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Plant phenotypic and reproductive plasticity is strongly influenced by long-term grazing
activities. It is important to understand the life history of dominant plant species, such as
Kobresia humilis of alpine meadow, for the stability and sustainable grazing administration
meadow on the Qinghai-Tibetan Plateau (QTP). We compared the effects of different
grazing treatments (grazing yak, Y; grazing Tibetan sheep, S; and grazing Tibetan sheep
and yak, S+Y) on the reproductive and phenotypic plasticity of K. humilis in an alpine
meadows on the northeastern margin of the Qilian Mountains in China. The results showed
that different grazing treatments had significantly effects on the K. humilis phenotype and
reproductive plasticity. The Y treatment significantly reduced the plant height, crown width
and K. humilis biomass, but increased the density, which was 1.27 and 1.53 times higher
than that in the S+Y and S treatments, respectively. Further, the S+Y treatment significantly
increased the crown width, biomass, and future life expectancy of K. humilis. Whereas the
S treatment increased the height of K. humilis significantly, which was 1.57 and 1.10 times
higher than that in the Y and S+Y treatments, respectively. Both Y and S treatments
significantly increased the sexual reproduction efficacy of K. humilis but reduced the
storage efficacy. The storage efficacy at S+Y treatment was highest among these
treatments. Further, grazing treatments did not change the resource allocation strategy
of K. humilis, while the sexual reproductive efficacy was significantly higher than the
vegetative reproduction efficacy. The storage efficacy was significantly higher than the
growth efficacy among the different grazing treatments. The increase of Cyperaceae
indicates the degradation of Cyperaceae—Poaceae meadows. This study showed that
grazing Tibetan sheep is a more sustainable grazing method in cold season pastures of
alpine meadows on the QTP.
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1 INTRODUCTION

The Qinghai-Tibet Plateau (QTP) lies between 26° and 39° N and 73°–104° E, most of which are located in
southwestern in China. It is not only an important ecological barrier, but also a vital pastoral area. Grazing
has existed for thousands of years as the main interference in the alpine meadows on QTP (Huang et al.,
2016). In recent years, the alpine meadows have been degraded to varying degrees due to overgrazing (Dai
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et al., 2021; Wang et al., 2021; Zhang et al., 2021). In response to
grazing pressures and environmental factors, phenotypic and
reproductive plasticity allows plants to regulate their life history
strategies (Sommer, 2020). Previous studies have shown that
asexual reproduction facilitates the expansion of populations and
the full utilization of environmental resources due to a faster
reproduction rate (Pereira and Coimbra, 2019). Sexual
reproduction increases the genetic diversity of the plant
community and increases the adaptability of the offspring to
changing environmental conditions (Dembicz et al., 2018; Wilson
Sayres, 2018). Comparing the differential effects of different grazing
livestock combinations on the reproduction of dominant forages can
provide the basis for grassland grazing management.

The role of grazing in vegetation community succession has been
widely studied. Many studies have concluded that grazing affects the
vegetation community composition by influencing plant
regeneration rate, photosynthetic rate, biomass, and plant
diversity, and is an important factor in the community succession
(Li X. et al., 2018; Sigcha et al., 2018; Török et al., 2018; Schmitz and
Isselstein, 2020; Rysiak et al., 2021). However, few studies have
explored vegetation community changes from the perspective of
the reproductive strategies of dominant species. Peng Z. et al. (2020)
suggested that grazing and rainfall showed a bidirectional regulation
of reproductive characteristics of K. humilis. Sexual reproductive
index, plant height, and the number of single leaves decreased with
decreasing rainfall and increasing trampling intensity (Peng Z. et al.,
2020). Xiao et al. (2018) found that trampling by yaks and Tibetan
sheep during grazing was the main cause of grass differentiation, and
the high hoof pressure of yaks was more detrimental to grass growth
(Xiao et al., 2018). Pan et al. (2021) showed that under grazing
conditions, the trampling period had the greatest effect on
morphological traits of K. humilis, followed by livestock species.
Understanding the reproductive strategies of dominant species in
alpine meadows can help determine the relationship between
livestock population and the ecology of the region. This is also
important for understanding the ecological adaptations of plant
populations to different livestock grazing.

Kobresia humilis is an important dominant species in alpine
meadow. By studying the reproductive and phenotypic plasticity of
K. humilis, we determined the impact of grazing treatments on K.
humilis populations and Cyperaceae—Poaceae meadow. The
specific objectives of this study were to 1) investigate the ways in
which grazing treatments affect the vegetative reproduction and
asexual reproduction of K. humilis; and 2) select grazing practices
that are more suitable for the sustainable use of alpine meadows on
the QTP. We hypothesized that: 1) grazing treatments significantly
affected the reproductive strategy of K. humilis through the
regulation of phenotypic plasticity; and 2) grazing yaks increased
sexual reproduction by reducing the storage efficacy of K. humilis.

2 MATERIALS AND METHODS

2.1 Study Site
The experimental site was located near the TianzhuAlpine Grassland
Ecosystem Experiment Station on the northeastern edge of the QTP
in Zhuxixulong Township, Tianzhu Tibetan Autonomous County,

Wuwei City, northwestern Gansu Province, China (Figure 1) (Li W.
et al., 2018). The experimental site at an altitude of about 2960m. Its
geographical coordinates are 102°40′-102°47′ E longitude and 36°31′-
37°55′ N latitude. The climate of the region is characterized by cold
and wet conditions, intense sunshine, and large diurnal temperature
differences. The summer monsoon brings higher temperatures and
precipitation. The average annual temperature ranges between−0.3°C
and 0°C. Meanwhile, the cumulative annual temperatures greater
than 0°C and 10°C are 1581°C and 1026°C, respectively. The annual
precipitation was 416mm, concentrated in the growing season. The
annual evaporation was 1590mm, four times as much as the
precipitation. These data were obtained in 2021. The soils of the
study area belong to the alpine Chernozem according to the soil
classification proposed by Spaargaren andDeckers (1998). According
to the classification of soil types in China, the soil in this region is
alpine meadow soil (Bai et al., 2022).

2.2 Experimental Design
In this study, we selected three connected grasslands of the same type
to ensure consistency in soil and vegetation before the grazing
treatments were conducted while also conducting spot experiments
with grazing treatments. The three pastures were divided into three
grazing treatments, namely, grazing yaks (Y), Tibetan sheep and yaks
(S+Y), and Tibetan sheep (S). These are cold season pastures, and the
grazing time is from October to May of the next year. The grasslands
were extensively distributed, and each experimental plot was enclosed
by a 1.5m-high wire fence. In the three plots, a total of 12 squares of
1m × 1m were set up. Please refer to Figure 1 for the location of the
sample plot.

No non-grazing treatments were used in this study. There are
substantial financial costs and logistical difficulties associated with
managing Tibetan sheep and yak grazing in repeated grasslands.
Therefore, in this study, the experiment was designed using a
pseudo-replicate sampling method developed for practicality,
meaning samples from the same treatments were sampled in the
same meadow. However, the sampling areas in each meadow were
sufficiently large, with Y, S+Y, and S measuring 11.33, 10.00, and
18.67 ha, respectively. According to Oksanen (2001), the
experimental design used here is statistically sound, thus, the
results are reliable. According to a survey of local households
conducted during sampling, grazing was continually done for
39 years, i.e., from 1983 to 2021. Grazing rates were not
significantly different for each grazing plot (Table 1).
Additionally, Figure 2 shows the biomass of the grassland
functional group in 2021. The soil nutrients are showed in
Table 2. The density of rodents is very low and has no negative
impact on the grassland on the meadow.

Different capital letters indicate significant differences in
grassland functional group biomass among the treatments
(p < 0.05).

2.3 Sample Collection and Measurement
Analysis
2.3.1 Sample Collection
K. humilis samples were collected in September 2021,
according to the method described by Ren (1998). From a
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total of 15 samples, 30 representative plants were selected
randomly; thus, 150 plants were sampled from each plot, and
450 plants in total were sampled from the three sample plots.
The spikes of K. humilis were individually cut, stored in a paper
bag, complete plants were subsequently dug up, clean the soil
from the roots, then transported to the laboratory in paper
bags. The samples were placed in an electro-thermostatic blast
oven (Hengzi, GZX-GF101-3-BS- II, Shanghai, China) and
were later subjected to 105°C for 0.5 h to acquire dead samples.
Subsequently, the samples were dried at 65°C until constant

FIGURE 1 | Schematic diagram of the experimental site. *Administrative division data were obtained from the Resource and Environment Data Center of the
Chinese Academy of Sciences (http://www.resdc.cn), and digital elevation model data, with a spatial resolution of 30 m, were obtained from the Geospatial Data Cloud
(http://www.gscloud.cn/).

TABLE 1 | Grazing rate of each treatment (sheep unit month·ha−1).

Years S S_Y Y

2011–2021 82.50 (0.54)Aa 82.96 (1.89)Aa 84.26 (2.26)Aa
2001–2010 82.48 (1.54)Aa 83.29 (2.45)Aa 83.67 (1.12)Aa
1983–2000 82.84 (1.45)Aa 84.04 (3.04)Aa 84.42 (3.17)Aa

FIGURE 2 | Biomass of alpine meadow functional group according to
grazing methods in 2021.
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weight was attained and then measured for indices in the
next step.

2.3.2 Measurement Indexes and Related Calculations
Plant height: Height from the ground to the plant top.
Crown width: Crown diameter of the plant.
Plant density: Number of K. humilis plants per m2.
Reproductive branches density: Number of branches with
spikes per m2.
Reproductive branch height: Height of branches with spikes.
Nutrient branch density: Number of branches without spikes
per m2.
Spike length: Length from the base to the tip of the spike.
Number of seeds: Number of seeds on each spike.
Seed size: Length, width, and height of the seeds measured
using Vernier calipers.
Effective spike ratio: Proportion of spikes with ≥5 seeds (Yan
and Hou, 2018).

The biomass, sexual reproduction efficacy, vegetative
reproduction potency, storage efficacy, growth potency, seed
yield, and effective spike number ratio were calculated for
each trait. The calculation methods are showed in Table 3.

2.4 Data Analysis
Before the data analysis, we performed the normal distribution
equal variance test on the relevant data and found that the
assumptions were satisfied. One-way analysis of variance was
used to analyze significant differences between the different
grazing treatments. All data were presented as mean ±
standard deviation. SAS was used for all statistical analysis
(100 SAS Campus Drive Cary, NC 27513-2414, United States)
and Microsoft Excel 2012 (Microsoft Corp., Redmond, WA,
United States) was used for graphical representations. The
levels of significance were set at p < 0.05.

3 RESULTS

3.1 Effect of Grazing Treatments on
Phenotypic Plasticity of K. humilis
The Figures 3A–C shows the effects of grazing treatments on
plant height, crown width, and the density of K. humilis,
respectively. The Y treatment significantly reduced the plant
height (p < 0.05) by 29.93% and 36.20% compared to the S+Y
and S treatments, respectively. The maximum height recorded
was 14.2 cm in the S treatment, which was significantly higher
than that in the other treatments (p < 0.05). The K. humilis crown
width was significantly higher in the S+Y treatment (8.8 cm) than
that in the Y treatment (5.9 cm) and S treatment (6.3 cm; p < 0.05;
Figure 3B). Further, the K. humilis density significantly differed
between treatments (p < 0.05), with the highest density in the Y
treatment (24.6 individuals/m2) and the lowest density observed
in the S treatment (15.84 individuals/m2; Figure 3C).

Figure 4 illustrates the distribution of K. humilis resources
among traits due to the grazing treatments. Treatments
significantly affected the biomass of K. humilis, with the
following trend: S+Y > Y > S (p < 0.05). The biomass of the
reproductive branches was significantly higher in the S+Y
treatment than in the other treatments (p < 0.05), and
significantly higher in the Y treatment than in the S treatment
(p < 0.05). Seed biomass was the highest in the S+Y treatment and

TABLE 2 | Effects of different grazing patterns on soil nutrition in 2021.

S S+Y Y

TN (g/kg) 6.53 (0.30) A 6.03 (0.36) A 5.20 (0.49) B
TP (g/kg) 0.90 (0.01) A 0.86 (0.02) B 0.71 (0.04) C
TK (g/kg) 16.46 (0.29) A 16.88 (0.43) A 16.63 (0.60) A
SOC (g/kg) 149.37 (8.84) A 135.17 (9.84) B 113.27 (9.16) C
AN (mg/kg) 406.08 (9.40) A 382.08 (13.16) B 379.20 (11.27) B
AP (mg/kg) 20.98 (1.50) A 19.42 (1.22) A 15.93 (0.88) B
C:N 13.29 (0.88) A 13.06 (1.41) A 12.77 (1.72) A
N:P 7.19 (0.34) A 6.96 (0.45) A 7.31 (1.02) A
C:P 95.39 (5.57) A 90.29 (5.74) A 92.21 (11.16) A

The data in the table are expressed as mean (standard deviation). Capital letters indicate
significant differences among the grazing treatments (p < 0.05).

TABLE 3 | Definition of different plant indicators and their calculation formulas.

Calculation index Definition Unit Calculation formula

Reproductive structure Biomass of breeding traits g Reproductive branch biomass (g) + Seed biomass (g)
Nutrition structure Biomass of nutrient traits g Nutrient branch biomass (g)
Storage structure Biomass of storage traits g Root biomass (g) + Rootstock biomass (g)
Growth structure Biomass of growth traits g Biomass of reproductive structure (g) + Biomass of nutrient structure (g)
Sexual reproductive
efficacy

Percentage of resource allocation for
reproduction functions

(%) [(Reproductive branch biomass (g) + Seed biomass (g)]/[Total biomass (g)] × 100

Vegetative reproductive
efficacy

Percentage of resource allocation for nutrient
growth

(%) [(Nutrient branch biomass (g)/Total biomass (g)] × 100

Storage efficacy Percentage of resource allocation for
storage functions

(%) [(Root biomass (g) + Rootstock biomass (g)]/[Total biomass (g)] × 100

Growth efficacy Percentage of resource allocation for growth
functions

(%) [(Reproductive structure biomass (g) + Nutrient structure biomass (g)]/[Total biomass
(g)] × 100

Seed yield Mass of seeds per unit area (kg·ha−1) Reproductive branch density (per m2) × Number of seeds per spike × The 1000-
grain weight (g) × Effective spike number ratio (%)

Effective spike number
ratio

Proportion of spikes with ≥5 seeds (%) (Effective number of spikes/total number of spikes) × 100
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was not significantly different between the Y and S treatments
(p > 0.05), with values ranging from 0.0032 g (Y treatment) to
0.0039 g (S treatment).

3.2 Effects of Grazing Treatments on the
Reproductive Plasticity of K. humilis
3.2.1 Effect of Grazing Treatments on the Sexual
Reproductive Characteristics of K. humilis
The grazing treatments caused significant differences (p < 0.05) in
the reproductive branch density of K. humilis, with a maximum
(248.33 per m2) and minimum (67.5 per m2) values occurring in
the S+Y and S treatments, while it was 195.83 per m2 in the Y
treatment (Figure 5A). The plants in the S treatment shows a
spike length of 1.52 cm (Figure 5C), which was significantly
higher than that observed in the S+Y and Y treatments (p < 0.05).

Compared to the different treatments, the Y treatment
significantly increased the effective spike ratio (Figure 5D),
which was significantly higher than that of the other
treatments (p < 0.05); the ratio in the S treatment was slightly
lower, while the effective spike ratio in the S+Y treatment was
significantly lower than that of the other treatments (p < 0.05).

The Y treatment significantly increased the length and width of K.
humilis seeds (p < 0.05), whereas the S treatment significantly
increased the seed thickness (p < 0.05) (Figure 6A). Figure 6B
shows that the S+Y treatment significantly reduced the 1000-grain
weight of K. humilis. The seed number per spike was significantly
higher in the S+Y treatment than in the other treatments (p < 0.05)
(Figure 6C). Further, the S treatment significantly reduced the seed
yield of K. humilis compared to the Y and S+Y treatments (p < 0.05),
while there was no significant difference between the Y and S+Y
treatments (p > 0.05) (Figure 6D).

FIGURE 3 | Effect of grazing methods on the phenotypic plasticity of K. humilis with the (A) response of plant height, (B) canopy width, and (C) density per m2.
Different capital letters in the figure indicate significant differences between grazing methods (p < 0.05).

FIGURE 4 | Effect of grazing methods on material partitioning patterns of K. humilis. Capital letters indicate significant differences in the biomass of each trait under
grazing methods (p < 0.05).
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3.2.2 Effect of Grazing Treatments on the Vegetative
Reproduction Characteristics of K. humilis
Figure 7 depicts the effects of grazing treatments on the
vegetative reproduction characteristics of K. humilis. The
S+Y treatment significantly increased the nutrient
branch density (p < 0.05), which was 3.33 and
1.42 times higher than that in the Y and S treatments,
respectively. The Y treatment had the lowest nutrient
branch density, which was significantly lower than that in
the other treatments (p < 0.05) (Figure 7A). Figure 7B shows
that the number of tillers per plant was the highest (12.07) in
the Y treatment, which was significantly higher than in the
other treatments (p < 0.05), while that in the S+Y treatment
(6.07) was significantly higher than in the S treatment (4.8)
(p < 0.05). The number of leaves per tiller in the S+Y
treatment was significantly higher than the other
treatments (p < 0.05), while there was no significant

difference between the number of leaves per tiller in the Y
and S treatments (p > 0.05) (Figure 7C). Moreover, the
relationship between the different treatments was as
follows: S+Y > Y > S.

3.3 Biomass and Reproduction Efficacy of
Each Functional Structure
3.3.1 Reproductive Structure Biomass and
Reproductive Efficacy
Grazing treatments significantly changed the biomass of sexual
reproductive structures, with the following trend: S+Y > Y > S;
additionally, the difference between the vegetative biomass
among the treatments was significant (p < 0.05) (Figure 8A).
The maximum biomass of vegetative reproductive structures
occurred in the S+Y treatment, which was significantly higher
than in the Y and S treatments (p < 0.05); however, the differences

FIGURE 5 | Effects of grazing methods on different sexual reproduction characteristics of K. humilis: (A) reproductive branch density, (B) reproductive branch
height, (C) spike length, and (D) effective spike number ratio. Capital letters indicate significant differences between grazing methods (p < 0.05).
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FIGURE 6 | Effects of grazingmethods on seed indicators ofK. humilis: (A) seed size, (B) 1000-seed weight, (C) seed number per spike, and (D) seed yield. Capital
letters indicate significant differences between grazing methods (p < 0.05).

FIGURE 7 | Effects of grazing methods on vegetative reproduction of K. humilis in terms of (A) nutrient branch density, (B) number of tillers per plant, and (C)
number of nutrient branches per tiller. Capital letters indicate significant differences (p < 0.05) among grazing methods.
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between the S and Y treatments were not significant (p > 0.05).
Figure 8B illustrates the difference between the sexual and
vegetative reproduction efficacy. The difference in the sexual
reproduction efficacy between the S and Y treatments was not
significant (p > 0.05); moreover, the reproduction efficacy in the
S+Y treatment (13.76%) was significantly lower than that in other
treatments (p < 0.05). Further, the vegetative reproduction
between the Y and S+Y treatments was not significant (p >
0.05), and both were significantly lower than the S treatment
(p < 0.05).

The S+Y treatment significantly increased the allocation of
resources to the storage structure (p < 0.05), and the biomass of

the storage structure in the Y treatment was significantly
higher than that in the S treatment (p < 0.05) (Figure 9A).
Further, the pattern of change in the growth structure was the
same as that of the storage structure, with the following trend:
S+Y > Y > S, and a significant difference was observed between
the treatments (p < 0.05). Figure 9B shows that the S+Y
treatment significantly increased the allocation of resources
in the storage structure (p < 0.05), and the storage
efficacy did not differ significantly between the S and Y
treatments (p > 0.05). Additionally, no significant difference
was observed in growth effectiveness between the S and Y
treatments (p > 0.05).

FIGURE 8 | Trade-off between grazing methods on sexual and vegetative reproduction of K. humilis in terms of (A) reproductive structure biomass and Nutrition
structure biomass and (B) reproductive structure effectiveness and nutritional structure effectiveness. Capital letters indicate significant differences (p < 0.05) among
grazing methods.

FIGURE 9 | Trade-off between grazing methods on the storage and growth of K. humilis in terms of (A) storage structure and growth structure biomass, and (B)
storage structure and growth structure effectiveness. Capital letters indicate significant differences among grazing methods (p < 0.05).
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4 DISCUSSION

4.1 Morphological Changes of K. humilis in
Response to Individual and Population
Scales Under Grazing Treatments
K. humilis is one of the dominant species in the alpine
meadows of the QTP (Dai et al., 2021). Studying its
morphological changes in response to grazing treatments is
important for the sustainable utilization and maintenance of
species diversity in the QTP alpine meadows (Guo et al., 2017;
Zhang Q. et al., 2019). Our results showed that K. humilis
developed adaptive strategies in response to different
grazing disturbances, with significant differences observed
in monocot biomass and material partitioning patterns
among the different grazing treatments. The plants
improved their adaptation to grazing by adjusting resource
allocation to occupy a favorable ecological niche in a
continuously disturbed environment (Kruk et al., 2021). In
our study, the S+Y treatment resulted in the highest biomass
per plant, while the Y treatment showed the lowest biomass per
plant. This may be due to several reasons. First, cold season
pasture grazing by yaks and Tibetan sheep not only reduced the
biomass of K. humilis, but also significantly reduced the height
of pasture. As one of the early re-greening forage resources, the
lower plant height provided sufficient sunlight for the re-
greening of K. humilis in the S treatment. High
photosynthetic efficiency increased the material
accumulation of K. humilis, which in turn increased the
biomass of the individual plants. Li et al. (2021) showed
that the physical mechanisms of compensatory growth
usually include increased photosynthetic efficiency, release
of apical dominance, and redistribution of resources
(carbohydrates, water, and nutrients). Thus, the S+Y
treatment produced compensatory growth in K. humilis,
which could have also increased the biomass. The earlier re-
greening also provides an advantage for K. humilis to utilize
ecological niches (Zhang L. et al., 2019). This relatively reduced
the competitive pressure of K. humilis with other species under
S+Y treatment (Wang et al., 2014). Further, higher soil
bulk density and lower nutrient content in the Y treatment
than that in the S+Y treatment (Table 2) may also lead to the
dwarfing of K. humilis. In addition, interspecific competition
could also change the phenotypic plasticity. In the S treatment,
Pinaceae were the dominant functional group, and
interspecific competition due to niche occupancy put great
pressure on the growth of K. humilis (Peng F. et al., 2020). To
compete for water, light, and nutrients, K. humilis increased its
plant height. The root collar is the organ of K. humilis to
store nutrients, which plays an important role in completing its
life. The biomass of all traits in this experiment indicates that
the grazing treatments only promoted the redistribution of
material in K. humilis but did not reverse the distribution
pattern of material in each trait.

Bradshaw (2006) noted that changes in plant morphology are
one of the driving forces of community succession (Kalske and

Kessler, 2020), and are a mechanism to increase plant
adaptation under high levels of disturbance. This is a result
of long-time interaction between plants and domestic animals
(Li et al., 2021). In this experiment, we found that although the Y
treatment of K. humilis was small, the density per unit area was
high at the population scale. The adaptive strategies adopted by
plants in response to grazing are divided into two main types:
avoidance and tolerance (Kennedy and Barbour, 1992). Our
results suggest that plant adaptation to grazing can be
understood using both theories together. From the growth
hindrance theory, plant dwarfism in the Y treatment is
strongly related to hoof pressure of grazing animals. The
average hoof pressure of yak and Tibetan sheep is 6.89 kg/
cm2 and 3.13 kg/cm2, respectively, and the ratio of average
hoof pressure between yak and Tibetan sheep is 2.2:1;
additionally, the average trampling intensity of yak is
7.3 times higher than that of Tibetan sheep (Yang H. et al.,
2019). The high intensity of trampling increased the
compactness of the surface soil, which limits the growth of
K. humilis and is detrimental to the storage of nutrients within
the plant, resulting in dwarfism. In addition, the reduced plant
height may also be a grazing avoidance mechanism developed
by K. humilis in response to long term foraging. Although
grazing yaks in cold season pasture feed on withered
vegetation from forage grass to survive, the loss of yak
manure and greater trampling intensity also lead to soil
nutrient deficiencies and soil structural damage (Table 2),
reduce the number and diversity of beneficial
microorganisms in the soil (Wang et al., 2022), which have a
profound impact on the soil over time (Yang C. et al., 2019).
These conditions have altered K. humilismorphology, forcing K.
humilis to adopt a tolerance strategy, choosing to reduce plant
height to accommodate reduced soil quality and greater
trampling intensity (Zhang et al., 2020). Secondly, the plant
height in the Y treatment is relatively high, and dwarf plants are
less likely to be foraged by yaks. Reducing the plant height as an
avoidance strategy preserves the ability of K. humilis to grow
and reproduce and helps K. humilis to maintain its position in
the sedge-grass community. Apparently, grazing yaks induced
defenses in K. humilis at the population scale. To counteract the
negative effects of plant dwarfism in interspecific competition
and species survival, K. humilis used its limited resources to
increase the number of individuals and thus occupy more
ecological niches, with the aim of increasing the survival rate
of the population. Previous studies have shown that yak
trampling is more likely to stimulate K. humilis buds and
tillers than Tibetan sheep (Pan et al., 2021). Changes in
morphology may also be due to environmental constraints,
including interspecific competition, abiotic limitations to
growth and periodic biomass destruction (Buisson et al.,
2019). In the S+Y treatment, K. humilis was taller but less
dense, which was caused by the competition with the
dominant species, Poaceae, due to environmental conditions.
Grime and Pierce (2012) and Voile et al. (2012) showed that K.
humilis limits intraspecific trait variation and allocates more
nutrients to morph establishment to maintain the existing
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ecological niche width when environmental conditions
are harsh.

4.2 Effects of Grazing Treatments on
Reproductive and Life History Responses of
K. humilis
Trade-offs are a central concept in life history theory (Wolf et al.,
2007) wherein grazing intensifies environmental stress in plants,
making it difficult for optimal allocation of resources (Hanushek,
1992; Prendergast, 2002). The results of this study showed that the
grazing treatments significantly affected the trade-off strategy
between sexual and asexual reproduction of K. humilis.
Moreover, grazing disturbance in the Y treatment promoted
sexual reproduction of K. humilis and reduced the input of
vegetative reproduction. Notably, plants in the Y treatment did
not use resources to increase the number of reproductive branches
and density, but to improve sexual reproduction inputs by increasing
the proportion of effective spikes and increasing the seed size and
yield. The results of the Y treatment indicated that K. humilis
extended its population to more open spaces by increasing its
investment in seeds to avoid resource limitation caused by
grazing yaks. As a Cyperaceous forage plant, K. humilis uses
internal tillers to expand outward to increase its crown width.
Thus, its crown width was significantly and positively correlated
with K. humilis longevity (Dai et al., 2019).

Wilson and MacArthur (1967) divided the life history strategies
of organisms into r-selection (miniaturization of adults, large
individual numbers, small body size and high reproductive
allocation) and k-selection (slow individual development, small
numbers and large individuals). Grime (1979) proposed the
concept of c-selection, means that plants to maximize their
competitiveness under the condition of low environmental
severity and low interference intensity. In our study, the
significantly small crown width in the Y treatment suggested that
this treatment facilitated the inclination ofK. humilis to r-selection in
its life history strategy, that is, high reproductive energy allocation
and short epoch cycle. This life history strategy allows K. humilis to
better adapt to the fluctuating living conditions induced by grazing
yaks in the alpine meadows, and shaded and humid environmental
conditions, thereby maximizing the population growth rate (Junk
and Piedade, 1997). Compared to the other treatments, the K.
humilis in S treatment devoted more resources to increasing
reproductive branch height, spike length and seed weight, and
had the lowest density of the three grazing treatments. This was
possibly due to the dominance of Poaceae grass in the S treatment.K.
humilis employs c-selection that maximizes individual
competitiveness in response to the strong interspecific
competition posed by Poaceae Salahuddin et al. (2018). Although
the reproductive branch density, seed number, and seed yield in the
S+Y treatment were significantly higher than those in the other
treatments, sexual reproduction efficacy was significantly lower than
that in the other treatments. This may be due to environmental
changes that induced K. humilis to select minimal reproductive
allocation and to store resources for a longer lifetime (k-selection).
Further, the number of tillers in the Y treatment was significantly
higher than in the other treatments, which was likely due to the

coupling effect of high trampling intensity and foraging by yaks. Pan
et al. (2021) showed that grazing yaks fragmented plants and
activated their shoots to promote vegetative reproduction. In
contrast, the number of tillers as shoot banks of K. humilis
increased significantly.

Moreover, heavy foraging of K. humilis by yaks suppressed the
plant height, thereby increasing the number of tillers. Both nutrient
branch density and number were significantly lower in the Y
treatment than in the S+Y treatment. This indicates that although
yak grazing activated the K. humilis shoot pool and improved the
grazing tolerance ofK. humilis (Wang et al., 2017), it did not stimulate
further development of shoots into nutrient branches. Many studies
have shown that increase investment in sexual reproduction decreases
investment in vegetative reproduction, suggesting that there is a
significant trade-off between sexual and vegetative reproduction
(Wang et al., 2018; Liu, 2020; Endo et al., 2021). Our results
support this suggestion. Yuan et al. (2020) showed that simulated
grazing of large herbivores favored asexual reproduction of Hordeum
brevisubulatum to the detriment of sexual reproduction. This was a
result of different simulated grazing intensities at the jointing stage,
which increased tiller emergence yield and improved the
compensatory growth capacity of tillers. Such findings are contrary
to our conclusion that reported sexual reproduction efficacy was
significantly higher than vegetative reproduction efficacy in all
treatments. The development of shoots into nutritional branches
may be related to photosynthetic rate, growth hormone levels, and
animal saliva (Zhang et al., 2009). The adaptive strategies of plants to
grazing can be reflected not only in the number of resources allocated,
but also in the time of resource allocation (Liu et al., 2019; Keep et al.,
2021). For perennial plants, a complex trade-off between current
reproduction and future growth exists (Quesnel et al., 2018). The
reproductive behavior of the perennial plants depends on the potential
relationship between the number of resources currently available for
growth and the number of resources stored for future reproduction
(Friedman, 2020). The rootstocks and roots, act as nutrient storage
organs forK. humilis and play crucial roles in the life history strategies
and material distribution trade-offs (Song et al., 2020). In our study,
storage efficacy was significantly higher than growth efficacy in all
treatments, suggesting that future growth investment was more
important for K. humilis in the trade-off between the present and
the future. Some studies suggest that high storage may be an
important factor in maintaining an inter-annual perennial regime
in response to changes in abiotic factors, such as moisture and
temperature, (Warschefsky et al., 2016; Freund Saxhaug et al.,
2020). If future life expectancy is low, the energy allocated to
current reproduction is high; conversely, if future life expectancy is
high, the investment in reproduction is correspondingly reduced
(Lundgren and Des Marais, 2020). The results of our study
suggested that the growth effectiveness in the Y and S treatments
was significantly higher than that in the S+Y treatment, while the
storage efficacy was significantly lower than that in the S+Y treatment.
Among the current future choices, the Y and S treatments reduced the
future life expectancy of K. humilis, by favoring utilization of limited
resources to promote current growth. The Y treatment reduced the
crown width, increased the seed size and quality, and sacrificed
current individual life length to compete for the utilization of
ecological niches and maintenance of genetic diversity. In contrast,
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K. humilis in the S treatment devoted more resources to maintaining
individual height and increasing competition for light resources with
the Poaceae forage grass.

Compared with other treatments, S treatment increased K.
humilis height, but significantly decreased the density of K.
humilis. Cyperaceae—Poaceae meadows is the main vegetation
type for alpine meadow. It was showed that the dominance of
Cyperaceae in the community tends to increase in a mildly
degraded alpine meadows (Han et al., 2019; Bourles et al.,
2020), and thus is considered as a sign of decreasing grassland
productivity. We found that the increase of yaks during grazing
improved the purpose and sexual reproduction efficiency of K.
humilis in the vegetation community, resulting in the degradation
of alpine meadow. In contrast, Poaceae grasses are conducive to
grazing due to their high biomass, good palatability, and benefit
to sustainable development of alpine grasslands. Considering the
morphological traits and reproductive characteristics of K.
humilis in alpine meadows by grazing treatments, mono-
grazing Tibetan sheep is more beneficial to grassland health
and grazing utilization in alpine meadows.

This study was limited as only adaptive changes of K.
humilis morphology and reproduction were explored. In
future studies, the comprehensive effects of plant and soil
should also be considered to provide a scientific basis for
sustainable grazing utilization of alpine meadows.

5 CONCLUSION

In general, grazing treatments significantly altered the
morphological characteristics and reproductive strategies of K.
humilis. Grazing yaks alone increased the density and sexual
reproductive efficacy of K. humilis, and mixed grazing by yaks
and Tibetan sheep increased the canopy and biomass of K.
humilis. In addition, sexual reproductive efficacy was
significantly higher than nutritional reproductive efficacy and
storage efficacy was significantly higher than growth efficacy in all
treatments. This indicates that the main reproductive mode of K.

humilis in this area is sexual reproduction and as a perennial
forage grass, K. humilis stores most of its material to increase its
future life expectancy. The Y treatment reduced sexual and
nutritional reproduction, which favored the development of
meadows to graminoid-grass type meadows. Gramineae
meadows are more suitable for grazing utilization of alpine
meadows due to their better palatability and biomass.
Therefore, considering the health and sustainable utilization of
alpine meadows, grazing Tibetan sheep in cool season pastures is
a suitable grazing method.
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