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Abstract: Central Asia is one of the most sensitive regions to climate changes in the world and the
grassland degradation of this region has attracted considerable concern. Quantifying the driving
force of grassland degradation is important for understanding the effects of climate variation and
human activities on grassland. In this study, net primary productivity (NPP) was selected as an
indicator to quantitatively evaluate the relative role of climate variation and human activities in
Central Asia from 2000 to 2020. This study used the global NPP product MOD17A3 as actual NPP
and estimated the potential NPP using the Thornthwaite memorial model. The potential NPP and the
difference between the potential NPP and actual NPP were used to represent the influence of climate
variation and human activities. The grassland degradation or restoration can be demonstrated by the
slope of actual NPP (Sp). A positive slope value (Sp) suggested that restoration occurs, whereas a
negative slope value suggested that degradation occurred. The results showed that 23.08% of the total
grassland area experienced grassland degradation, whereas 2.51% of the whole grassland underwent
grassland restoration. Furthermore, 53.8% of the degraded grassland areas were influenced by
climate variation, and 14.5% were caused by human activities. By contrast, the relative roles of
climate variation and human activities in grassland restoration were 25% and 47.9%, respectively.
The NPP variation also could be calculated by assessing the effects of these factors and the results
showed that 55.7% of the NPP decrease was caused by climate variation, whereas 9.6% was a result
of human activities. On the contrary, climate variation and human activities resulted in 19.8% and
37.3% of grassland restoration, respectively. Therefore, climate variation was the dominant factor
of grassland degradation, and human activities were the main driver of grassland restoration in
Central Asia.

Keywords: grassland degradation; net primary productivity (NPP); climate variation; human
activities; quantitative assessment

1. Introduction

The central area of Asia, Central Asia, includes Kazakhstan, Kyrgyzstan, Tajikistan,
Turkmenistan, Uzbekistan, and Xinjiang Province in northwest China [1,2]. Lying in the
hinterland of the Eurasian continent and far from the sea, Central Asia is located in the
rain shadows of high mountain ranges, and the climate is arid and semi-arid [3,4]. It was
characterized by dry temperature, scarce precipitation, intensive evaporation, and water
shortage. Adding its unique topography and complex natural conditions, the grassland
ecosystem in Central Asia is sensitive and vulnerable to climate variation [5,6].

In recent years, with the intensification of human activities, the human disturbance
factor has become more and more dominant in the grassland dynamics of Central Asia. As
the region is located in the core area of the Silk Road Economic Belt, it has an important
strategic position and causes the development of economic activities. With the intensified
human activity, such as overstocking, the conversion of grassland to cropland, and the
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overexploitation of water resources, the fragile ecosystems face more and more severe
challenges. Consequently, the vulnerability of grassland ecosystems to climate variation and
human activities is evident, with even some parts of this area having undergone grassland
degradation. For example, previous studies found that the grassland degradation has been
attributed to global climate change and overgrazing in Pakistan [7] and in the Xinjiang
province of China [8]. The area of grassland in Uzbekistan is gradually decreasing [9,10].
With the cultivation of farmland, the area of grassland has decreased slightly from 2000 to
2009 [11]. Liu, Zhang [12] found that the Central Asia grassland showed a general trend of
degradation, especially in the western and northern regions of Kazakhstan, as well as in
some basins. Grassland degradation has become an important factor of restricting animal
husbandry, promoting sustainable development, and ecological environment improvement.
Therefore, a deeper understanding of grassland degradation is critical for promoting the
sustainable development of grassland resources and restoring degraded grassland [13].

Previous studies have shown that climate variation and human activities are the main
drivers of grassland degradation [14,15]. With the intensification of climate variation and
the increase in human activities [16], quantifying the effects of different driving forces on
grassland degradation has become an investigative emphasis and hot spot. To date, some
studies have been conducted to assess the relative roles of climate variation and human
activities [17-21].

Net primary productivity (NPP), which refers to the net amount of solar radiation
converted by plants into plant organic matter through photosynthesis, is a reliable in-
dicator of ecosystem function and plays a critical role in maintaining ecosystem health
and regulating carbon balance [22]. The decrease in vegetation productivity is the main
manifestation of vegetation degradation, and NPP is an important index of vegetation
productivity [23]. NPP can serve as an indicator of vegetation growth status and is very
sensitive to climate change and human activity [24]. Therefore, many researchers have used
NPP as a degradation indicator to explore the long-term dynamic changes in vegetation
in terrestrial ecosystems [25-27]. By selecting the slope and scenarios simulation for NPP,
Xu, Kang [28] established a method to distinguish the relative roles of climate variation
and human activities in desertification, defining three types of NPP: actual NPP, potential
NPP, and human activity NPP. Actual NPP represents the real situation of vegetation
productivity. Potential NPP is a hypothetical situation of vegetation growth, which is free
from human disturbance. Human activity NPP represents the effect of human activities on
vegetation growth, which is the difference between potential NPP and actual NPP. Gang,
Zhou [21] and Zhou, Gang [8] have extended the study area of this method to global and
regional scales. Therefore, the NPP coupled with scenario simulation method has been
proven to be reliable in monitoring land degradation [23,29-31].

Consequently, we used the NPP coupled with scenario simulation method to evaluate
the grassland degradation in Central Asia from 2000 to 2020. Based on the slope of NPP, we
established eight kinds of scenarios which can evaluate the effect of climate variation and
human activities on grassland degradation or grassland restoration. The main purpose of
this study was to investigate the dynamics of grassland degradation in Central Asia during
the period of 20002020, and to evaluate the relative role of climate variation and human
activities in grassland degradation or grassland restoration. The results of this study not
only provide a comprehensive picture of grassland degradation in Central Asia, but also
provide a more solid basis for policy decisions in the process of grassland production and
grazing management.

2. Materials and Methods
2.1. Study Area

Central Asia (34.3°-55.4° N, 46.5°-96.4° E) consists of the Xinjiang Province in China,
and five central Asia states (CAS): Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan, and
Uzbekistan [2] (Figure 1). The region has a vast territory, complicated topography, and
is located deep in Eurasia, with an arid climate. Mountains and plateaus intercept weak
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wet and cold-water vapor from the Atlantic Ocean and the Arctic Ocean, make the rainfall
focused on the windward slope, and receive litter precipitation on the leeward slope and
mountain basins. In recent decades, the study area has experienced rapid and accelerated
warming that is about twice the global average rate of land warming [1]. Grasslands are
the dominant vegetation types in Central Asia, which covers over 50% of the area [32].
The mean annual precipitation (MAP) ranges from approximately 400 mm in northern
Kazakhstan to less than 100 mm in southern Uzbekistan and northern Turkmenistan, except
in mountainous areas where the MAP is between 600 and 800 mm [33]. During the period
of 1981-2010, the average annual temperature in northern Kazakhstan was between 2 °C
and in southern Turkmenistan it was above 18 °C [34].
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Figure 1. The location of the study area and the distribution of Central Asia grassland in 2000.

2.2. Data Sources
2.2.1. Land Use Data

Land use data were obtained from Moderate Resolution Imaging Spectroradiometer
(MODIS) Land Cover Type (MCD12Q1). This product provides a global distribution of land
cover types, which was obtained by the supervised classification of reflectance data from
MODIS’s Terra and Aqua satellites. (http://modis-land.gsfc.nasa.gov/landcover.html/,
accessed on 16 December 2022).
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The International Geosphere-Biosphere Program (IGBP) land cover classification sys-
tem identified 17 classes, which contained 3 human-altered classes, 11 natural vegetation
classes, and 3 non-vegetated classes (Table 1). In this study, we selected class value 6-10
as a single grassland land cover type, including shrubland cover, savanna cover, and
grassland cover.

Table 1. International Geosphere-Biosphere Program (IGBP) land cover classification system.

Name Value Description
Evergreen Needleleaf Forests 1 Dominated by evergreen conifer trees (canopy > 2 m). Tree cover > 60%.
Evergreen Broadleaf Forests 2 Dominated by evergreen k;oadleaf and poalmate trees (canopy > 2 m).
ree cover > 60%.
Deciduous Needleleaf Forests 3 Dominated by deciduous needleleaf (larch) trees (canopy > 2 m). Tree cover > 60%.
Deciduous Broadleaf Forests 4 Dominated by deciduous broadleaf trees (canopy > 2 m). Tree cover > 60%.
Mixed Forests 5 Dominated by neither deciduous nor evergreen (40-60% of each) tree type
(canopy > 2 m). Tree cover > 60%.
Closed Shrublands 6 Dominated by woody perennials (1-2 m height) >60% cover.
Open Shrublands 7 Dominated by woody perennials (1-2 m height) 10-60% cover.
Woody Savannas 8 Tree cover 30-60% (canopy > 2 m).
Savannas 9 Tree cover 10-30% (canopy > 2 m).
Grasslands 10 Dominated by herbaceous annuals (<2 m).
Permanent Wetlands 11 Permanently inundated lands with 30-60% water cover and >10% vegetated cover.
Croplands 12 At least 60% of area is cultivated cropland.

Urban and Built-up Lands

Cropland /Natural Vegetation

Mosaics
Permanent Snow and Ice

Barren

Water Bodies

At least 30% impervious surface area including building materials,
asphalt, and vehicles.
Mosaics of small-scale cultivation 40-60% with natural tree, shrub,
or herbaceous vegetation.
15 At least 60% of area is covered by snow and ice for at least 10 months of the year.
16 At least 60% of area is non-vegetated barren (sand, rock, soil) areas with less than
10% vegetation.
17 At least 60% of area is covered by permanent water bodies.

14

2.2.2. Meteorological Data

The global meteorological forcing dataset was mainly obtained from UDel_AirT_Precip
(University of Delaware Air Temperature and Precipitation), including monthly precipita-
tion and temperature data (http://www.esrl.noaa.gov/psd/, accessed on 25 November
2021). We used ArcGIS 10.6 software (ESRI, Redlands, CA, USA) to calculate the mean
annual temperature and mean annual precipitation from the downloaded monthly data.

Atlast, we used ArcGIS 10.6 software to resample all the related databases to a uniform
1 km spatial resolution. And the projection and coordinate systems used in this study were
the Albers equal area conic projection and the World Geodetic System 1984, respectively.

2.3. Methods
2.3.1. Estimation of Actual NPP

In this study, the actual NPP is estimated based on the global NPP product MOD17A3
(with a spatial resolution of 1 km). The production is determined by first computing a daily
net photosynthesis value which is then composited over an 8-day interval of observations
for a year (http:/ /landval.gsfc.nasa.gov/, accessed on 16 December 2022). The MOD17A3
NPP was calculated using the BIOME-BGC model [35,36]. It has been validated and applied
extensively in different parts of the world [37,38]. The calculated equation is presented

as follows:
365

NPP = ) PSNet — (R, +Ry) , (1)
t

PSNet = GPP — R;,, @)
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where NPP is the annual NPP (gC/m? /year). PSNet (gC/m?/day) is the net photosynthesis,
which results from the difference between Gross Primary Production (GPP) and the leaf
and fine root maintenance respiration. Ry, is the annual maintenance respiration of live
cells in woody tissue, and R refers to annual growth respiration of live cells in woody
tissue. R, is the daily leaf and fine root maintenance respiration.

2.3.2. Estimation of Potential NPP

The Thornthwaite memorial model was employed to estimate potential NPP [39,40]. It
was a climate productivity model, based on the Miami model, and was modified to include
Thornthwaite’s potential evaporation model. This model has been widely used in global
and regional research [23]. The calculated equations are presented as follows:

NPP = 3000 [1 _ e—0.0009695(v—20)} 3)

B 1.05r
\/1 +(1+1.05r/L)*

A 4)

L = 3000 + 25¢ + 0.05¢ (5)

where NPP is the total annual potential NPP (gC/m?/year) and v is the annual mean actual
evapotranspiration (mm). 7 is the total annual precipitation (mm), L is the annual mean
evapotranspiration (mm), and ¢ is the annual mean temperature (°C).

2.3.3. Estimation of Human Activity NPP

Human activity NPP represents the effect of human activities on vegetation produc-
tivity, which is calculated using the difference between potential NPP and actual NPP.

HNPP = PNPP — ANPP (6)

where HNPP is the human activity NPP. PNPP refers to potential NPP. ANPP is the
actual NPP.

2.3.4. Grassland Dynamic Assessment

Vegetation dynamic is an important ecological process of land degradation. Using
NPP as a basic index of grassland productivity, the grassland degradation or restoration
can be evaluated. The slope was determined using ordinary least squares regression. The
calculated equation is expressed as follows:

nx Yy ix NPP; — (¥ii) (XL, NPP;)

nx Ly i = (T i)

where i is the sequence number of the year (i = 1, 2, ... 21). n is the number of years,
which is 21 in this formula. NPP; is the total annual NPP in time of i year. A positive
slope value indicates a trend of restoration, while a negative slope value indicates a trend
of degradation.

The significance of the variation tendency was analyzed by using the statistic F test
to express the confidence level of variation. The calculation for statistics is presented
as follows:

Slope = @)

F=Ux (n—2)/Q ®)
Q=Y (vi—v)° ©)

U=y -9’ (10)
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where C is a regression sum of the squares and Q is the sum of the square error. y; is the
average NPP in the year i, 1j; refers to the regression value of NPP, and ¥ is the average
value over n years. n is the number of years studied, which is 21 in this study.

According to the results of the significance test, the variation trend was divided
into the following five levels: Extremely Significant Increase (ESI, slope > 0, p < 0.01);
Significant Increase (SI, slope > 0, 0.01 < p < 0.05); Not Significant Change (NSC, p > 0.05);
Significant Decrease (SD, slope <0, 0.01 < p < 0.05); and Extremely Significant Decrease (ESD,
slope <0, p < 0.01).

2.3.5. Establishing Scenarios

The degradation or restoration of grassland can be represented by the slope of actual
NPP (Sa). A positive slope value of Sy represents that grassland restoration occurs, whereas
a negative slope value of Sp represents that grassland degradation occurs. The effect of
climate variation and human activities can be demonstrated based on the slope of potential
NPP (Sp) and human activity NPP (Sy). A positive slope value of Sp suggested that the
climate is beneficial for grass growth. By contrast, a negative slope value of Sp indicated
that the climate decreased the grassland productivity. Meanwhile, a positive slope value of
Sy indicated that human activities decreased grassland productivity, whereas a negative
slope value of Sy demonstrated that human activities are beneficial for grass growth.

Consequently, we established eight scenarios to distinguish the relative roles of climate
variation and human activities based on the slope of these three types NPP (Table 2).
Scenario 1 is climate-dominated restoration (CDR), which is under the Sy > 0, Sp > 0,
Sy > 0 situation. Scenario 2 is human-activities-dominated restoration (HDR), which is
under the Sy >0, Sp <0, Sy < 0 situation. Scenario 3 combines the two factors of dominated
restoration (BDR), which is under the Sy > 0, Sp > 0, Sy < 0 situation. Scenario 5 is climate-
dominated degradation (CDD), which is under the Sp <0, Sp <0, Si < 0 situation. Scenario
6 is human-activities-dominated degradation (HDD), which is under the S5 <0, Sp > 0,
Sy > 0 situation. Scenario 7 combines the two factors of dominated degradation (BDD),
which is under the Sy < 0, Sp < 0, Sy > 0 situation. In scenarios 4 and 8, both human
activities and climate were not the dominant factor in grassland degradation or restoration.
This situation was not analyzed to avoid uncertainties in this study.

Table 2. The eight scenarios for distinguishing the relative roles of climate variation and human
activities in degradation or restoration.

Change Trends Scenario Sp S Dominant Driving Forces
Scenario 1 >0 >0 Climate variation
Sa>0 Scenario 2 <0 <0 Human activities
(Restoration) Scenario 3 >0 <0 Combining the two factors
Scenario 4 <0 >0 Uncertainty
Scenario 5 <0 <0 Climate variation
SaA <0 Scenario 6 >0 >0 Human activities
(Degradation) Scenario 7 <0 >0 Combining the two factors
Scenario 8 >0 <0 Uncertainty
3. Results

3.1. Dynamic Analysis of Grassland

The Mann-Kendall (M-K) test was performed in the actual NPP trend analysis of
Central Asia from 2000 to 2020. Throughout the whole area, actual NPP represents a
significant decrease at the confidence level of 95% (R? = 0.19). The spatial distribution of the
Central Asia grassland NPP dynamic was represented in Figure 2A. The whole variation
trend of grassland NPP was decreasing, while a significantly increasing trend occurred in
some regions. The area of decreased grassland NPP was widely spread and accounted for
73.6% of the Central Asia grassland area, to the extent of 28.02 x 10°> km?. Such a trend
mainly occurred in Kazakhstan. By contrast, the increasing trend was mainly distributed in
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the Xinjiang province of China. In summary, the total NPP decreased by 6.01 Tg C year™!
(Tg = 10'2 g) from 2000 to 2020 as the area representing the NPP decreasing trend is larger
than the area where the NPP increasing trend occurred. The average annual NPP variation

of this study area was —1.62 g Cm~2year ..
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Figure 2. The spatial variation trend of grassland NPP under different significance levels from 2000
to 2020. (A) is the slope of NPP (g Cm~2year~!) and (B) is the corresponding significance levels.

The variation trend of the grassland NPP in these regions did not occur evenly. In
Kazakhstan, approximately 85.4% of the area exhibited a grassland NPP decreasing trend.
In Uzbekistan, the whole change trend was decreasing, and the areas of decreased NPP
accounted for 62.69% of the grassland area. On the contrary, an increasing trend of grassland
NPP was observed in Kyrgyzstan, Tajikistan, Turkmenistan, and the Xinjiang province of
China, where the increased NPP area accounted for 65.23%, 52.95%, 79.81%, and 63.89% of
the grassland area, respectively.

The detail spatial variation of grassland NPP and its significance were represented
in Figure 2B. The extremely significant increase (ESI) area and significant increase (SI)
area accounted for 1.13% and 1.38% of the whole area, respectively. These areas were
mostly distributed in the Xinjiang province of China. By contrast, the extremely significant
decrease (ESD) area and significant decrease (SD) area accounted for 12.38% and 10.70% of
the whole area, which were mainly found in Kazakhstan. In the rest of the region, there
was no significant trend of increase or decrease.

In this study, the areas that do not have a significant slope were considered as “grass-
land with no trend” or “unchanged grassland”. The extremely significant increase area and
significant increase area were considered as “restored grassland”, and the extremely signifi-
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cant decrease area and significant decrease area were considered as “degraded grassland”
(Table 3). Therefore, the degraded grassland area was 8.79 x 10° km?, accounting for 23.08%
of the whole area. These areas were mostly distributed in the north and northwest of Kaza-
khstan, including the Turgai Plateau, Turgay Depression, Kazakhskiy Melkosopochnik,
Ural River, and the Ertix River. The restored grassland area was 0.96 x 10° km?, which
occupied 2.51% of the whole area. The restored grassland mostly occurred in the north of
the Tianshan Mountain, Xinjiang province.

Table 3. The changing area of grassland NPP in Central Asia from 2000 to 2020.

Change Trends Significance Levels Area (10° km?) Proportion (%)
ESI 0.43 1.13
Restored grassland S 0.53 1.38
SD 4.08 10.70
Degraded grassland ESD 4.71 12.38

3.2. Respective Roles of Climate Variation and Human Activities in Central Asia Grassland

The spatial distribution of grassland dynamics in Central Asia, under the influence of
climate variation and human activities, is represented in Figure 3. Climate variation had
an impact on grassland degradation, resulting in 53.81% of grassland area degradation,
which was typically observed in the Turgai Plateau and Kazakhskiy Melkosopochnik of
Kazakhstan. The human-dominated degradation grassland was mainly distributed in the
Turgay Depression of Kazakhstan, accounting for 14.45% of the total degraded grassland.
The contribution of the combined climate variation and human activities to grassland
degradation was 31.74%, which was mainly found in Kazakhstan from the east to the west.
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Figure 3. The spatial distribution of climate variation, human activities, and the two combined effects
on the Central Asia grassland from 2000 to 2020.

The grassland restoration caused by the combined climate variation and human
activities was also analyzed. The restored grassland area was 0.96 x 10° km?, accounting
for 2.52% of the whole area. The human-activities-dominated area accounted for 47.92%
of the restored grassland area and was mainly distributed in the Xinjiang province of
China. By contrast, the effect of climate variation resulted in 25% of restoration, compared
with 27.08% of the restored grassland induced by the combination of climate variation



Agronomy 2023, 13, 2763

9of 14

and human activities. In all, climate variation was the main driving force of grassland
degradation and the human-activities-dominated grassland restoration.

To further assess the contribution of climate variation and human activities to grass-
land, we calculated the grassland degradation and restoration based on NPP variation
(Table 4). The grassland NPP of the degraded areas decreased by 9.77 Tg C (Tg = 10'? g)
from 2000 to 2020. A total of 55.68% of the NPP decrease was caused by climate variation,
whereas 9.62% was a result of human activities. The decreased NPP contributed by the
combination of the two factors was 3.39 Tg C, which occupied 34.7% of the total loss of
carbon. This further explained that climate variation dominated the grassland degradation.

Table 4. The contribution of the respective roles of climate variation and human activities by area,
NPP variation rate, and total NPP from 2000 to 2020.

Dominating Factor Area (10° km?) NPP Var_lg tion Eate Total NPP (Tg C)
(g Cm2year—1)
CDR 0.24 0.80 0.25
HDR 0.46 0.79 0.47
BDR 0.26 1.60 0.54
CDD 4.73 —0.88 —5.44
HDD 1.27 —0.57 —0.94
BDD 2.79 —0.93 —3.39

Meanwhile, the restored grassland NPP increased 1.26 Tg C during the study period.
Furthermore, the restored grassland contributed to by climate variation accounted for
19.84% of the whole restored grassland NPP. Human activities and the combination of the
two factors resulted in 37.3% and 42.86% of grassland restoration, respectively. Both the
two factors resulted in maximum grassland NPP restoration, and human activities were
the principal driving force of grassland restoration.

In summary, no matter whether the quantitative evaluation was based on grassland
NPP change or the area of grassland variation, climate variation had a dominant role
in driving grassland degradation, and human activities were the dominant factor for
grassland restoration.

4. Discussion
4.1. Spatial Heterogeneity and Trends of Central Asia Grassland

In this study, we found that 23.08% of grassland in Central Asia was in the trend of
degradation, while 2.51% of grassland was in the trend of recovery during the study period
(Table 3). These results are consistent with the outcomes of previous studies. Liu, Zhang [12]
found that the grasslands in Central Asia were commonly experiencing degradation. The
decline in grassland productivity and vegetation degradation problems in this region may
be attributed to a combination of human activities and climatic factors. Unsustainable
grazing practices and irrational human development have contributed to these issues [41].
The decline in grassland productivity can be attributed, to some extent, to the impact of
climate change [34].

The spatial distribution of grassland in this region exhibited non-uniformity. In
Kazakhstan and Uzbekistan, the whole changing trend was degradation. On the contrary,
a restoration trend of grassland was observed in Kyrgyzstan, Turkmenistan, Tajikistan, and
the Xinjiang province of China. The findings align with the outcomes of prior investigations.
The grassland in some basins of Kazakhstan was commonly experiencing degradation and
presented the trend of restoration in Kyrgyzstan, Tajikistan, and the Xinjiang province of
China [12]. The variation trend of grassland NPP was decreasing in Uzbekistan [10]. And
the grassland area of Uzbekistan showed a decreasing trend from 1991 to 2010 [9].
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4.2. Impact of Climate Factors on Grassland Dynamics

In recent decades, Central Asia has experienced a regional trend of rising temperature
and declining precipitation levels [4,42]. Xu, Wang [43] found that the decrease in precipi-
tation and the increase in potential evapotranspiration in Central Asia from 2000 to 2012
attributed to the escalating air temperature. In the current study, the annual precipitation
showed a decreasing trend, and the annual temperature experienced an increasing trend
during the period of 2000-2020 in these regions. The region of Kazakhstan had an espe-
cially large decreasing trend in precipitation. The rise in temperature typically resulted
in enhanced evaporation, thereby inducing soil moisture stress [44]. Accompanied with
the decreased precipitation, this would lead to water deficit. As the primary constraint
on vegetation growth is the availability of water, these results of climate variation would
cause vegetation degradation. Furthermore, Xu, Wang [43] and Propastin [45] found that
grasslands exhibit the highest vulnerability to water scarcity in Central Asia due to their
shallower rooting habit.

Therefore, climate variation induced the grassland degradation during the study
period, and the vegetation growth was affected by both temperature and water availability;
precipitation was the main climate-controlling factor for grassland growth in Central
Asia [46,47].

4.3. Impact of Human Activities on Grassland Dynamics

Human activities have both beneficial and detrimental impacts on grassland degra-
dation and restoration. The findings revealed that grazing exerted significant impacts on
the vegetation coverage, leaf count, leaf height, and aboveground biomass of grassland. In
particular, the biomass exhibited a notable decrease, indicating that overgrazing played
a pivotal role in driving grassland degradation [30,48]. Our study found that the human-
dominated degradation grassland was mainly distributed in Kazakhstan. This result agrees
with previous research. The livestock population in Kazakhstan exhibited a consistent
and continuous growth trend from 2003 to 2017. The conflict between grassland and live-
stock make Kazakhstan stand out as one of the most prominent grassland degradation
areas in Central Asia [49]. The influence of human activities on grassland degradation is
less important than that of climate variation (Table 4); this result might be closely related
to regional climatic conditions, which largely determine regional vegetation type and
primary productivity.

Our study found that grassland restoration mainly occurred in the Xinjiang province
of China (Figure 3), and human activities were the dominant factor for grassland restoration
(Table 4). This result may be associated with the implementation of grassland restoration
projects and government management policies [50]. The Chinese government had enforced
a series of ecological programs, such as the Grain to Green Program, Natural Forest Con-
versation Program, and Grazing Withdrawal Program [51]. Previous studies have found
that the restoration of grassland has been facilitated by human activities such as forbid-
ding grazing and the conversion of cropland to grassland [8,18,52]. These aforementioned
findings may provide an explanation for the prevailing influence of human activities on
grassland restoration.

4.4. Strengths and Limitation of Method

The dynamics of grassland productivity are primarily influenced by climate variation
and human activities. The monitoring and assessment of these two factors, however,
have traditionally been dependent on field surveys or social statistics, which are deemed
inefficient, particularly in regions where conducting field surveys poses challenges or
where there is a dearth of statistical data [53,54]. The prevailing approach is to assume that
grassland productivity dynamics are only affected by climate variation and human activities.
The potential NPP represents a hypothetical condition that grassland achieved maximum
productivity, and the actual NPP is the real condition of vegetation productivity. The
disparity between actual NPP and potential NPP is solely influenced by human activities.
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This methodology to distinguish and assess the relative role of climate variation and human
activities by comparing actual grassland NPP with potential NPP has successfully detected
grassland degradation in previous research [8,18,19,21,28,55].

This method is capable of detecting regional, spatial, and NPP variations influenced
by climate change and human activities. Xu, Kang [28] employed this approach to de-
velop a simulation model incorporating the slope of NPP and desertification scenarios.
Gang [21], Zhou [8], and Wang [56] have applied this methodology to assess the grassland
degradation and expanded the study region to global and regional scales. Therefore, the
NPP coupled with scenario simulation method has been effectively utilized for monitoring
grassland degradation.

The various approaches each have their respective limitations. The methodology we
used in this study was based on the hypothesis that the difference between potential NPP
and actual NPP is only affected by human activities. Although it has been widely used and
verified in previous studies, the presence of unaccounted factors, such as grassland fires,
grassland rodents, and variations in grassland species, can introduce uncertainties into the
results (Table 5). Furthermore, there are some uncertainties in calculating potential NPP by
using the statistic model, which is only affected by air temperature and precipitation.

Table 5. The driving forces of grassland degradation.

Driving Force Description Data Source

Global warming leads to
increased grassland

Climate change

evaporation, arid climate, and
fragile ecosystem

Natural disaster

Fire, drought, wind, hail, and
other disasters

Other natural factors

Grassland rodents, plant
diseases, and insect pests

Over grazing

Overgrazing reduces the yield
of grass

Chinese Encyclopedia of
Resource Science, General
introduction to grassland
agro-ecosystems, Grasses and
Grassland Ecology, Remote
Sensing Monitoring of
Grassland Degradation,
Degraded Succession and
Ecological Restoration of
Alpine Grassland in the

Three-River Source

Excessive reclamation, .
Region, etc.

indiscriminate mining,
irrational use of water
resources, lack of protection
and management measures

Other human interference

5. Conclusions

The present study assessed the impact of climate variation and human activities on
grassland degradation and restoration in Central Asia from 2000 to 2020, utilizing NPP as an
indicator. The outcomes showed that the grassland in Central Asia exhibited a decreasing
trend during the study period. A total of 23.08% of the whole grassland area experienced
grassland degradation and the degraded grassland was mainly distributed in Kazakhstan.
On the contrary, 2.51% of the whole grassland experienced grassland restoration and the
restored grassland mainly occurred in the Xinjiang province of China.

The relative contribution of climate variation and human activities to grassland degra-
dation were 53.8% and 14.5%, respectively. By contrast, 47.9% of grassland restoration
was induced by human activities, and 25% was caused by climate variation. Furthermore,
the quantitative assessment based on NPP variation was used in this study. The results
revealed that 55.7% of NPP decrease was caused by climate variation, whereas 9.6% was
a result of human activities. By contrast, climate variation and human activities resulted
in 19.8% and 37.3% of grassland restoration, respectively. Therefore, whether based on
changes in net primary productivity or quantitative evaluations of grassland area change,
the dominant driving force behind grassland degradation is climate variation, and human
activities remain the primary factors for grassland restoration. The promotion of grassland
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protection programs and management measures in Central Asia needs to be conducted
with great vigor.
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