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Abstract: Understanding the mechanisms of diversity—productivity relationships is a central question
in community ecology. Grazing is the main driving force affecting biodiversity, function, and stability
of grassland ecosystems, and thus should play an important role in mediating diversity-productivity
relationships. In this study, we examined the effect of grazing intensity on both aboveground biomass
and biodiversity and explored the relationship between them in alpine meadow ecosystems in
Sanjiangyuan, which is the source of the Yangtze, Yellow, and Lancang rivers. The results showed that
the aboveground biomass and species richness decreased significantly due to multi-state succession in
alpine meadows caused by long-term grazing, while the Shannon-Wiener index and Pielou evenness
index decreased and then increased with increasing grazing intensity. The relationship between the
aboveground biomass and biodiversity was U-shaped. Our results highlighted the opposite pattern of
the diversity—productivity relationship under low and medium grazing intensity versus an extremely
high grazing intensity; evenness contributed largely to this pattern. This study provided a new
perspective on grassland management and the relationship between productivity and biodiversity.
Attention should be paid to rational grazing to restore biodiversity and ecosystem functions and
services in alpine meadows.
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1. Introduction

Grasslands are widely distributed globally, contribute significantly to the balance
between pasture and livestock production [1], and play an important role in the global
carbon cycle [2]. However, the increasing intensity of human activities is changing grassland
ecosystems, and overgrazing is a great threat [3] that may affect both biodiversity and
productivity, as well as their relationship.

Understanding grassland ecosystem functions such as productivity in the face of
anthropogenic environmental change is an important issue in sustainable ecosystem man-
agement. The relationship between biodiversity and biomass or productivity has been a
central focus in community ecology [4]. Numerous experimental and theoretical works
have shown that biodiversity increases community productivity [5-7]. Two sets of mech-
anisms have been proposed to explain the positive effects of biodiversity on ecosystem
functioning (such as productivity), namely complementarity effects (such as differences
in resource use) and selection effects (higher productivity advantage) [8]. In addition to a
positive association [9], the relationship between species diversity and biomass has been
manifested in four other forms [4,10,11]: a negative association, a unimodal relationship, a
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U-shaped relationship, and no clear association. However, due to the spatiotemporal differ-
ences among the research objects, the views and interpretations of these five relationship
patterns do not form a unified theory or mechanism.

Overgrazing is considered to be one of the most important disturbance factors that
contributes to grassland degradation and the declining grassland productivity world-
wide [12,13]. In previous studies, grazing was shown to affect the structure and dynamics
of vegetation communities. Overgrazing can increase or decrease species diversity and thus
affect productivity depending on the type and intensity of grazing and resource use [14-17].
This particular response of species diversity to grazing may be one of the reasons for the
effects of overgrazing on productivity.

The Qinghai-Tibet Plateau accounts for about 25% of the total rural area in China [18];
40% of the plateau is alpine meadow [19]. This area is very sensitive to human interference.
Due to long-term overgrazing, nearly 30% of alpine meadows on the Qinghai-Tibet Plateau
have been seriously degraded. Studies have shown that ecosystem change is usually
a slow process under grazing and other disturbances, but rapid and dramatic changes
sometimes occur. The reason for such abrupt changes is often due to the existence of
multi-stable ecosystems [20]. “Multi-stable ecosystem” refers to the existence of stable
states with completely different structures and functions under the same conditions [21].
The occurrence of multi-stable ecosystems is often caused by overexploitation, and the
restoration of such ecosystems often requires much external resource input. Affected by
varying degrees by grazing activities, the alpine meadow ecosystem can contain four types
of stable communities: the Gramineae grass—Kobresia humilis community, the K. humilis
community, the K. pygmaea community, and Forbs-Black soil [19,22,23].

Most studies have shown that grazing significantly reduces grassland productivity
and biodiversity on the Tibetan Plateau [24]. Previous studies focused on the relationship
between productivity and biodiversity in one or different ecosystems and attempted to
reveal the underlying mechanisms of this relationship. There are few studies on the
relationship between biodiversity and biomass in multi-steady-state ecosystems formed by
a long-term disturbance such as grazing.

In this study, we investigated the relationship between the aboveground biomass and
biodiversity in four types of alpine meadows after grassland degradation due to long-term
grazing in Sanjiangyuan, the source of the Yangtze, Yellow, and Lancang rivers. We aimed
to reveal the biodiversity—productivity relationships in multi-stable ecosystem communities
in the alpine meadows under the background of overgrazing. It is of great significance
to improve the ecological service of the alpine grassland on the Qinghai-Tibet Plateau to
rationally graze grassland according to the carrying capacity and to maintain the ecological
security of the Qinghai-Tibet Plateau and its middle and lower reaches.

2. Materials and Methods
2.1. Study Area

The study area was selected from the Yellow River source area in Sanjiangyuan,
Qinghai Province, China (Figure 1). Located in the southeastern part of Qinghai Province,
the area is an important ecological shelter on the Tibetan Plateau and an important place for
herdsmen and nomadic people. The area exhibits an alpine and semi-humid climate; there
are no obvious four seasons and no absolute frost-free period. The cold monsoon brings a
large amount of snow. It lasts for 7-8 months, causing many snow disasters. The warm
season has a humid climate lasting for 4-5 months. The highest temperature is 23.2 °C and
the lowest temperature —34 °C, with an annual average of —0.5 °C. The diurnal range of
temperature is 15-25 °C. The average annual precipitation is 595 mm. The vegetation types
are mainly alpine shrub meadows dominated by Potentilla fruticosa, Salix cupularis, and
alpine meadow vegetation with a dominant species of Kobresia humilis.
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Figure 1. Locations of research sites in the multi-stable alpine meadows in southeastern Qinghai
Province.

2.2. Experimental Design

We chose 49 alpine meadow sites in the research area, each of which contained around
3 plots; the area of each plot was 50 cm x 50 cm. There were a total of 143 plots. All the plots
showed a similar species composition initially before the experiment. Different intensities
of grazing have been conducted since 2007. Grazing was conducted from October to April
in the following year. The grazing intensities can be found in Table 1. Due to the different
intensities of grazing, the meadow communities were divided into four types of typical
and well-developed communities: the Kobresia humilis community (GK), the K. humilis
community (KH), the K. pygmaea community (KP), and the Forbs-Black soil (FB) (Table 1).
From GK to KH, KP, and FB, the communities suffered from an increasing grazing intensity.
The plants in each plot were sampled in 2015 using harvesting methods around the peak
season of plant growth (late July). We recorded the species, density, height, and coverage.
The aboveground biomass was measured in dry weight using plants dried to a constant
weight in a 70 °C incubator. The list of all species in each type of communities can be found
in Table S1.

2.3. Measures of Biodiversity

Plant species diversity was measured for each plot and estimated from three biodiver-
sity indices [25]:
(i). Richness index (R), the number of vascular species recorded in each plot;
(ii). Shannon-Wiener Diversity index(H), calculated as:

R
H=—) PinP; 1)
=1

(iii). Pielou evenness index (J), calculated as:
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J = (— }_ PinP;)/InR @)
i=1

where P; = N;/N, N; is the importance value of species i (which is calculated based on
plant coverage), and N is the total importance value of all vascular species present.

Table 1. Feature of four types of communities.

Succession Stage

Grazing Intensity

(Sheep Unit/ha) Dominant Species Plot General Situation

Gramineae grass—Kobresia
humilis community (GK)

K. humilis community
(KH)

K. pygmaea community
(KP)

Forbs-Black Soil (FB)

The total coverage of plant communities
was 96.7-92.7% and the ground was
relatively flat. Almost no rodent activity.
The thickness of the sod layer was
around 1.66 cm.

The total coverage of grass was
K. humilis, (subdominant 82.6-88.7%, the ground was flat, the
species: E. nutans and F. rubra) ~ rodent activity was less, and the thickness
of the sod layer was around 2.13 cm.
The total coverage of grass was
35.8-75.8%; black spots and cracks were
visible on the surface. The bark was
uneven, the rodent activity was frequent,
and the thickness of the sod layer was
about 3.0 cm.

The total coverage of grassland was
about 20%. The mucus mound covered
about 80%, the density of rat holes was

Ligularia sibirica, Clematis 2/m?, and there were many pebbles on
florida, and Rheum palmatum  the surface. The rats were submerged and
their size was 1-5 cm in length. Grazing
yak mainly occupied the plot. There were
almost no plants on the surface in winter.

Elymus nutans, Poa sp. and
Festuca rubra

12 K. pygmaea

16

2.4. Statistical Analysis

Data from all plots of each type of community were pooled to test for differences
in plant richness, evenness, diversity, and total aboveground biomass across different
levels of grazing intensity. A one-way ANOVA was conducted and Duncan’s post hoc
test was used to compare differences among different groups. Before the ANOVA, the
Shapiro-Wilk test was used to check the normality of the data. Depending on the pattern
of the scatterplot, quadratic regression or simple linear regression was used to analyze the
relationship between the plant diversity and the aboveground biomass. The calculation
of the biodiversity index was performed using the vegan package in R version 3.6.0; all
statistical analyses were performed using SPSS 17.0.

3. Results
3.1. Soil Properties of the Multi-Stable Alpine Meadows

The soil properties of the four types of communities at different depths can be found
in Figure 2, which shows that soil organic matter (SOM) had nonsignificant differences
across the four types of communities in general (except in the surface soil, in which KH and
KP showed a significantly higher SOM than GK and FB). For soil bulk density (BD), it had
nonsignificant differences across the four types of communities in general (except in the
surface soil, in which KH and KP showed a significantly lower SOM than GK and FB). For
soil compaction (SC), in general KP and FB showed a significant lower value than GK and
KH. The four types of communities showed nonsignificant differences in soil total porosity
(TP), soil capillary porosity (CP), and noncapillary porosity (NCP) at a shallow depth.
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Figure 2. Soil properties of multi-stable alpine meadows at different depths: (a) soil organic matter
(SOM); (b) soil bulk density (BD); (c) soil compaction (SC); (d) soil total porosity (TP); (e) soil capillary
porosity (CP); (f) noncapillary porosity (NCP). The error bar represents the standard error. Letters
above bars mean a statistical significance was detected using ANOVA and Duncan’s post hoc test
(= 0.05) for each depth across different types of communities. GK, Gramineae grass—Kobresia humilis
community; KH, K. humilis community; KP, K. pygmaea community; FB, Forbs-Black soil.

3.2. Aboveground Biomass of the Multi-Stable Alpine Meadows

The aboveground biomass in the alpine meadows decreased significantly with in-
creasing degrees of degradation: from 287.99 =+ 3.96 g-m? to 84.13 + 2.53 g-m? (p < 0.05;
Figure 3). Among them, KH decreased by 18.8% compared with GK, KP decreased by
22.3% compared with KH, and FB decreased by 53.6% compared with KP. FB had a 70.7%
reduction compared with GK.

3.3. Biodiversity of the Multi-Stable Alpine Meadows

As the degradation increased, the species richness of the alpine meadows declined
(Figure 4a). From GK to FB, the number of species was reduced by 50%. The Pielou even-
ness index and the Shannon-Wiener diversity index showed different patterns of species
richness. These two indices showed a trend of decreasing firstly and then increasing. The
lowest value was in KP rather than the most degraded FB (Figure 4b,c). Of particular note
was that in the Pielou evenness index, the highest value was found for the most degraded
FB, which showed a nonsignificant difference with the least degraded GK (Figure 4b).
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Figure 3. Aboveground biomasses of multi—stable alpine meadows. The error bar represents the
standard error. Letters above bars mean a statistical significance was detected using ANOVA and
Duncan’s post hoc test (x = 0.05). GK, Gramineae grass—Kobresia humilis community; KH, K. humilis
community; KP, K. pygmaea community; FB, Forbs-Black soil.
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Figure 4. Different biodiversity measures of the multi-stable alpine meadows: (a) species richness;
(b) Pielou evenness; (c¢) Shannon-Wiener index. The error bar represents the standard error. Letters
above bars mean a statistical significance was detected using ANOVA and Duncan’s post hoc test
(x = 0.05). GK, Gramineae grass—Kobresia humilis community; KH, K. humilis community; KP, K. pygmaea
community; FB, Forbs—Black soil.
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3.4. Relationship between Biodiversity and Biomass

Scatter plots of the aboveground biomass and biodiversity indices across 143 plots in
the four types of degraded alpine meadows showed quadratic relationships between the
aboveground biomass and biodiversity (p < 0.05; Figure 5). It was clear that two clusters
appeared in each panel. When the biomass was low, the relationships were negative or
unclear. When the biomass was high, the relationships were clearly positive. The two
clusters were caused by different levels of grazing intensity; that is, the left cluster consisted
of points for a very high grazing intensity (FB), while the right cluster consisted of points
for low or medium grazing intensities (GK, KH, and KP).
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Figure 5. Relationships between aboveground biomass and (a) richness, (b) evenness, and (c)
Shannon—Wiener index of alpine meadows across all 143 plots.

Separate analyses of the relationships between the aboveground biomass and biodi-
versity across plots in GK, KH, and KP showed significant positive correlations between
the biomass and diversity with Pearson correlation coefficients from 0.85 to 0.88 (p < 0.05;
Figure 6). That is, both richness and evenness contributed to the positive relationship
between the Shannon-Wiener biodiversity index and the aboveground biomass while
considering biodiversity consisting of two components: richness and evenness.

Separate analyses of the plots in FB showed different relationships between the above-
ground biomass and biodiversity (Figure 7). For richness, its relationship with the above-
ground biomass was nonsignificant. For evenness, the correlation coefficient with the
aboveground biomass was —0.57, indicating a significant negative correlation. As a result,
the Shannon-Wiener biodiversity index and the aboveground biomass showed a correlation
of —0.6. This meant that evenness, but not richness, contributed mostly to the relationship
between the biodiversity and the aboveground biomass.
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Figure 6. Relationships between aboveground biomass and (a) richness, (b) evenness, and (c)
Shannon—Wiener index across 99 plots in GK, KH, and KP.
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Figure 7. Relationships between aboveground biomass and (a) richness, (b) evenness, and (c)
Shannon—Wiener index across 44 plots in FB.

4. Discussion

The responses of the relationship between biodiversity and productivity to different
grazing intensities were investigated by fitting the aboveground biomass and biodiversity
across 143 plots in four types of degraded alpine meadows in Sanjiangyuan on the Qinghai—
Tibet Plateau. We obtained three main results: (1) the aboveground biomass and species
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richness of the meadow communities decreased with an increase in the grazing intensity;
(2) with the increase in grazing intensity, the evenness index and the Shannon-Wiener
index firstly decreased but then increased; (3) the relationship between the aboveground
biomass and the biodiversity of the alpine meadows with different degradation degrees
was basically U-shaped.

Decades of experimental studies have reported the strong positive effects of biodiver-
sity on ecosystem functioning; e.g., productivity [6,26,27]. Theoretically, this biodiversity
effect can be explained by two sets of mechanisms, namely complementarity effects (CEs)
and selection effects (SEs) [8]. CEs play a role if the average performance is higher in
mixed cultures than in monocultures due to the niche differentiation or facilitation. Recent
studies have highlighted the importance of complementary effects in determining produc-
tivity [28,29]. Meanwhile, SEs emerge if species with a higher monoculture productivity
is dominant in mixed cultures. These mechanisms can be used to explain the positive
diversity—productivity relationship under low or medium grazing pressure (Figure 6); that
is, grazing-induced biodiversity loss impairs ecosystem productivity through CEs, SEs,
or both. For example, changes in complementation effects among populations caused by
grazing can affect community productivity. In addition, grazing may lead to a change in
the dominant species, which would lead to a change in the selection effects and would
affect community productivity. Usually, competition among species would also alter the
diversity—stability relationships [30]. However, this may not be an issue when considering
the poor living conditions on the Tibetan Plateau, where species interactions usually are
symbiotic and competition is not strong enough, so communities with a high biomass could
also have a high species richness. A recent study reported large changes in productivity
of the dominant plant functional groups after 6 years of grazing [31]. found that grazing
reduced the biodiversity and community productivity in the Xilin Gol grassland Nature
Reserve, Inner Mongolia. This finding was consistent with our findings. Ref. [32] reported
the impairment of biodiversity due to overgrazing. Our results of slight or medium grazing
intensity showed a consistent pattern with these studies.

However, under a high grazing pressure, the biodiversity showed a negative cor-
relation with the aboveground biomass that was mainly due to the negative correlation
between the evenness and the biomass (Figure 7). Biodiversity consists of two aspects:
species richness and evenness of abundance distribution among species. Prior studies
generally focused on how species richness affected ecosystem productivity [27,33], and
rare attention has been paid to the role of evenness (but see [24,34]. In our system, the
Forbs-Black soil community was characterized by a low species richness but a high even-
ness. This is mainly caused by the loss in the large dominant species; e.g., Gramineae and
Cyperaceae plants, and the communities consisted of different small weeds and had no
clear dominant species. This on one hand increased the evenness of the abundance distri-
bution among species and on other hand decreased the community biomass due to the lack
of large species. Therefore, we observed a negative correlation between the aboveground
biomass and the evenness (and thus the biodiversity). This negative evenness—biomass
relationship was consistent with the findings of [24]. It is worth mentioning that although
biodiversity and aboveground biomass are both indicators of community productivity [35],
they must be considered comprehensively [36] because sometimes they showed different
trends, especially in harsh environments (e.g., under a high grazing intensity in our case).
Our results highlighted that the relationships between biodiversity and productivity may
be different in good environments and in harsh environments. Moreover, the different
relationships may be mediated by different mechanisms, and the contributions of richness
and evenness may be altered.

The relationship between plant species diversity and biomass, as well as the interaction
mechanism between plants and topography, soil, climatic factors, and human activities, is
extremely complex; further research is needed on multi-stable alpine meadows to further
reveal the underlying mechanisms therein. Our study could inspire further research on
different aspects. First, our current study could not calculate the complementarity effects
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and selection effects because we did not conduct monoculture experiments [8]. So, future
monoculture and polyculture studies can be conducted under different degrees of grazing
intensity to quantitatively measure the complementarity effects and selection effects and
explore how grazing alters these two types of effects and thus alters diversity—productivity
relationships. Second, interactions between species and interaction networks can be further
explored to determine how the degree of interactions [30] and topological properties of
interaction networks [37] affect the diversity—stability relationships. Third, as shown by
our result that evenness was more important than richness under a high grazing intensity
in mediating diversity—productivity relationships, we could further check if this conclusion
still holds for other ecosystem functions; e.g., stability. It has been well documented that
species richness promotes community stability, mainly by promoting asynchrony among
species [38,39]. It would be of great significance to determine if evenness plays an important
role in mediating diversity-stability relationships, especially in harsh environments.

5. Conclusions

This study reported the effects of grazing on the relationship between the biodiversity
and the biomass production in four types of alpine meadow plant communities in the
Sanjiangyuan region of Qinghai Province. The results showed that the relationship between
the aboveground biomass and the biodiversity in alpine meadows with different degrees
of degradation was basically U-shaped. The productivity of alpine meadows and the
biodiversity responded differently to degradation. Grazing impaired communities in
terms of productivity and species richness. However, an extremely high grazing intensity
promoted evenness and thus the biodiversity index, which contributed to the U shape of
the relationship between the productivity and the biodiversity. Our study highlighted the
opposite pattern of the diversity—productivity relationship under low and medium grazing
intensities vs. an extremely high grazing intensity. We also emphasized the important role
of evenness in mediating this opposite pattern.
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