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Abstract: This study aimed to understand the response of vegetation community characteristics in
the degraded alpine meadow of the Source Zone of the Yellow River to exclosure of various lengths.
Artificial fences were erected to prevent livestock grazing and let the degraded meadow recover
naturally as a means of restoration. The research focused on a typical degraded alpine meadow in
which four plots were fenced off for three periods of 1 year (E1), 4 years (E4), and 10 years (E10),
plus a freely grazed plot as the control. The study compared and analyzed the differences in plant
community characteristics, carbon (C), nitrogen (N), and phosphorus (P) reserves, as well as the
stoichiometric characteristics of main functional groups in the alpine meadow over different exclosure
durations. The results indicated that E10 long-term exclosure significantly increased the aboveground
biomass of gramineous plants but reduced the aboveground biomass of miscellaneous grasses.
However, when compared to E4 short-term exclosure, E10 resulted in a reduction in the aboveground
biomass of Cyperaceae plants. On the other hand, E4 medium-term exclosure significantly increased
the aboveground biomass of Gramineae and Cyperaceae. Exclosure significantly increased the
nitrogen (N) and phosphorus (P) reserves of the aboveground plant communities. Among these
communities, the plant communities in the E10 long-term exclosure had the highest N and P reserves.
However, this exclosure length also led to a significant reduction in plant diversity. Furthermore,
except for Cyperaceae, all functional groups were observed in E10 and E4 plots. The carbon—nitrogen
ratio and carbon—-phosphorus ratio of these groups were significantly lower than those of groups G
and E1. Medium-term exclosure (E4) has a positive impact on the aboveground biomass as well as
plants’ nitrogen and phosphorus reserves. However, long-term exclosure (E10) has been observed to
decrease species diversity and nutrient utilization efficiency of alpine meadow vegetation, which
can be detrimental to the sustainable development of the alpine meadow ecosystem. Therefore, it is
not recommended to implement long-term exclosure. Instead, a moderate level of grazing should be
adopted after 4 years of exclosure.

Keywords: degraded patches; alpine meadow; exclosure duration; plant community characteristics;
environmental factors

1. Introduction

Grassland is a predominant terrestrial ecosystem covering approximately 40% of the
world’s land area [1]. It serves as a crucial resource for animal husbandry and plays a vital
role in biodiversity conservation, windbreak and sand fixation, and water conservation [2].
China boasts abundant grassland resources in a vast area of 3.92 x 108 ha. Notably, the
grassland area in the Source Zone of the Yellow River amounts to 1.04 x 107 ha, serving
as a significant carbon sink and water conservation region [3]. Situated in the ecologically
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sensitive Qinghai-Tibet Plateau, the Source Region of the Yellow River acts as a crucial
nature reserve in China [4]. It also serves as the core area for the ecological functioning and
water conservation of alpine meadows in the Qinghai-Tibet Plateau, possessing substantial
ecological and economic values. Furthermore, this region is globally recognized as one of
the high-altitude areas with rich biodiversity, characterized by a cold climate and fragile
ecology [5]. The grassland ecosystem in the Source Region of the Yellow River has been
significantly disturbed by human activities. The grassland in this area has been exploited
beyond its sustainable carrying capacity, leading to serious overgrazing. Consequently,
serious ecological problems such as grassland degradation, wetland shrinkage, and soil ero-
sion have emerged frequently in recent decades [6]. Large-scale degradation of grassland
has resulted in frequent ecological disasters, which not only hampers the sustainable devel-
opment of grassland animal husbandry but also greatly impacts the ecological security and
social stability of the local area, as well as the surrounding countries or regions. Therefore,
how to curb grassland degradation and effectively restore the degraded grassland, and
strengthen the management and restoration of the degraded grassland, has become an
urgent and challenging issue worldwide.

Ecological restoration is the process of returning degraded grassland ecosystems to a
healthy and stable state [7]. It can be achieved either naturally or via human intervention.
The natural restoration cycle of degraded grassland ecosystems is lengthy, often taking
decades or even centuries. To expedite the restoration process, artificial measures are neces-
sary. China, on the other hand, began its efforts to restore and explore degraded grassland
relatively late [8]. Currently, the main restoration measures employed in China include
fenced exclosure, no-tillage reseeding, and fertilization, all of which have significantly
improved the health of degraded grassland [9]. Fenced exclosure is a method of dividing
grassland into smaller areas via wire fences to prevent them from being grazed by livestock
and disturbed by other animals. Exclosure ensures that the grassland inside the fenced
area is free from livestock grazing, trampling, and excretion, allowing it to undergo natural
succession and natural recovery [10]. Compared with other manual recovery methods,
the advantages of fenced exclosure include its low cost, wide applicability, and ease of
implementation [11]. Extensive research has been conducted worldwide on various effects
of fenced exclosure, such as plant community diversity; aboveground and underground
biomass; community structure; plant carbon, nitrogen, phosphorus, and stoichiometric
characteristics; soil seed bank; soil physical and chemical properties; as well as micro-
bial community structure and diversity [12-18]. The findings indicated that fencing has
the potential to enhance grassland biomass, improve soil structure, and increase water
use efficiency [19]. Moreover, fencing proves beneficial for the restoration of degraded
grassland and supports secondary succession, leading to the gradual recovery to healthy
grassland [20]. Nevertheless, it is important to note that the impact of exclosure varies
across different types of grasslands due to variations in climate conditions and the duration
of exclosure.

Whu et al. [21] discovered that fencing has a significant positive impact on aboveground
biomass in the northwest of the Qinghai-Tibet Plateau. This improvement benefits forage
functional groups and restricts the growth of harmful weed functional groups. However, it
does lead to a decrease in plant density and species diversity. Similarly, Xu et al. [22] found
that fencing greatly enhances the coverage, height, and aboveground and underground
biomass of plant communities in degraded temperate meadow steppe in the Hulunbeier
steppe of North China. Furthermore, Asteken et al. [23] observed that 10 years of exclo-
sure positively influenced the community diversity of temperate grassland and mountain
meadow vegetation. It is worth noting that previous studies have focused primarily on
the positive effects of fence exclosure on grassland ecosystems, neglecting its potential
negative impacts on wildlife. After analyzing 208 literature sources worldwide on fencing,
Smith et al. [24] discovered that only 7% of them examined both positive and negative
effects of fencing. In a separate study, Boone et al. [25] found that fencing can impede
the migration routes of herbivores, diminish the diversity of forage grass, and ultimately
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reduce the carrying capacity of grasslands. This indicates that long-term exclosure and
grazing prohibition represent an extreme grassland management approach that has both
protective and negative effects on the grassland ecosystem. In spite of the large number of
studies on fencing, several knowledge gaps still remain. First, it remains unknown how the
biomass of plant functional groups responds to exclosure duration. Additionally, different
plant functional groups respond differently to exclosure in patchily degraded grassland.
So far, there is a lack of research on how exclosure length can effectively balance forage
productivity and plant diversity in the restorative process of patchily degraded alpine
meadows, while minimizing the negative impact of exclosure.

This study focuses on the patchily degraded alpine meadow in the Source Zone of
the Yellow River in the Qinghai-Tibet Plateau. This research explores how plant bio-
physical properties respond to different durations of exclosure in comparison with the
control. The aim of this study is to investigate the long-term effects of exclosure on the
patchily degraded alpine meadow and offer insights for the long-term restoration of alpine
meadow ecosystems.

2. Materials and Methods
2.1. Overview of the Study Area

The study area is located in Henan Mongolian Autonomous County, Huangnan
Prefecture, Qinghai Province. It is situated on the northeastern margin of the Qingnan
Plateau at an average altitude of 3600-3800 m. The region experiences a typical plateau
continental climate, characterized by short springs and autumns, indistinct seasons (the
four seasons are not clear), and no absolute frost-free period. From May to October each
year, the weather is warm and rainy, while from November to April of the following year, it
becomes cold, dry, and windy. The average annual temperature ranges from 9.2 to 14.6 °C,
and the annual precipitation ranges between 597.1 and 615.5 mm. The predominant soil
type in the area is subalpine meadow soil.

The grassland area in Henan County is 661,500 ha, with 645,000 ha suitable for grazing.
By 2021, the county had successfully and comprehensively restored the most severely de-
graded (e.g., denudated) alpine meadow known as “heitutan” and implemented measures
to control grassland pests such as plateau pika. The restored areas included 30,600 ha
of “heitutan”, 20,000 ha sloped black soil, while 95,700 ha of grassland was treated with
pest prevention and control measures, 81,300 ha fenced for long-term grazing exclosure,
46,700 ha for rotational grazing exclosure, 226,700 ha for short-term exclosure, and 27,300 ha
of degraded grassland had partially recovered. Additionally, the county has established a
grazing prohibited area of 435,600 ha and set 154,300 ha of grassland for balanced grazing
(e.g., stocking rate does not exceed the grassland carrying capacity). However, there are
still several challenges facing the subsequent utilization of the once enclosed grassland.

2.2. Experimental Design

In order to explore the mechanism of plant community construction in the alpine
meadow under different exclosure years, and the influence of exclosure years on plant
community diversity and productivity, this study adopts the philosophy of “using space as
a proxy of time”. In this study, 4 experimental plots with similar topography, vegetation
composition, community characteristics, and degradation degree were selected in the
enclosed alpine meadow in Henan County. The plots had an area of 300 m x 250 m,
totaling 7.50 ha. They were fenced off in July 2011, 2017, and 2020, respectively. By August
2021, the experimental plots had been fenced for four durations: 10 years of long-term
exclosure (E10), 4 years of medium-term exclosure (E4), 1 year of short-term exclosure (E1),
and free grazing (G) without fencing. The location, altitude, and main composition of plant
communities in the selected plots are presented in Table 1. It should be noted that the
exclosure plot in this study refers to the continuous exclosure plot that has not involved
grazing since the establishment of the fence.
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Table 1. Location, elevation, and main composition of plant community of each plot.

Exclosure Plot Location Elevation/m Patch Patch Density The Main Composition of Plant
Duration Numbers (Area Ratio)/% Community

Elymus nutans Griseb., Koeleria cristata
L., Kobresia pygmaea Willd., Ligularia
virgaurea, Gentiana scabra Bunge,

o / /!
G II:\IlgiOif , 8;,,’ 3610 1086.45 41.64 Pedicularis spicata, Oxytropis
ochrocephala, Carun buriaticum,
Gentiana macrophylla Pall., and
Taraxacum officinalis
Poa annua L., Elymus nutans Griseb.,
Kobresia pygmaea Willd., Koeleria
E 101°46'08", cristata L., Potentilla anserina,
El N 34°41'04" 3610 989.52 3641 Pedicularis spicata, Saussurea pulchra,
Gentiana scabra Bunge, and
Ligularia virgaurea
Elymus nutans Griseb., Poa annua L.,
E 101°46'10", Koeleria cristata L., Potentilla anserina,
E4 N 34°41'06" 3610 53671 18.63 Ajania tenuifolia, Astragalus sp., and
Gentiana scabra Bunge
E 101°26/34" Elymus nutans Griseb., Poa annua L.,
E10 N 34°18/3 6,,’ 3720 331.81 6.67 Koeleria cristata L., Carex L., Potentilla

anserina, and Gentiana scabra Bunge

The table above shows the status of the plot at the time of sampling in 2021, i.e., the
recovery status of the plot at the end of the experiment. Patches refer to a state in which
the meadow is fragmented due to degradation. G represents free grazing (control), E1
represents exclosure for 1a, E4 represents exclosure for 4a, and E10 represents exclosure for
10a (Figure 1) (the same below).

Figure 1. Sample landscape display.



Agronomy 2023, 13,2781

50f18

2.3. Sample Collection and Analysis
2.3.1. Determination of Plant Community Dynamics, Population Characteristics, and
Aboveground and Belowground Biomass

During the vigorous growth period of plants in August 2021, we investigated the
characteristics of plant communities in the field. Six quadrants of 50 cm x 50 cm were
randomly located in the plots of varying exclosure years. Within these quadrants, we
surveyed plant species and total coverage, and measured height and density of various
plants by functional groups. Additionally, we also sampled biomass for four types of
plants (grasses, sedges, legumes, and forbs) by cutting them off the ground, and carefully
packing them in plastic bags. Each bag was marked with the respective plant’s name and
transported to the laboratory. In the lab, the freshly collected plants were weighted and
then placed in an oven at 90 °C for 30 min to kill them. Subsequently, we dried the plants
in an oven at 65 °C until a constant weight. This dry weight represented the aboveground
biomass of the plants during the peak month of the growing season. Additionally, we
collected cylindrical soil samples with a height of 20 cm and a diameter of 8 cm from the
middle of each sampling quadrant via root drilling. These soil samples were filtered using a
2 mm sieve in the lab to find plant roots, either alive or dead. The collected roots were then
dried in an oven at 65 °C until a constant weight to measure the belowground biomass [26].

2.3.2. Plant Community Structure Indices

In the field, the plant properties within the selected quadrants were surveyed at the
community level and expressed in three indices: the Shannon-Wiener index, H; Simpson
index (D); and Pielous index (E). They are calculated as

Shannon-Wiener diversity index : H = _215:1 P;InP;;

Simpson diversity index: D =1 — 215:1 P%;

Pielous evenness index : E = H/ InS;

where P; represents the ratio of the number of individuals of the i-th species to the total
number of individuals in the community. It can be calculated as P; = N;/N, where N; is
the number of individuals of the i-th species and N is the total number of individuals of
all species. S denotes the total number of species in the community. The species diversity
index, H, is calculated using the Shannon-Wiener index. The maximum species diversity
index, Hmax, is calculated as the natural logarithm of S, where S represents the total number
of individuals of all species in the community [27].

2.3.3. Determination of Plant Carbon, Nitrogen, and Phosphorus

We determined the element content of the functional group of vegetation by separating
all the aboveground parts of plants by functional group, crushing, and mixing them
all with six replicates. Each composite sample represents the overall level of carbon,
nitrogen, and phosphorus contents of the functional group of plants under study. Plant
total carbon was determined using the potassium dichromate-H,SO, oxidation external
heating method. Total nitrogen and total phosphorus were determined using the AA3
continuous flow analyzer (Auto Analyzer 3-HR). The specific procedure was as follows:
0.2 g of plant samples were weighed and placed in a digester tube, to which 3.3 g of a
catalyst (K2SO4:CuSOy4 = 10:1) and 10 mL of concentrated sulfuric acid were added. The
mixture was placed in a 420 °C digester for 180 min. Afterwards, the resultant solution was
transferred to a 100 mL flask and the volume was adjusted to the required level. Finally,
the sample determination was carried out using the continuous flow analyzer.
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2.4. Data Analysis and Representation

All the obtained original data were pre-processed using Microsoft Excel 2010 (Mi-
crosoft, Washington, DC, USA), and statistically analyzed using SPSS 19.0 (IBM, New York,
NY, USA). A one-way analysis of variance (p < 0.05) was used to examine the differences in
plant biomass, diversity, and carbon, nitrogen, and phosphorus contents among different
functional groups over different exclosure years. Histograms of plant carbon, nitrogen, and
phosphorus content, and the stoichiometric ratio, were generated using Origin 2022. The
correlation between plant carbon, nitrogen, and phosphorus contents and biomass was
calculated and visualized using the R 4.0 (LUCENT, Murray Hill, NJ, USA). Canoco 5.0
(Microcomputer Power, Washington, DC, USA) was utilized for a redundancy analysis
(RDA) and for plotting vegetation and soil characteristics.

3. Results
3.1. Plant Characteristics by Functional Group

Table 2 indicates significant or extremely significant differences in various indicators,
with the exception of the total carbon content of plant roots, the nitrogen and phosphorus
contents of sedge plants, and the aboveground biomass of leguminous plants. Notably, the
carbon—nitrogen ratio and carbon—-phosphorus ratio of gramineous plants, the nitrogen—
phosphorus ratio of sedge plants, and the carbon-nitrogen ratio, carbon-phosphorus ratio,
and nitrogen—phosphorus ratio of leguminous plants all exhibited significant or extremely
significant differences. Similarly, the carbon-nitrogen ratio and carbon-phosphorus ratio
of forbs also showed significant differences (Table 3).

Table 2. Results of ANOVA on the characteristics of main functional groups of plants.

Group/Type df F(Q) F(N) F (P) F (AGB) F (Index)
Grasses 3 17.52 ** 12.45 ** 8.64 ** 8.92 **
Sedges 3 4.60 * 27518 23418 3.80*
Legumes 3 12.64 ** 21.26 ** 39.20 ** 247718
Forbs 3 14.50 ** 11.92 ** 12.15 ** 10.3 **
Plant litter 3 20.01 ** 3.95*% 5.11* 82.94 **
Root 3 1.87 18 6.79 ** 3.96 * 7.16 **
D 3 37.63 **
H 3 32.70 **
E 3 38.80 **

** Extremely significant difference (p < 0.01), * significant difference (p < 0.05), ™ means no significant difference.
In the table, grasses mean Poaceae family, sedges mean Cyperaceae family, legumes mean Fabaceae family, and
forbs mean herbaceous plants from different families.

Table 3. Results of analysis of variance of carbon, nitrogen, and phosphorus stoichiometry of main
functional groups of plants.

Group/Type df F (C/N) F (C/P) F (N/P)
Grasses 3 9.61 ** 11.05 ** 1.617m
Sedges 3 2.69 M 2.96 "¢ 3.85%

Legumes 3 10.32 ** 43.60 ** 65.73 **
Forbs 3 14.07 ** 13.57 ** 1247
Plant litter 3 1.647¢ 1.651¢ 1.80 "¢
Root 3 0.56 ¢ 0.40 ™ 1.06 "

** Extremely significant difference (p < 0.01), * significant difference (p < 0.05), ™ means no significant difference.
In the table, grasses mean Poaceae family, sedges mean Cyperaceae family, legumes mean Fabaceae family, and
forbs mean herbaceous plants from different families.

3.2. Main Plant Characteristics by Functional Group

Significant differences were observed in the total carbon content of gramineous plants
in different exclosure durations. The total carbon content of long-term exclosure (E10)
and medium-term exclosure (E4) was significantly lower than that of the control (G) and
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1-year exclosure (E1) plots. Similarly, the total carbon content of Cyperaceae plants showed
significant variations, with E4 and E10 being significantly lower than G. Furthermore, the
total carbon content of Leguminosae plants also exhibited significant differences, with
E10 being significantly lower than G, E1, and E4. For forb plants, E4 showed a significant
decrease in the total carbon content compared to G, E1, and E10 (Figure 2a). Additionally,
significant differences were observed in the total carbon content of plant litter, with E4 and
E10 showing significantly lower values than E1 and G. However, no significant difference
was found in the total carbon content of the belowground parts of the plant community
among different exclosure durations (Figure 2b).
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Figure 2. Total carbon content of different functional groups in plants. (a) Total carbon content of
grasses, sedges, legumes, and forbs. (b) Total carbon content of plant litter and plant roots. Different
lowercase letters in the same column show significant differences (p < 0.05).

Significant differences existed in the total nitrogen content of different plant groups
over different exclosure years. E10 had a significantly higher nitrogen content in grami-
neous plants than E4, E1, and G. Similarly, E4 had a significantly higher nitrogen content
than E1 and G. Among Cyperaceae plants, E10 had the highest nitrogen content that was
significantly higher than E4. In the case of legumes, E10 had a significantly lower nitrogen
content than E4, E1, and G. For forbs, E10 had a significantly higher nitrogen content than
E4, E1, and G (Figure 3a). Significant differences were also observed in the total nitrogen
content of plant litter, with E4 having a significantly lower nitrogen content than E1 and G.
Furthermore, the roots of the plant community were significantly different in their nitrogen
content, with E10 being significantly higher than E4, E1, and G (Figure 3b).

At different exclosure lengths, the total phosphorus content of gramineous plants
showed significant variations. Both E10 and E4 had a significantly higher phosphorus
content than E1 and G. Similarly, the total phosphorus content of Cyperaceae plants also
showed significant differences between different exclosure lengths, with E4 having the
highest content, significantly higher than E1. The total phosphorus content of leguminous
plants also exhibited significant differences. E10 had a significantly higher phosphorus
content than all three other durations, while E4 was significantly higher than E1 and G.
For forbs, their total phosphorus content showed significant differences, with E10 being
significantly higher than E1 and G, and E4 being significantly higher than E1 (Figure 4a).
Furthermore, the total phosphorus content of plant litter also exhibited significant dif-
ferences, with G being significantly higher than E1, E4, and E10. The roots of the plant
community also had significant differences in their total phosphorus content, with E10
being significantly higher than E4, E1, and G (Figure 4b).
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of grasses, sedges, legumes, and forbs. (b) Total nitrogen contents of plant litter and plant roots.
Different lowercase letters in the same column show significant differences (p < 0.05).
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Figure 4. Total phosphorus content of different functional groups in plants. (a) Total phosphorus
content of grasses, sedges, legumes, and forbs. (b) Total phosphorus contents of plant litter and plant
roots. Different lowercase letters in the same column show significant differences (p < 0.05).

The community diversity indices (Shannon-Wiener index, H; Simpson index, D; and
Pielous index, E) in E10 were notably lower than those of E4, E1, and G (Figure 5a).
The aboveground biomass of gramineous plants exhibited significant variations among
different exclosure years, with E10 and E4 showing significantly higher values than E1
and G. Similarly, the aboveground biomass of Cyperaceae plants also displayed significant
differences, with E4 having the highest value, significantly surpassing E10, E1, and G. For
leguminous plants, E10 had the lowest aboveground biomass, which was significantly
lower than E1. The aboveground biomass of forbs also exhibited significant differences,
with E10 being significantly lower than E4, E1, and G (Figure 5b). The biomass of plant
litter showed significant differences among the treatments. E10 had the highest biomass,
which was significantly higher than E4, E1, and G. Additionally, E4 had a significantly
higher biomass than E1 and G (Figure 5c). The belowground biomass of the plants also
exhibited significant differences among the treatments. E10 had the lowest biomass, which
was significantly lower than E4, E1, and G. Furthermore, the three indexes of the E10
treatment were significantly lower than those of the other treatments (Figure 5d).
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Figure 5. Plant community diversity index and biomass of different functional groups. (a) Plant
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and BGB = belowground biomass). Different lowercase letters in the same column show significant
differences (p < 0.05).

There was a significant difference in the carbon-nitrogen ratio among gramineous
plants of different exclosure durations (p < 0.05). The carbon—nitrogen ratio of long-term
exclosure (E10) and medium-term exclosure (E4) was significantly lower than that of the
control (G) and 1-year exclosure (E1). However, there was no significant difference in
the carbon—nitrogen ratio of Cyperaceae plants. On the other hand, the C/N ratio of
leguminous plants showed significant differences. E10 had a significantly higher ratio than
G, E1, and E4, while E4 had a significantly lower ratio than G. The C/N ratio of forbs also
exhibited significant differences, with E10 and E4 having a significantly lower ratio than
G and El. Interestingly, there was no significant difference in the carbon-nitrogen ratio
between plant litter and the belowground parts of the plant community among different
exclosure years (Table 4).

There was a significant difference in the carbon—phosphorus ratio of gramineous
plants among different exclosure years (p < 0.05). Both long-term exclosure (E10) and
medium-term exclosure (E4) had a significantly lower carbon—phosphorus ratio than the
control group (G) and 1-year exclosure (E1). No significant difference was found in the
carbon—phosphorus ratio of Cyperaceae plants. Significant differences were observed in
the C/P ratio of legumes. E10 and E4 had significantly lower ratios than E1 and G, and
E10 had a significantly lower ratio than E4. The C/P ratio of forbs also showed significant
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differences, with E10 and E4 having significantly lower ratios than E1 and G. However, no
significant difference existed in the carbon—phosphorus ratio between plant litter and the
roots of the plant community (Table 5).

Table 4. Carbon-nitrogen ratio of plants in different functional groups.

Exclosure

. Grasses Sedges Legumes Forbs Plant Litter Root
Duration
G 40.50 =3.43 a 28.85+0.77 a 17.78 £ 0.59 b 30.14 £ 0.64 a 2821 £0.79 a 39.22 £2.88 a
El 3511+ 259 a 29.50 =040 a 16.72 & 0.40 be 30.52 £0.83 a 27.32 +0.66 a 4024 +£319a
E4 28.41+0.79Db 30.71 £0.10 a 16.19 £0.20 ¢ 26.80 £0.16 b 28.30+:042a 38.96 = 1.59 a
E10 24.84 +1.07b 2742+ 143 a 1898 £ 0.21a 2440+ 1.13c¢ 26.74 £0.35a 35.61+285a
Different lowercase letters in the same column show significant differences (p < 0.05).
Table 5. Carbon—-phosphorus ratio of different functional groups of plants.
Exclos.u re Grasses Sedges Legumes Forbs Plant Litter Root
Duration
G 313.89 £19.97a 27568 +£1233a 244.64 +512a 233.21+1025a 25771 £253a 34454 +30.73 a
El 309.914+949a 28621 +7.78a 25081 +772a  255.60 £6.68a 27299 £695a 363.3212497a
E4 23119+ 6.17b 25016 £2.01a 20520+9.16b 19917 +490b 25839 +£042a 331.79£81la
E10 22576 £17.76b  271.89 £9.65a  155.60 =2.69c  190.83 £9.70b  260.59 £8.33a 338.33 +14.65a
Different lowercase letters in the same column show significant differences (p < 0.05).

The nitrogen and phosphorus ratio of gramineous plants did not show significant
differences among different exclosure years (p > 0.05). However, there was a significant
difference in the ratio of nitrogen to phosphorus in Cyperaceae plants (p < 0.05). Among the
treatments, E4 had the lowest ratio that was significantly lower than the other treatments.
In the case of legumes, both E10 and E4 had significantly lower ratios than E1 and G. Addi-
tionally, E10 had a significantly lower ratio than E4, while E1 had a significantly higher ratio
than G. On the other hand, there was no significant difference in the nitrogen to phosphorus
ratio among the belowground parts of forbs, plant litters, and plant communities (Table 6).
Table 6. Ratios of nitrogen to phosphorus in different functional groups of plants.

Exclos.u e Grasses Sedges Legumes Forbs Grasses Root
Duration
G 7.87 £ 046a 9.62+0.59 a 13.80 £ 0.25Db 774 +032a 917+ 030a 8.82+0.63a
El 9.00 £0.52 a 9.71£0.30a 15.02 £ 048 a 839+022a 10.04 =043 a 9.09+033a
E4 815+ 0.16a 814+ 0.05b 12.66 == 0.48 c 743 +£0.18a 9.14 +£0.13a 855£021a
E10 912+ 0.66 a 10.02 £ 054 a 820+0.13d 791 £058a 9.76 £0.39 a 9.72+0.63 a

Different lowercase letters in the same column show significant differences (p < 0.05).

3.3. Correlation between Plant Carbon, Nitrogen, and Phosphorus Content and Biomass

The correlation analysis of the carbon, nitrogen, and phosphorus contents and above-
ground and belowground biomass of plants across different exclosure years revealed
significant correlations between the carbon content of the plant community and the above-
ground biomass of gramineous plants, aboveground biomass of miscellaneous plants,
plant litter, and underground biomass of the plant community. The nitrogen content of
the plant community is significantly related to the aboveground biomass of Cyperaceae,
aboveground biomass of miscellaneous plants, plant litter, and underground biomass of the
plant community. The phosphorus content of the plant community is significantly related
to the aboveground biomass of Cyperaceae plants, aboveground biomass of miscellaneous
plants, plant litter, and underground biomass of the plant community (Figure 6).
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Figure 6. Correlation between plant carbon, nitrogen, and phosphorus contents and aboveground
and belowground biomass with different exclosure years. PAGB, CpAGB, LAGB, OAGB, and PIAGB
represent the aboveground biomass of grasses, sedges, legumes, forbs, and plant litters, respectively.
BGB represents belowground biomass. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001.

3.4. Relationship between Plant Carbon, Nitrogen, Phosphorus Content and the Environment

The RDA analysis of soil physical and chemical properties (the data for soil physical
and chemical properties can be found in Appendix A) revealed significant positive cor-
relations between the total nitrogen and total phosphorus contents of gramineous plants
and soil pH, available phosphorus (AP), organic carbon (SOC), water content (SWC), and
total nitrogen (TN). On the other hand, the total carbon content showed a significant nega-
tive correlation with soil pH, AP, SOC, SWC, and TN. Additionally, the total phosphorus
content of sedge plants exhibited a significant positive correlation with soil AP, while the
total carbon and total nitrogen contents bore a significant negative correlation with soil
AP. Moreover, the total carbon and total nitrogen contents of legumes were significantly
and positively correlated with SWC and TN, whereas the total phosphorus content showed
a significant negative correlation with SWC and TN. Significant correlations also existed
between the total nitrogen and total phosphorus contents of forbs and soil AP, pH, SWC,
and SOC. However, the total carbon content showed a significant negative correlation with
soil AP, pH, SWC, and SOC. Additionally, significant negative correlations were observed
between the contents of total carbon, total nitrogen, and total phosphorus in plant litter and
soil pH, AP, SOC, and SWC. On the other hand, the contents of total carbon, total nitrogen,
and total phosphorus in plant roots showed a significant positive correlation with soil SWC,
TN, and TP. The biomass of gramineae, Cyperaceae, and plant litter was significantly and
positively correlated with soil SWC, pH, TN, SOC, and AP. Conversely, the biomass of
leguminosae, forbs, and plant roots showed a significant negative correlation with soil
SWC, pH, TN, SOC, and AP. Overall, the response of carbon, nitrogen, and phosphorus
in each functional group of plants to soil physical and chemical properties varied with
the exclosure duration. However, there was a significant correlation with soil pH, organic
carbon content, water content, total nitrogen content, and available phosphorus content
(Figure 7).
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Figure 7. RDA analysis of soil physical and chemical properties and vegetation characteristics
at different exclosure durations. Figure (a—f) represent the RDA analysis of carbon, nitrogen and
phosphorus content and soil physicochemical properties of grasses, sedges, legumes, forbs, plant litter
and root, respectively, and (g) represents the RDA analysis of soil physicochemical properties of plant
biomass. The carbon, nitrogen, and phosphorus contents of gramineous plants are represented by
PC, PN, and PP, respectively. Similarly, the carbon, nitrogen, and phosphorus contents of Cyperaceae
plants are represented by CpC, CpN, and CpP, respectively. The carbon, nitrogen, and phosphorus
contents of legumes are represented by LC, LN, and LP, respectively. The contents of carbon, nitrogen,
and phosphorus in miscellaneous plants are represented by OC, ON, and OP, respectively. PAGB,
CpAGB, LAGB, OAGB, and PIAGB represent the aboveground biomass of grasses, sedges, legumes,
forbs, and plant litters, respectively. BGB represents belowground biomass. The contents of carbon,
nitrogen, and phosphorus in plant litter are represented by plC, PIN, and PIP, respectively. RC,
RN, and RP represent the content of carbon, nitrogen, and phosphorus in plant roots, respectively.
NH,4 " —N represents ammonium nitrogen content, and NO3 ~ —N represents nitrate nitrogen content.
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4. Discussion
4.1. Effects of Long-Term Exclosure on the Diversity and Biomass of Main Plant Functional Groups

The restoration effect of fencing exclosure on the degraded alpine meadow primarily
manifests in an increase in aboveground biomass, indicating cumulative productivity. How-
ever, the impact of long-term exclosure on plant diversity is not significant. Zhu et al. [28]
conducted a study in the Three Parallel Rivers region of Tibet, and revealed that a 2-year
short-term exclosure led to an increase in both aboveground and belowground biomass, but
resulted in a reduced plant diversity. Similarly, Fenetahun et al. [29] found that exclosure
in southern Ethiopia significantly increased aboveground vegetation biomass, but led to a
decrease in plant diversity as the exclosure time extended. In our study, the plant diversity
of E10 was significantly lower than that of E4, E1, and G. This can be attributed to the
disturbance caused by livestock grazing in the grazed grassland of G, which weakens the
competitiveness of dominant species from the Gramineae and Cyperaceae families, known
for their favorable palatability in the alpine meadow plant community. This disturbance
also promotes forbs and interferes with the formation of various habitat patches, resulting
in the coexistence of populations at different succession stages. Long-term exclosure of
grassland eliminates livestock interference, promotes rapid growth of palatable grasses
and sedge plants, and creates a competitive advantage. However, this also leads to a
decrease in biodiversity and a tendency towards uniformity in the habitat. Numerous
studies have substantiated these findings. For instance, in a series of exclosure experiments
conducted over 6, 11, and 12 years on the alpine grassland of the Qinghai-Tibet Plateau,
Li et al. [30] observed that exclosure significantly reduced the Shannon-Wiener diversity
index and Margalef richness index of vegetation. Similarly, research conducted in Arizona,
southwestern United States, demonstrated that grazing exclusion resulted in a decrease
in native species and reduced the overall species richness compared to moderate graz-
ing [31]. Ebrahimi et al. [32] found that after 2, 4, and 6 years of fencing on dry pastures
in southeastern Iran, the plant species richness was the highest after 6 years, due possibly
to increased interspecific competition for resources such as light and /or nutrients. In this
study, the richness index and diversity index of degraded alpine meadow plants after
4 years of exclosure were found to be the highest and significantly higher than those of E10.
This can be attributed to the significant enhancement of Gramineae, a dominant species, in
the fenced plots. As a result, the proportion of Gramineae biomass increased significantly
with prolonged exclosure. The alpine meadow grasses, such as Elymus dahuricus and Poa
pratensis, not only exhibit a strong tillering ability but also occupy the upper canopy, inhibit-
ing the growth of sedges, legumes, and forbs. This finding is consistent with the significant
decrease in the biomass of sedges observed in E10 in this study. Consequently, the lack of
light and nutrients leads to a decrease in or even disappearance of some dwarf plants with
weak competitiveness in the lower layer of the plant community. This ultimately results in
a decrease in plant community diversity in alpine meadows [33].

Mechanistically, exclosure has both promoting and inhibiting effects on grassland
productivity [34]. In this study, the aboveground biomass of gramineous plants increased
with the increase in exclosure years, while the aboveground biomass of forbs decreased.
Significant differences were observed between E10 and E4, as well as between E1 and G.
These differences can be attributed to the low forage productivity of the degraded grassland
induced by overgrazing prior to fencing. Exclosure of the degraded grassland allows the
recovery of the original palatable grass and sedge grass communities, leading to short-term
compensatory growth, seed germination, seedling recruitment, and bud tillering, ultimately
improving grassland productivity [35]. E10 of sedge plants is lower than E4 due to the
super compensatory growth mechanism of forage grass in the absence of interference from
livestock. This is because a large amount of litter is decomposed at a slower rate than the
turnover rate of plant production, which affects the efficiency of resource utilization [36].
This finding aligns with the observation that the biomass of plant litter of E10 is the
highest, significantly surpassing E4, E1, and G in this study. Furthermore, E4 is significantly
higher than E1 and G. The productivity of a community can also be influenced by changes
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in plant functional groups during the succession of enclosed communities. Generally,
the climax community of restoration succession is more productive than the degraded
community [37]. Therefore, the response of plants to exclosure is determined with the net
effect of promotion and inhibition, which is closely tied to environmental conditions and
grassland management strategies.

4.2. Effects of Long-Term Exclosure on Carbon, Nitrogen, and Phosphorus Contents of Plants

Carbon (C), nitrogen (N), and phosphorus (P) are fundamental elements that make up
plants and influence their growth and development [38]. Carbon serves as the structural
element of plants, forming the basis of all organic macromolecules. Nitrogen is the primary
component of biological macromolecules such as proteins, while phosphorus is essential for
the formation of genetic materials such as nucleic acids [39]. The ecological stoichiometric
ratios of C, N, and P vary with the growing environment. In this study, except for forbs, the
total carbon content of all functional groups was significantly lower in 10-year long-term
and 4-year medium-term exclosures than 1-year exclosure and free grazing. This difference
may be attributed to the compensatory growth of plants with high palatability that exhibit
a strong carbon assimilation ability under the influence of livestock grazing and trampling.
Consequently, the carbon content of grasses, sedges, and leguminous plants in the grazed
grasslands is higher than in the long-term enclosed grassland. There were significant
variations in the total nitrogen content among different plant families, namely Gramineae,
Cyperaceae, and forbs. Specifically, the total nitrogen content of E10 was significantly
higher than that of E4, E1, and G. Conversely, the total nitrogen content of legumes showed
an opposite trend. On the one hand, the total nitrogen content of perennial legumes in
long-term exclosure was lower than that in 1-year exclosure and free grazing treatments
due to the decreased nitrogen availability. On the other hand, long-term enclosed perennial
grasses and sedges were the dominant species in the secondary succession of alpine
meadow vegetation communities. These species were at their peak growth stage, with
young leaves comprising a relatively high proportion of the aboveground biomass, resulting
in a high total nitrogen content. The total phosphorus content of each plant functional
group was significantly higher in the 10-year long-term exclosure and 4-year medium-term
exclosure than the 1-year exclosure and free grazing treatment. The exclusion of livestock
in the alpine meadow vegetation community owing to long-term exclosure resulted in the
formation of more seeds or reproductive branches. Additionally, the reproductive organs
of the plants exhibit a higher phosphorus content.

4.3. Effects of Long-Term Exclosure on Plant Stoichiometric Characteristics

The ecological stoichiometric characteristics of carbon, nitrogen, and phosphorus vary
among different plant communities in various grassland management schemes [40]. The
carbon-nitrogen ratio and carbon-phosphorus ratio of Gramineae and Cyperaceae in alpine
meadow communities indicate the carbon assimilation capacity of plants, which largely
reflects their nutrient utilization efficiency [41]. In this study, except for Cyperaceae plants,
the C/N ratio was significantly lower in long-term exclosure (E10) and medium-term
exclosure (E4) than the control (G) and 1-year exclosure (E1). This can be attributed to
the slow growth and low nutrient utilization efficiency of the plant community in long-
term exclosure, while the vegetation community in free grazing and short-term exclosure
exhibits opposite characteristics. The carbon—phosphorus ratio and carbon-nitrogen ratio
were similar, indicating that free grazing and short-term exclosure have a strong vegetation
carbon assimilation ability and a higher nutrient utilization efficiency than long-term
exclosure. The content of the N/P ratio in plants remained relatively stable, except for
Cyperaceae plants in E4 plots and Leguminosae plants in E10 and E4 treatments. In these
cases, the N/P ratio was significantly lower than the G and E1 treatments. However, there
were no significant differences in the N/P ratio among the other treatments, which aligns
with the findings of Yu et al. [42].
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4.4. Relationship between Enclosed Grassland and Environmental Factors

Exclosure has been found to have a significant rehabilitative effect on degraded
grassland soil, with plant recovery following soil recovery [43]. Alpine meadow vegetation
communities have the ability to influence soil hydrological processes and surface soil
temperature through the input of light compounds and organic matter. Additionally,
they can impact soil properties by providing habitats and resources for microscopic and
macroscopic organisms [40-45]. However, changes in biotic and abiotic soil properties
caused by vegetation may have counterproductive effects on aboveground vegetation
biomass, which relies on soil to grow and develop [46]. Plant carbon (C), nitrogen (N),
and phosphorus (P) content, as well as their stoichiometric ratios, vary with the type and
content of N and P in the soil under different soil nutrient conditions [47]. In this study, the
physical and chemical properties of enclosed soil such as total carbon, total nitrogen, and
total phosphorus contents of Gramineous plants, sedge plants, Leguminous plants, forbs,
plant litter, and plant roots did not respond to exclosure duration in a completely consistent
manner. However, their responses were significantly correlated with soil pH, organic
carbon content, water content, total nitrogen content, and available phosphorus content.
The relationship between soil pH and nitrogen and phosphorus contents in Gramineous
plants, forbs, and plant litter is significantly positive. A moderate increase in soil pH can
enhance soil microbial activity, promote the decomposition of active organic substances
in soil, and provide more nutrients such as nitrogen and phosphorus for plant growth.
Additionally, maintaining a suitably acidic environment supports soil parent material
development, improves soil fertility, and facilitates nutrient absorption by plants [48]. The
nitrogen and phosphorus contents of Gramineous plants, forbs, and plant litters show a
significant positive correlation with soil organic carbon content. This could be attributed to
the impact of grazing and exclosure measures on Gramineous plants and forbs, as their
roots respond to changes in the growing environment. Rapidly adapted growth strategies
contribute to a substantial increase in organic carbon in the rhizosphere soil [49]. Previous
studies have shown that soil water content plays a significant role in determining the
nitrogen and phosphorus contents of various plant species. This finding is consistent with
other findings obtained in ecologically fragile areas such as the Qinghai-Tibet Plateau,
where soil water content is considered a key factor influencing plant nutrient levels [50].
Additionally, a strong correlation exists between the soil total nitrogen content and the total
carbon, nitrogen, and phosphorus contents of the aboveground part. This correlation can
be attributed to the direct influence of soil total nitrogen content on nutrient availability,
soil and water conservation, aboveground and belowground biomass of vegetation, as well
as the carbon, nitrogen, and phosphorus contents [51].

5. Conclusions

Short-term exclosure for a period up to 4 years has been found to have a significant
positive impact on the biomass and diversity of the vegetation community in the patchily
degraded alpine meadows in the study area. The 10-year long-term exclosure significantly
reduces the species diversity of alpine meadows, which will lead to intensified interspecific
competition, reduced ecological niche complementarity, and reduced resource use efficiency
by species. From the perspective of functional groups, the biomass of grasses gradually
increased, the aboveground biomass of sedge and legumes showed a trend of first increasing
and then decreasing, and the biomass of forbs gradually decreased. Exclosure regulates
the net primary productivity of a community by changing the proportion of different
functional groups of plants in the community. On the other hand, long-term exclosure
has been observed to enhance the storage of nitrogen and phosphorus and improve the
nutrient utilization efficiency of gramineous and sedge plants. However, it also leads to a
reduction in plant diversity within the alpine meadow vegetation community, ultimately
compromising its stability and hindering the sustainable development of the degraded
alpine meadow. To ensure the sustainability of such restored meadows, it is recommended
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to implement moderate grazing or mowing after a period of 4-year exclosure. More research
is needed to assess whether this period can be further extended by a few more years.
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Appendix A

Table A1l. Differences in soil physical and chemical properties with different exclosure years [52].

Duratiam pH SWCr% S0CVgkg!  (TNVgkg!  (TPVgkgl ggl.{ﬁgle)/ “ ﬂl:gﬂgle)/ (AP kg1

G 6.46 £ 0.06 ¢ 18.91 + 0.01b 93.38 + 8.63 ab 3.85 4 0.07 ¢ 0.67 £ 0.01b 9.00+£0.79a  17.14+1.14ab  7.124038b

El 6.30 & 0.06 d 21.65 4+ 0.02b 83.56 +9.52b 437 4+0.10 ab 0.75 £ 0.03 a 9.65 & 0.93 a 14.78 £ 0.76 b 7.05+0.18 b

E4 6.91 +0.06 a 21.88 £ 0.01b 115.01 £ 0.60 a 4.00 £+ 0.24 bc 0.72 + 0.01 ab 9.17 £ 049 a 18.65 £ 0.05a 9.51+047a

E10 6.68 +£0.03b 26.15+0.01 a 116.75 £+ 10.09 a 4.66 +0.15a 0.78 +£0.03 a 8.86 +0.26 a 14.95 + 0.90 b 7.84+043b
Different lowercase letters in the same column show significant differences (p < 0.05).
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