the Forb group.

Experimental Design
Three grazing intensities sites are adjacent, and they are enclosed
and established in the winter grazing pasture of the same herder.
The altitude, climate, and other conditions are the same. Fences
separate the plots with different grazing intensities, and the
grazing livestock is local Tibetan sheep. Since the 1980s, the three
pastures and grazing channel grasslands have carried relatively
stable grazing intensity and formed evident grazing gradients
in surface characteristics and species composition (Table 1
and Figure 1).
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TABLE 1 | Basic conditions of experimental plots of alpine meadows with different grazing intensities.

Grazing intensity (only sheep ha−1) Vegetation coverage % Dominant species

Enclosure (0) Approximately 90 Elymus nutans, Kobresia humilis, Stipa aliena

Moderate grazing (7.5) 60∼80 Kobresia humilis, Poa annua, Gentiana straminea

Heavy grazing (11.3) 50∼60 Leontopodium nanum, Potentilla nivea, Oxytropis ochrocephala

FIGURE 1 | The landscape of three grazing grasslands in Haibei Station [(A) means the main vegetation on the Tibetan Plateau and location of Haibei station and
(B–D) indicate the vegetation growth and its main species at 0, 7.5, and 11.3 sheep/ha].
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Collection of Plant Samples
The top healthy, complete, and mature leaves (try to pick the
same part of each plant) were selected and bagged. Notably, 15–
20 leaves (at least 10 individual plants growing independently)
were collected from each plant. Then, the samples were mixed
and packed into cowhide envelopes. Three repeated sampling
locations in the same area are 1 km apart. The standard
harvesting method was used to collect plant species at the
functional group level (25 cm × 25 cm). The four functional
groups of Gramineae, Cyperaceae, Leguminosae, and Forb are
classified and stored in cowhide envelopes.

Collection of Soil Samples
The root drilling method was used to collect soil samples.
Meanwhile, soil samples were collected from the active root zone
of 0–20 cm with three replicates.

The plant leaves were washed with ultrapure water and
then dried at 65◦C to constant weight. The leaves were
smashed through a 100-mesh sieve. Approximately 2 mg of the
plant powder sample were burnt in the TOC/TNb analyzer.
Furthermore, CO2 was collected and injected into a stable carbon
isotope mass spectrometer (Thermo, MAT-253) for the analysis
of the stable carbon isotope value. The accuracy of this analysis is
±0.1h.

The expression formula of carbon isotope composition is:

δ13C = (Rsam/Rsta − 1) × 1, 000

This formula shows the 13C/12C values of Rsam and Rsta of test
plants and standard samples, respectively.

Determination of Total Carbon, Soil Organic Carbon,
and Total Nitrogen
Element analyzer (PE 2400 II CHN) is used. Ammonium
nitrogen and nitrate nitrogen are measured using a flow
analyzer (TRACCS-2000).

Determination of Soil Water Content
The ring knife method is used. The 0–20 cm root active soil layer
is sampled, weighed in an aluminum box, and dried at 105◦C to a
constant weight, and then the soil water content θm is calculated
by the following formula:

θm =
M2 −M1

M1
× 100 %

where M2 represents the fresh weight of the soil and M1
represents the dry weight of the soil, and the unit is g.

Determination of Soil Bulk Density
The ring knife method is used. The 0–20 cm root active soil layer
is sampled, weighed in an aluminum box, and dried at 105◦C to a
constant weight, and the soil bulk density is calculated using the
following formula:

dv =
M2 −M1

V

where M2 is the total mass of the ring cutter and dry soil weight
after drying; M1 is the mass of the ring cutter (g); V is the volume

of the ring cutter (cm3); and dv is the bulk density of the soil and
the unit is g/cm3. Three replicates are set for each plot.

Measurement of Evapotranspiration
The Lysimeter and electronic balance were used on the sample
plot in August 2018. The Lysimeter has a thickness of 2 cm, a
diameter of 24 cm, and a height of 22 cm, with a capacity of
8 L. A disk-shaped water container is set below the Lysimeter
to measure the leakage. Since the embedded depth of the micro-
Lysimeter did not reach the groundwater level, the impact of
groundwater was negligible. Since the Haibei station area was
flat and the precipitation was small, the surface runoff was
insignificant, that is, 1R = 0. According to the observation
results, no leakage occurred (Q = 0), so the mass change (1S)
of Lysimeter is the evapotranspiration. During the setup of three
sets of repetitions for each type of plot, the observation time is
from 8:00 to 20:00 every day, and the observation is made every
4 h. The calculation method of evapotranspiration is based on the
research method of Wu et al. (2013) and others.

1S = P + Q−1R− E

where 1S is the change in soil moisture in the Lysimeter; P is
the precipitation; 1R is the surface runoff; and E is the actual
evapotranspiration. The unit of these variables is mm.

Data Analysis
Mean, standard error, one-way ANOVA, and structural equation
model are processed using the R language software. Among
them, the δ13C value of grassland plants under different grazing
states was used as the test variable to study whether the δ13C
value of species under the three treatments showed significant
differences. The structural equation model is used to study
the relationship between the changes in water use efficiency
and environmental factors, and environmental factors are
estimated through standardized coefficients. To calculate direct
and indirect effect coefficient values, the structural equation
of water use efficiency includes the following environmental
factors: evapotranspiration, total nitrogen, total phosphorus, and
soil water content. The comparative coefficient of fit (CFI),
the Tucker-Lewis index (TLI), and the root mean square of
approximate error (RMSEA) are used for the model evaluation.
The maximum likelihood method is the chi-square estimation
used by structural equations to evaluate the model chi-square
value (χ2) and path coefficient. Fitting of the equation is
implemented in R using the lavaan package. All the drawings in
the manuscript are completed using the OriginPro 9.1 software.

RESULTS

Water Use Efficiency Variation
Characteristics of Dominant Species at
Different Grazing Intensities
Moderate and heavy grazing increased the δ13C value of the
dominant species by 5.25% and 1.48%, respectively. The δ13C
value of each species differed significantly in both the enclosure
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TABLE 2 | The δ13C value of dominant species in different grazing intensities.

Grazing intensity Dominant species δ13C (h) Mean value
of δ13C (h)

Enclosure Elymus nutans −27.41 ± 0.09 −27.61 ± 0.59a

Kobresia humilis −28.71 ± 0.06

Stipa aliena −26.70 ± 0.10

Moderate grazing Kobresia humilis −25.98 ± 0.09 −26.16 ± 0.18a

Kobresia pygmaea −27.58 ± 0.14

Gentiana straminea −24.92 ± 0.07

Heavy grazing Leontopodium nanum −28.08 ± 0.01 −27.20 ± 0.44a

Potentilla nivea −26.88 ± 0.04

Oxytropis ochrocephala −26.66 ± 0.03

The above table shows the mean ± standard error. The same letter in the same
column under the same treatment indicates that the difference between the two is
not significant, and different letters indicate significant difference (P < 0.05).

plots and grazing treatments. The average δ13C values of the
dominant species in the three grazing treatments, enclosure,
moderate grazing, and heavy grazing gradients were −27.61,
−26.16, and −27.20h, respectively. The δ13C value of the
dominant species first increased and then decreased with the
increasing grazing intensity. The overall range of the nine species
was from −24.92 ± 0.07 to −28.08 ± 0.01h. The former value
is 3.16h higher than the latter, with an approximately 12.68%
reduction. G. straminea and L. nanum had the highest and lowest
values, respectively. The δ13C values of Stipa aliena, G. straminea,
and O. ochrocephala were the highest under enclosure, moderate
grazing, and heavy grazing gradients (Table 2). Particularly, our
results suggest that both grazing activities improved the WUE of
the dominant species in alpine meadows.

Water Use Efficiency Variation
Characteristics of 11 Coexisting Species
at Different Grazing Intensities
The average δ13C value of functional group plants under
moderate grazing was the largest, and their average δ13C values in
the three experimental treatments, namely, enclosure, moderate
grazing, and heavy grazing gradients, were −27.09, −27.00,
and −27.04h, respectively. The δ13C values of G. straminea
and A. lactea Maxim were the highest and lowest, respectively.
The δ13C values of P. annua, K. humilis, K. pygmaea, and
P. nivea increased significantly under moderate grazing (P < 0.05,
Figure 2). L. nanum, O. ochrocephala, and A. lactea Maxim had
the highest δ13C values under heavy grazing. Stipa aliena, T.
lanceolata, S. superba, and G. straminea had the highest δ13C
values in the enclosure. In other words, moderate grazing can
increase the coexisting species plant WUE by 3.32h compared
with that of the enclosure.

Variation Characteristics of Functional
Group Water Use Efficiency in Different
Grazing Intensity
The δ13C values of the two functional groups of Gramineae
and Cyperaceae were high under moderate grazing. Both
Gramineae and Cyperaceae were regarded as good forages.

FIGURE 2 | δ13C values of coexisting species under different grazing
intensities. Different letters under the same level of treatment indicate
significant differences (P < 0.05), and the same letters indicate insignificant
differences.

Moderately grazing increases forage WUE. The δ13C values
of the two functional groups of Leguminosae and Forb
were the highest under heavy grazing. Drought tolerance
increased with the increasing grazing intensity. Except for
Gramineae plants, the WUE of the other three functional
groups, namely, Cyperaceae, Leguminosae, and Forb, did not
show any significant difference under the three treatments. The
WUE of Gramineae plants was more sensitive and adaptive.
Moderate grazing significantly increased Gramineae plant δ13C
and WUE by approximately 4.84% compared with that of the
control (P < 0.05, Figure 3). The δ13C values of Gramineae
and Cyperaceae plants first increased and then decreased
with grazing intensity, whereas Leguminosae and Forb showed
an upward trend.

Overall grazing activity increased the δ13C value of
the plants. The average δ13C values of each functional
group in the three treatments of the enclosure, moderate
grazing, and heavy grazing were −27.47, −26.90, and
−26.97h, respectively. Moderate and heavy grazing
increased WUE by 2.07% and 1.82%, respectively, compared
with the enclosure.
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FIGURE 3 | δ13C values of functional group species under different grazing
intensities. Different letters of the bar graph of the same color indicate a
significant difference between the two, and the same letter indicates that the
difference is not significant.

Effect of Soil Physical and Chemical
Properties Due to Water Use Efficiency
Variation
Soil evapotranspiration, soil organic carbon, water content, and
soil bulk density were negatively correlated with the δ13C value;
however, only evapotranspiration and soil organic carbon were
significantly correlated (P < 0.05). In contrast, available nitrogen
as well as grazing intensity was positively correlated with WUE
(P < 0.01, Table 3). Notably, grassland WUE was higher in
tolerant environments.

Structural Equation Model of the
Influence of Environmental Factors on
Water Use Efficiency in Alpine Meadows
The structural equation model results indicated that
evapotranspiration had a direct and significant negative
correlation effect on the δ13C value (P < 0.05). Furthermore,
available nitrogen, soil organic carbon, soil bulk density, and
soil water content indirectly affected the δ13C value (Figure 4).
Meanwhile, the indirect effects of soil available nitrogen,

TABLE 3 | Response of δ13C value of alpine meadow to climate and soil physical
and chemical properties.

Moderators Simulated equation P R2 (%)

Evapotranspiration Y = −0.06X – 22.24 <0.05 62.60

Soil organic carbon Y = −0.43X – 24.05 <0.05 57.10

Grazing intensity Y = 0.22X – 27.31 0.07 53.80

Available nitrogen Y = 0.08X – 24.78 <0.01 49.20

Soil water content Y = −0.12X – 26.23 0.14 25.10

Soil bulk density Y = −0.42X – 26.77 0.38 15.00

Y represents the community level δ13C value.

FIGURE 4 | Structural equation model diagram of the influence of
environmental factors on plant water use efficiency. The solid line and the
dashed line represent the positive and negative correlations, respectively, and
the value on the arrow is the standard path coefficient. Data whose absolute
value is <0.1 are not shown in the figure. ∗∗ indicates P < 0.01 and
∗∗∗ indicates P < 0.001.

evapotranspiration, and soil bulk density were higher, with soil
organic carbon from −0.85 to 0.51. The soil organic carbon and
available nitrogen showed a positive effect by evapotranspiration
of approximately 0.27 and 0.22, respectively. Evapotranspiration
and available nitrogen showed a positive and negative effect of
approximately 0.22 and −0.15 of soil water content, respectively.
Furthermore, available nitrogen showed a positive effect on
WUE with a soil water content of 0.38.

DISCUSSION

The Response and Adaptation of Water
Use Efficiency of Alpine Meadow
Ecosystem to Grassland Grazing
Activities
Previous studies have shown that grazing activities reduce the
WUE of plant species (An and Li, 2015; Zhu et al., 2016; Huang
and Luo, 2017; Wang et al., 2017). However, our experimental
results show that for all the dominant, coexisting, and functional
group species, the WUE of plants was the highest under moderate
grazing treatment, and grazing activities increased the WUE
of plants. Similar results by Cavalcante et al. (2016) revealed
that moderate grazing increased WUE by 37.72% compared to
traditional grazing. In Inner Mongolia, the typical grassland
community WUE was highest under moderate grazing (Lv,
2016), which was increased by 62.86% compared to no grazing.
Grassland WUE increased by 0.56% under moderate grazing in
Inner Mongolia S. breviflora (Wang, 2018).

Grazing plays an essential role in balancing plant ecosystems
(Zhu et al., 2016). Moderate grazing improved grassland biomass
and richness, but heavy grazing significantly decreased it (Du
et al., 2019). In this study, the WUE of plants was the
highest under moderate grazing. This indicates that the plants
were highly tolerant to drought-prone environments under
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moderate grazing conditions. The increase in WUE under
moderate grazing may be due to the following two reasons,
namely, (1) livestock foraging on plants damages the leaves
under moderate grazing and the canopy structure of plants
changes and (2) moderate grazing treatment can improve the
utilization rate of grassland resources (Zhu et al., 2020), is
conducive to grassland health and the maintenance of grassland
productivity (Shi et al., 2019), and promotes the species diversity
of plant communities (Liu et al., 2014). Therefore, WUE is
the highest under moderate grazing to reduce the redundancy
of grassland communities (Dong et al., 2004) and increase
the grazing tolerance of grassland plants (Lv, 2016; Wang,
2018). In addition, grazing can increase soil fertility through
livestock manure and urine, improve the microenvironment for
plant growth, and enhance viability. After grazing, the resource
utilization capacity of plants increases, thereby increasing their
WUE (Zhang et al., 2020). Moreover, studies have shown that
the saliva remaining on the section of the gnawed plant can
promote plant growth, thereby increasing the WUE of the plant
(Johnston and Bailey, 2008).

Water use efficiency showed a downward trend under heavy
grazing compared to moderate grazing. During water stress,
WUE can be improved to ensure water supply (Sun et al., 2005).
This may be because if the grassland degradation is very high, it
results in biomass reduction (Du et al., 2019). As the vegetation
is scarce under severe grazing conditions, the bare grassland
area was found to be more significant. Plant WUE showed a
downward trend. However, the WUE of Forb was the highest
under heavy grazing. Due to the large amount of grazing by
livestock, the growth space of Forb increased, which led to the
dominant position of Forb in the sample plot. Therefore, Forb
has the highest WUE and adaptability to the environment at the
functional group level. Gramineae, which livestock are fond of,
had the lowest WUE.

Adaptation of Water Use Efficiency of
Alpine Meadow Ecosystem to
Environmental Factors
Environmental factors that affect the process of gas exchange
metabolism also affect the WUE, soil water content (Ehleringer,
1994; Stewart et al., 1995; Korol et al., 1999; Wu et al., 2019),
precipitation (Stewart et al., 1995; Anderson et al., 2000),
evapotranspiration (Xu et al., 1998), and nitrogen availability
of many plants (Hogberg et al., 1993; Guehl et al., 1995).
Soil water content, precipitation, and evapotranspiration were
negatively correlated with WUE, which is consistent with the
results of this experiment. This is also because when the water
content decreases, plants adapt better to the environment by
increasing their own WUE (Chen, 2003; Sun et al., 2005).
The studies have shown that evapotranspiration decreases with
grazing intensity (Shu et al., 2019). The increase in WUE is related
to lower evapotranspiration, community coverage, and biomass
of dominant species. The greater the plant evapotranspiration,
the lower water content the plant can utilize. Our findings
are therefore consistent with those of several other studies

(Varnamkhasti et al., 1995; Xu et al., 1998; Cavalcante et al., 2016).
There was a negative correlation between WUE and soil bulk
density. It has been established that soil water content shows a
downward trend (Shu et al., 2019). This could be because when
plants are subjected to water stress, they increase their WUE
to survive better. Furthermore, there was a negative correlation
between WUE and soil organic carbon content, which may be
due to the increased soil organic matter content in the enclosure.
Microorganisms preferentially use 12C to enrich the residual
organic matter with 13C in soil organic carbon decomposition.
Because the enclosure slows down this decomposition process,
the WUE in the enclosed plot was lower than that in the
free grazing plot (Zhu et al., 2020). Nitrogen plays a vital role
in the growth and development of plants, and an increase in
soil nitrogen content can improve plant WUE, ensuring the
sustainable development of grasslands (Chen, 2003).

CONCLUSION

The present study investigated the WUE of plants at the
level of dominant species, coexisting species, and functional
groups of alpine meadows under the three treatments, namely,
in an enclosure, moderate grazing, and heavy grazing, in
Haibei, Qinghai. Furthermore, we examined the adaptation
mechanism of WUE in the alpine meadows under different
grazing intensities. The following conclusions were drawn:

i) Based on the analysis from the perspective
of functional groups, the order of WUE is
Gramineae > Cyperaceae > Forb > Leguminous.

ii) The WUE of the dominant species, coexisting species,
and functional group level species was the highest under
moderate grazing, followed by heavy grazing, and the
lowest in an enclosure.

iii) Grazing activities increased the WUE of plants.
iv) There was a negative correlation between soil water

content, evapotranspiration, soil bulk density, soil organic
carbon, and WUE. Interestingly, further analysis showed
that evapotranspiration is the main driving factor in the
WUE of alpine meadows at high altitudes in Qinghai.

The WUE of plants in alpine meadow ecosystems under
grazing can also reflect the health of grassland ecosystems to a
certain extent. Higher plant WUE means that grasslands have
high adaptive strategies. Appropriate grazing treatment is more
conducive to the development of meadow animal husbandry
and the health of the grassland environment. Therefore, our
experiment provides new insights that grazing can moderately
increase the WUE of palatability forages to a certain extent, and
the drought tolerances of Leguminosae and Forb increased with
increasing grazing intensity.
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