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Abstract: Revegetation has been proposed as an effective approach to restoring the extremely de-
graded grassland in the Qinghai–Tibetan Plateau (QTP). However, little is known about the effect
of revegetation on ecosystem carbon density (ECD), especially in alpine permafrost regions. We
compared aboveground biomass carbon density (ABCD), belowground biomass carbon density
(BBCD), soil organic carbon density (SOCD), and ECD in intact alpine meadow, extremely degraded,
and revegetated grasslands, as well as their influencing factors. Our results indicated that (1) ABCD,
BBCD, SOCD, and ECD were significantly lower in extremely degraded grassland than in intact
alpine meadow; (2) ABCD, SOCD, and ECD in revegetated grassland significantly increased by
93.46%, 16.88%, and 19.22%, respectively; (3) stepwise regression indicated that BBCD was mainly
influenced by soil special gravity, and SOCD and ECD were controlled by freeze–thaw strength and
soil temperature, respectively. This study provides a comprehensive survey of ECD and basic data
for assessing ecosystem service functions in revegetated grassland of the alpine permafrost regions in
the QTP.

Keywords: extremely degraded grassland; revegetated grassland; ecosystem carbon density; alpine
permafrost regions

1. Introduction

Ecosystem carbon storage is recognized to be an important indicator of ecological
function [1], considering the role of the carbon cycle in maintaining a stable climate. It is
the total amount of carbon stored in the terrestrial ecosystem and usually is the sum of four
carbon components: aboveground biomass (AB), belowground biomass (BB), soil organic
carbon (SOC), and litter [2]. The quantitative study of ecosystem carbon can provide
basic reference data for the reasonable management of the grassland ecosystem and the
sustainable use of natural resources [3].

Grassland is the key element of the terrestrial ecosystem and covers 37–50% of the
terrestrial area of the world [4,5]. It stores approximately 34% of the global terrestrial
stock of carbon and plays a major role as a sink of atmospheric carbon [6]. In recent
decades, about 49.25% of the world’s grassland has experienced degradation due to climate
change and anthropogenic activities [7]. It has been estimated that approximately 7.51 Tg
(1 Tg = 1012 g) of vegetation carbon and 4050 Tg of SOC in degraded grassland have been
lost, respectively [7,8]. As a major soil carbon reservoir, permafrost stores vast amounts
of SOC [9] due to its low temperature and slow decomposition rate. The Qinghai–Tibetan
Plateau (QTP) has the largest permafrost cover among the mid- and low-latitude regions of
the world [10]. Alpine grassland is the main vegetation type distributed in the permafrost

Sustainability 2022, 14, 12575. https://doi.org/10.3390/su141912575 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su141912575
https://doi.org/10.3390/su141912575
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-3272-2628
https://doi.org/10.3390/su141912575
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su141912575?type=check_update&version=1


Sustainability 2022, 14, 12575 2 of 14

regions of the QTP [11], performing important ecosystem service functions, such as carbon
storage [12]. However, approximately 90% of alpine grassland has been degraded, and
approximately 35% of it has developed into extremely degraded grassland [13,14]. This has
led to a decline not only in vegetation productivity but also in soil quality, further resulting
in a decline in ecosystem service functions [15]. Therefore, it is essential to take measures
to slow down and restore extremely degraded grasslands.

Revegetation in extremely degraded grasslands using cultivated grasses is a fast
and effective approach, which has been widely applied in the QTP [16–19]. Previous
studies have examined the carbon dynamics of vegetation or soil after revegetation. For
example, revegetation significantly increased the aboveground and belowground biomass
according to Li et al. [17]. Li et al. [20] found that the carbon storage in aboveground,
belowground, and total biomass was significantly improved. Feng et al. [21] reported that
SOC in the 0−10 cm layer increased by 13% after 3 years of revegetation. Bai et al. [19]
also suggested that revegetation could increase the stability of SOC. Furthermore, some
studies explored the factors influencing carbon storage, showing that soil texture and
hydrothermal conditions were important, but that the degree and direction of their influence
varied according to the geographical distribution and time scale. However, these studies
mentioned above examined the role of soil or vegetation in carbon storage and even mostly
concentrated on seasonally frozen regions. Despite this, fewer studies have attempted to
quantify ecosystem carbon density (ECD) after revegetation, especially in alpine permafrost
regions. Therefore, we hypothesized that (i) revegetation would improve the ECD of
extremely degraded grassland; (ii) freeze–thaw strength might play a more important role
in regulating ECD, compared with other environmental variables, such as soil texture and
hydrothermal conditions in the permafrost regions of the QTP.

To validate these hypotheses, we selected the Shule River headwaters in the north-
eastern margin of the QTP as the study area, where alpine permafrost develops widely,
occupying about 97.98% of the total area. In the past decades, alpine grassland in this
region also suffered significant degradation due to climate warming, overgrazing, and
permafrost degradation [22–24], resulting in significant changes in the vegetation and soil
environment. There is no doubt that ecosystem carbon is affected [25]. In this study, we in-
vestigated 9 plots and collected 45 soil samples from extremely degraded grassland, 4-year
revegetated grassland, and intact alpine meadow. The objectives were to (1) assess the
effects of degradation and revegetation on aboveground biomass carbon density (ABCD),
belowground biomass carbon density (BBCD), soil organic carbon density (SOCD), and
ECD, (2) examine their influencing factors by employing regression analysis. Our results
can provide a scientific reference for the restoration of extremely degraded grassland
and the assessment of ecosystem service functions in revegetated grassland of the alpine
permafrost regions in the QTP.

2. Materials and Methods
2.1. Study Area and Sampling Site

The study area is located in the Shule River headwaters in the western part of the Qilian
Mountains (96.2◦~99.0◦ E, 38.2◦~40.0◦ N, and 3405~5827 m above sea level), northeast
margin of the QTP, China (Figure 1). The total area is 4932.76 km2 and is characterized
by a continental arid desert climate, with a low annual mean air temperature from −2.1
to −7.4 ◦C and precipitation from 360 to 600 mm [26]. This area belongs to the alpine
ecosystem [27] and widely develops alpine permafrost. Alpine grassland in this area
has been degraded over the past few decades [22]. Thus, a comprehensive ecosystem
observation field was established in July 2014. Meanwhile, we selected around 500 acres of
the surrounding area in which to sow seeds of local grasses. Before seeding, the soil was
plowed to a depth of 20 cm, and 10 kg ha–1 of chemical fertilizer (diammonium phosphate)
was applied. Revegetation completely excluded livestock grazing by fencing. Therefore, we
chose an area inside the fence as a revegetated grassland site and an area outside the fence
as an extremely degraded grassland site. In addition, an area of intact alpine meadow was
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selected as the control site. The description of the sampling sites is shown in Table 1. Mean
annual air temperature and annual precipitation were calculated based on meteorological
data of the observational sites in 2018.
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Figure 1. Location of the spatial distribution of the sampling sites in the study area (a) including
intact alpine meadow (b), extremely degraded grassland (c), and revegetated grassland (d).

Table 1. Description of the sampling sites.

IM DG RG

Longitude (E) 98◦13′44′ ′ 98◦22′01′ ′ 98◦22′08′ ′

Latitude (N) 38◦19′58′ ′ 38◦25′07′ ′ 38◦25′35′ ′

Elevation (m) 4036 3859 3859
Mean annual air temperature (◦C) −1.13 −4.16 −4.16

Annual precipitation (mm) 467 475 475
Coverage (%) 80 13 65

Dominant species Kobresia pygmaea,
Kobresia tibetica

Aconitum pendulum,
Artemisia nanschanica,
Polyygomum sibiricum

Elymus nutans, Festuca sinensis,
Poa crymophila,
Poa pratensis

Note: IM: intact alpine meadow; DG: extremely degraded grassland; RG: revegetated grassland.

2.2. Sampling and Analysis Processes

At the end of July 2018, we randomly selected three quadrats (0.5 m × 0.5 m) in each
site approximately 10 m away from each other to avoid the edge effect. AB was harvested
in the quadrats, including green plants, litter, and dead tissue. BB was measured by mixing
5 soil cores (4.8-cm diameter), collecting the samples from 0–50 cm layers (divided into
5 layers, each layer being 10 cm deep) and passing them through a 2 mm sieve to remove
impurities. All AB and BB samples were immediately dried at 80 ◦C until they reached
a constant weight. Subsequently, soil samples from the 0–50 cm layers were collected
with a soil auger (3.8 cm diameter) from each quadrat; the sampling method used was
the same as that for BB. For fresh soil saved at 4 ◦C, the soil pH was determined by
a PHBJ–260 pH meter (INESA, Shanghai, China), with a water ratio of 1:5. Using air-dried
soils, SOC was measured using the Walkley–Black dichromate oxidation method (Nelson
and Sommers, 1996). The soil specific gravity was measured by using a pycnometer. For
the soil hydrothermal conditions, soil temperature, and moisture at the depths of 2 cm,
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10 cm, 20 cm, 30 cm, and 40 cm below the soil surface were obtained by Hydra Probe II
soil sensors (Portland, OR, USA) connected to a CR1000X datalogger (Campbell Scientific,
Logan, UT, USA), with values being automatically recorded every 10 min.

2.3. Date Analysis

Based on soil temperature data, we classified the soil freeze–thaw processes for differ-
ent grassland types. Firstly, the soil freeze–thaw processes included four stages, namely,
a completely frozen stage, a thawing stage, a completely thawed stage, and a freezing stage.
A detailed explanation can be found in Chen et al. [28]. Moreover, the duration of the
completely thawed, completely frozen, and freeze–thaw stages was calculated [28]. Lastly,
the calculation of freeze–thaw strength was conducted as suggested by Wu [29].

ABCD and BBCD were transformed considering a ratio of 0.475 [3]. SOCD was
calculated as follows [3]:

SOCD =
n

∑
i

hi × BDi × SOCi × (1− Ci)/100 (1)

where hi, BDi, SOCi, and Ci are the soil thickness (cm), bulk density (g·cm−3), soil organic
carbon (g·kg−2), and volume percentage of the soil particle fraction of >2 mm in layer i,
respectively. Additionally, i = 1 (0−10 cm), 2 (10−20 cm), 3 (20−30 cm), 4 (30−40 cm), and 5
(40−50 cm). The bulk density was estimated using the equation created by Yang et al. [30].
ECD was determined as the sum of ABCD, BBCD, and SOCD.

One-way analysis of variance (ANOVA) and the least significant difference (LSD)
test were used to examine the significant differences in ABCD, BBCD, SOCD, and ECD
among the different grassland types and soil layers with SPSS 22.0. Then, we used the
random forest algorithm to determine the relative importance of environmental variables
(soil temperature and moisture, specific gravity, freeze–thaw strength, and pH) for the
components of carbon density (ABCD, BBCD, SOCD, and ECD). Pearson correlation was
used to calculate the correlation coefficient between the components of carbon density and
environmental variables. Finally, stepwise regression was used to explore the relationships
between the different of carbon densities and environmental variables. All pictures were
generated using the “ggplot2” packages of R 3.6.3.

3. Results
3.1. Environmental Variables
3.1.1. Soil Physicochemical Properties

Soil temperature, moisture, pH, specific gravity, and freeze–thaw strength are pre-
sented in Table 2. The soil temperature in extremely degraded grassland was significantly
higher than in intact alpine meadow and revegetated grassland (p < 0.05), while it was
not significantly different in the latter two grasslands (p > 0.05). The largest values of
soil moisture and freeze–thaw strength were found in intact alpine grassland, followed
by extremely degraded grassland and revegetated grassland, and there was a significant
difference in soil moisture among the three types of grassland (p < 0.05), but the differences
in freeze–thaw strength were insignificant (p > 0.05). We found that pH was statistically
insignificantly (p > 0.05) higher in extremely degraded grassland than in intact alpine
meadow and revegetated grassland.

3.1.2. Soil Freeze–Thaw Characteristics

The seasonal dynamics of soil freeze–thaw processes for different types of grassland
are shown in Figure 2. Compared with intact alpine meadow, degradation delayed the
starting dates and advanced the ending dates of the completely frozen stage and freezing
stage, with an average delay of 22 days and 25 days, as well as an advance of 28 days and
2 days, respectively (Figure 2a,b). Degradation tended to advance the starting dates of the
completely thawed and thawing stages as well as the ending dates of the thawing stage
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but delayed the ending date of the completely thawed stage, with average advances of
37 days, 29 days, and 9 days, as well as a delay of 61 days, respectively (Figure 2a,b). In
contrast, compared with the extremely degraded grassland, revegetation advanced the
starting dates of the completely frozen stage and freezing stage as well as the ending dates
of the freezing stage, but delayed the ending date of the completely frozen stage, with
an average advance of 25 days, 22 days, and 4 days and a delay of 39 days, respectively
(Figure 2b,c). Revegetation delayed the starting dates and advanced the ending dates of
the completely thawed and thawing stages, with an average delay of 36 days and 40 days,
as well as advances of 56 days and 4 days, respectively (Figure 2b,c). Thus, degradation
extended the duration of the completely thawed stage and shortened the duration of the
completely frozen stage. Revegetation showed the opposite trend, that is, it extended
the duration of the completely frozen stage and shortened the duration of the completely
thawed stage. Especially, degradation increased duration of the completely thawed stage
by 62 days (p < 0.05) and decreased the duration of the completely frozen and freeze–
thaw stages by 51 days (p < 0.05) and 11 days, respectively. Additionally, revegetation
in degraded grassland increased the duration of the completely frozen stage by 58 days
(p < 0.05) and decreased the duration of the completely thawed and freeze–thaw stages
by 53 days (p < 0.05) and 5 days, respectively. In addition, the duration of the completely
frozen and completely thawed stages in the revegetated grassland were 7 days and 9 days
longer than in the intact alpine meadow, respectively.

Table 2. Soil physicochemical properties in intact alpine meadow (IM), extremely degraded grassland
(DG), and revegetated grassland (RG) at 0−50 cm depths (mean ± SE).

IM DG RG

Soil temperature (g·cm−3) 6.526 ± 1.177 b 12.842 ± 2.444 a 9.494 ± 0.839 b

Soil moisture (%) 49.362 ± 1.646 a 37.740 ± 2.569 b 33.820 ± 3.079 c

Soil specific gravity (g·cm−3) 2.316 ± 0.063 b 2.637 ± 0.013 a 2.636 ± 0.010 a

pH 8.106 ± 0.043 a 8.061 ± 0.109 a 8.107 ± 0.042 a

Freeze–thaw strength (10−4) 32.042 ± 29.654 a 8.676 ± 8.548 a 3.140 ± 1.790 a

Note: Different lowercase letters indicate significant differences between sample sites at the level of 0.05.
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Figure 2. Soil freeze–thaw processes in intact alpine meadow (IM), extremely degraded alpine
grassland (DG), and revegetated grassland (RG). The starting and ending dates of different stages (a),
number of days in the completely frozen, completely thawed, and freeze–thaw stages (b). The
numbers in the ring are time nodes (e.g., 1.1 means 1 January). Different lowercase letters indicate
significant differences between sample sites at the level of 0.05.
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3.2. Carbon Density
3.2.1. Variations in Aboveground and Belowground Biomass Carbon Densities

There was a significant change after revegetation in ABCD (p < 0.05, Figure 3a). From
intact alpine meadow to extremely degraded grassland to revegetated grassland, ABCD
first decreased and then increased, with revegetated grassland having the largest ABCD
(131.16 g·m–2). Compared with intact alpine meadow, ABCD decreased by 78.04% in
extremely degraded grassland. ABCD in revegetated grassland improved, being 93.46%
and 780.85% higher than in intact alpine meadow and extremely degraded grassland,
respectively. A significant difference was measured between extremely degraded grassland
and revegetated grassland (p < 0.05).
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Figure 3. Variations in the different carbon densities in intact alpine meadow (IM), extremely
degraded alpine grassland (DG), and revegetated grassland (RG). Aboveground biomass carbon
density (a), belowground biomass carbon density (b), soil organic carbon density (c), and ecosystem
carbon density (d). Different lowercase and capital letters indicate significant differences among
sample sites and soil layers in the same grassland at the level of 0.05, respectively.

Grassland degradation significantly reduced BBCD (p < 0.05, Figure 3b). The average
BBCD in the 0−50 cm layer in intact alpine meadow was 3096.71 g·m−2, which was signifi-
cantly higher than that in extremely degraded grassland (413.20 g·m−2) and revegetated
grassland (511.27 g·m−2). Specifically, 86.66% of BBCD was lost due to grassland degrada-
tion, but only 23.73% of BBCD increased after revegetation. The trends of BBCD variations
in the layers at depths of 0–10, 10–20, 20–30, 30–40, and 40–50 cm in the three sites were
the same as those in the 0–50 cm layer, except for the 10−20 cm layer. A difference was
observed between extremely degraded grassland and revegetated grassland, namely, the
BBCD in extremely degraded grassland was higher than that in revegetated grassland. In
addition, the distribution of BBCD varied significantly with soil (Table 3), with a decreasing
trend seen throughout the soil depth in different types of grassland. The range of BBCD
variation in intact alpine meadow, extremely degraded grassland, and revegetated grass-
land was 329.70–1409.45 g·m−2, 18.24–194.58 g·m−2, and 32.54–279.79 g·m−2, respectively.
The BBCD in the 0–10 cm layer was higher than that in the 20–50 cm layers in both intact
alpine meadow and revegetated grassland (p < 0.05), while the BBCD in the 0–20 cm layer
was higher than that in the 30−50 cm layer in extremely degraded grassland (p < 0.05).
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In addition, the BBCD in intact alpine meadow, extremely degraded grassland, and re-
stored grassland accounted for 97.89%, 96.71%, and 81.27% of the total vegetation carbon
density, respectively.

Table 3. Results of two-way ANOVA (analysis) of the effects of soil layer and grassland type on
aboveground biomass carbon density (ABCD), belowground biomass carbon density (BBCD), soil
organic carbon density (SOCD), and ecosystem carbon density (ECD).

Factor
ABCD BBCD SOCD ECD

df F p df F p df F p df F p

Layer - - - 4 16.785 < 0.001 4 22.899 < 0.001 - - -
type 2 3.340 0.106 2 67.424 < 0.001 2 89.929 < 0.001 2 148.217 < 0.001

Layer × type - - - 8 7.428 < 0.001 8 2.658 0.025 - - -

Note: df is the degree of freedom, F is the statistic, and p is the value that is judged to be significant.

3.2.2. Change in Soil Organic Carbon Density

As shown in Figure 3c, SOCD was significantly affected by grassland degradation and
revegetation (p < 0.05). In the layer at 0−50 cm in intact alpine meadow, SOCD (9.87 kg·m–2)
was higher than in extremely degraded grassland (5.63 kg·m−2) and revegetated grassland
(6.58 kg·m−2). SOCD in extremely degraded grassland decreased by 43.00% compared with
that in intact alpine meadow and increased by 16.88% in revegetated grassland compared
with that in extremely degraded grassland. Similarly, the trend of SOCD in each soil
layer was the same as that in the 0–50 cm layer, and a significant difference was observed
in the 0–10 cm layer between extremely degraded grassland and revegetated grassland.
As regards the profile change, SOCD in extremely degraded grassland and revegetated
grassland showed a gradual trend of decrease, and the value in the 0−10 cm layers was
higher than that in the 20−50 cm layers (p < 0.05). However, SOCD in the intact alpine
meadow showed a “V”-shaped change and reached a minimum value in the 20−30 cm
layer; the value in the 0–10 cm layer was higher than that in the 20–40 cm layers (p < 0.05).

3.2.3. Variation in Ecosystem Carbon Density

The ECD declined from intact alpine meadow (13.04 ± 0.41 kg·m–2) to revegetated
grassland (7.22 ± 0.21 kg·m–2) to extremely degraded grassland (6.05 ± 0.33 kg·m–2), and
there was a significant difference among the different types of grassland (Figure 3d). The
ECD in extremely degraded grassland decreased by 53.55% compared with that in intact
alpine meadow and increased by 19.22% after revegetation (p < 0.05).

3.3. Factors Influencing Carbon Density

Two-way ANOVA revealed that the types of grassland insignificantly affected the
ABCD (Table 3, p > 0.05). Soil layers, grassland types, and their interaction had a significant
impact on both BBCD and SOCD (p < 0.05). The types of grassland significantly affected
ECD (p < 0.001). The relative importance of predictor variations is shown in Figure 4. For
ABCD, pH ranked first in importance, followed by freeze–thaw strength, soil temperature,
moisture, and soil specific gravity. In contrast, the importance of pH for BBCD, SOCD, and
ECD was relatively small. For BBCD, the difference in importance between freeze–thaw
strength, soil specific gravity, and soil moisture was small, and soil temperature showed
even less importance. For SOCD, soil temperature ranked first in importance, and the differ-
ence in importance between soil moisture and freeze–thaw intensity was small; soil specific
gravity was less important. For ECD, the factor of the greatest importance was freeze–thaw
strength, followed by soil temperature, moisture, and, finally, soil specific gravity.
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The results of Pearson correlation analysis are displayed in Figure 5. No significant
correlation was found between ABCD and environmental variables. The BBCD was sig-
nificantly and negatively correlated with soil temperature and specific gravity (p < 0.01),
and significantly and positively correlated with soil moisture and freeze–thaw strength
(p < 0.001). Similar results were also observed for SOCD and ECD. In addition, soil mois-
ture and freeze–thaw strength had a significant negative correlation with soil temperature
and a significant positive correlation with specific gravity (p < 0.05). Additionally, soil
moisture and freeze–thaw strength had a significant negative correlation with specific
gravity (p < 0.05).

Using the standardized coefficients of stepwise linear regression (Table 4), the results
indicated that BBCD had a significantly negative relationship with soil specific gravity
(standardized coefficient = −0.965, p < 0.001) and explained 92.1% of the variation in BBCD.
SOCD was significantly and positively correlated with freeze–thaw strength (standardized
coefficient = 0.481, p < 0.001) but significantly negatively correlated with soil tempera-
ture (standardized coefficient = −0.587, p < 0.001) in the linear equation. Overall, these
factors explained 99.8% of the SOCD variation, and freeze–thaw strength was able to
explain the greatest amount of variation. In addition, freeze–thaw strength (standardized
coefficient = 0.575, p = 0.001) exhibited a significantly positive relationship with ECD, and
soil temperature (standardized coefficient =−0.486, p = 0.001) showed a significant negative
correlation with ECD, being able to explain 97.4% of its variation.
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Table 4. Results from stepwise regressions of the different forms of carbon densities and
environmental factors.

Equation (standardized coefficients) R2
adj p

ABCD – – –
BBCD BBCD = –0.965 × SG 0.921 < 0.001
SOCD SOCD = –0.563 × Ts + 0.492 × FTS 0.956 < 0.001
ECD ECD = 0.575 × FTS – 0.486 × Ts 0.974 < 0.001

4. Discussion
4.1. Degradation Decreased Carbon Density

Grassland degradation is often coupled with alterations in vegetation and soil [31],
which result in a decrease in carbon storage. In recent years, many scholars have ex-
plored the dynamics of vegetation carbon density and SOCD due to grassland degrada-
tion. Among them, Li et al. [20] reported that the carbon density of plants, litter, and the
belowground carbon density in Tianzhu County of the QTP decreased with increasing
degradation levels and that more than 80% of carbon reduction can take place in extremely
degraded grassland. Wen et al. [32] found that the SOCD of extremely degraded grassland
was lower than that of intact alpine meadow in Maqin Country of the QTP, and Xu et al. [31]
determined that the loss of SOC was concentrated in the 0–40 cm layer in Songnen Plain.
Our results are consistent with the findings of these previous studies. We found that
BBCD, SOCD, and ECD in extremely degraded grassland were significantly decreased
by 86.66%, 43.00%, and 53.55% compared to those in intact alpine meadow, respectively.
These decreases were mainly associated with reduced carbon input and increased erosion.
On the one hand, aboveground and belowground biomasses, which are the main carbon
input, significantly decreased as degradation progressed [20]; therefore, the lower vegeta-
tion productivity had a negative impact on carbon accumulation. On the other hand, soil
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erosion in degraded grassland increased due to a lack of vegetation protection, including
from water and wind erosion [33,34]. These are additional processes that accelerate carbon
loss and cannot be ignored. In addition, the ABCD in extremely degraded grassland was
insignificantly lower than that in intact alpine meadow. This was mainly due to an increase
in the proportion of poisonous plants. Although these are species of a low use-value, they
have high biomass and can gradually expand to become dominant in areas of grassland
degradation [35].

4.2. Revegetation Improved Carbon Density

Revegetation in extremely degraded grassland has been thought to enhance the sustain-
ability of the grassland ecosystem in the QTP [16]. In our study, the ABCD in revegetated
grassland was significantly higher than in extremely degraded grassland and increased
by about 780.85% in the Shule River headwaters, which is consistent with the findings
of other studies [20,36]. Part of the reason for this can be the increase in the coverage
and the inhibition of the fence. In the short term, the coverage of revegetation can be
significantly improved [21]. Generally, fencing protects the palatable grasses and sedges
that can produce more high-quality litter for decomposers, directly affecting the ABCD [37].
However, we did not observe a significant correlation between ABCD and environmental
variables. This may be because the main factor influencing ABCD in this region was the
meteorological factor. Several studies have shown that ABCD is significantly correlated
with precipitation and air temperature [36,38] by regulating plant photosynthesis and
further affecting carbon accumulation. In our study, the air temperature and precipitation
in extremely degraded grassland and revegetated grassland were the same, so they could
not be analyzed as environmental variables.

We found that the BBCD in revegetated grassland was insignificantly high compared
with that in extremely degraded grassland and was negatively correlated with soil specific
gravity. Specific gravity is an important soil grain property, which is known to be required
in the computation of soil porosity [39]. As specific gravity increases, soil porosity increases,
which can increase the oxygen content in the soil, promoting microbial activity and acceler-
ating the mineralization of organic matter [40,41]. This, in turn, has a negative effect on
BBCD. Interestingly, the BBCD in extremely degraded grassland in the 10−20 cm layer was
higher than that in revegetated grassland (Figure 2), which can be explained considering
the BAR. The BAR is the ratio of belowground biomass to aboveground biomass and can
be used as an indicator of a plant community stability [42]. Zhang et al. [42] reported
that an increased BAR directly influenced soil microbial biomass carbon and dissolvable
organic carbon and indirectly enhanced vegetation carbon density. In our study, the BAR in
extremely degraded grassland in the 10−20 cm layer was higher than in revegetated grass-
land (Table 5); this indicated that the root system of poisonous weeds (Pedicularis kansuensis,
Ligularia virgaurea, and Aconitum pendulum) in degraded grassland was relatively stable in
this layer. This also partly explains why the BBCD was not significantly increased.

Table 5. BAR in intact alpine meadow (IM), extremely degraded grassland (DG), and revegetated
grassland (RG) in the 0–50 cm layers (mean ± SE).

Site 0−10 cm 10−20 cm 20−30 cm 30−40 cm 40−50 cm

IM 6.70 ± 3.77 2.34 ± 1.15 2.38 ± 1.91 1.73 ± 0.33 1.57 ± 0.65
DG 0.60 ± 0.64 0.93 ± 0.50 0.19 ± 0.24 0.16 ± 0.07 0.09 ± 0.13
RG 1.33 ± 0.66 0.53 ± 0.25 0.22 ± 0.18 0.19 ± 0.01 0.15 ± 0.09

SOCD is the result of carbon input from vegetation production and carbon output
through decomposition and leaching [31]. Several studies have indicated the significant
potential of revegetation to improve SOCD, reporting that SOCD is strongly correlated with
soil temperature, which is consistent with our results [43,44]. In alpine permafrost regions,
a low soil temperature limits the decomposition of organic matter, which is one of the main
reasons for there being a large amount of SOCD [45]. Matzner and Borken [46] reported that
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the effect of the freeze–thaw process on carbon storage on an interannual scale is small; this
is different from the results of this study. Our results showed that the freeze–thaw strength
was positively correlated with SOCD. The freeze–thaw strength reflects the frequency and
extent of daily freeze–thaw cycles, which are mainly related to soil microorganisms and
moisture. Li et al. [47] reported that freeze–thaw cycles damaged the richness and diversity
of bacteria, making it difficult to recover them to the original level, which slowed down
the rate of decomposition of organic matter by microorganisms [48]. In addition, we found
a significant correlation between freeze–thaw strength and soil moisture in the 0−30 cm
layers (Figure 6) and chose these layers because the difference in freeze–thaw strength
in grassland types was significant (data not shown). Soil moisture is closely related to
permafrost and vegetation development [49,50], and a high soil moisture not only supports
a high vegetation productivity but also affects the decomposition of organic matter by
affecting the soil redox reactions [50–52].
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Revegetation in extremely degraded grassland improved the ECD, which is consistent
with the results of a previous study [53]. We found that freeze–thaw strength and soil
temperature had a significant effect on the ECD; this is different from the findings of
Liu et al. [25]. Potential explanations for the different results obtained include the following:
(1) the change in the SOCD, because this represented the largest proportion of the ECD, and
(2) the effect of permafrost stability on the ECD (we used freeze–thaw strength to reflect
permafrost stability). Thus, freeze–thaw strength should be used as a basic and effective
variable in studies or models of alpine permafrost stability.

5. Conclusions

Our findings suggest that the extremely degraded grassland examined in this study
significantly reduced the ecosystem carbon density and accounted for 53.55% of the ecosys-
tem carbon density, mainly due to a significant reduction in belowground biomass carbon
density and soil organic carbon density. After revegetation, the ecosystem carbon density
significantly increased by 19.22%, mainly due to a significant reduction in aboveground
biomass carbon density and soil organic carbon density. This indicates that the revegetation
of extremely degraded grassland in alpine permafrost regions is an effective approach to
restoring and further improving the ecosystem service functions of grassland, including
carbon storage. However, the key drivers affecting the different components of carbon
density are different. Soil specific properties are the most critical controller of belowground
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biomass carbon density. For soil organic carbon density and ecosystem carbon density,
freeze–thaw strength and soil temperature are the most important influencing factors;
therefore, freeze–thaw strength should be considered a basic and effective variable for
modeling or predicting carbon density changes in alpine permafrost regions in the future.
These results can provide a scientific reference and data basis for the restoration of ex-
tremely degraded grassland in permafrost regions and allow us to assess the enhancement
of ecosystem service functions in alpine grassland.
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