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Abstract: Grassland resilience is influenced by climate change and human activities. However, little
is known about how grassland resilience has changed, driven by climate change and human activities,
on the Mongolian Plateau. We calculated grassland resilience on the Mongolian Plateau from 2000 to
2021 using the kernel normalized difference vegetation index (kNDVI), quantified the trends of
grassland resilience using a newly proposed “critical slowing down” indicator with a machine
learning algorithm, and compared the driving forces for these changes between Inner Mongolia
and Mongolia. The findings of this study demonstrate that heightened levels of precipitation and
reduced temperature contribute to the enhanced resilience of grassland ecosystems on the Mongolian
Plateau. Conversely, the presence of grazing activities exhibits a detrimental effect on such resilience.
In semi-arid regions, approximately 43% of grassland areas are undergoing a discernible decline in
resilience. This decline is particularly pronounced in regions characterized by heightened levels of
grazing intensity. In addition, resilience declined in 54% of areas with population growth compared
with 32% in areas with population decline. Inner Mongolia, with its higher intensity of human
activities, has a more serious decline in ecological resilience than Mongolia, indicating that further
ecological restoration measures are needed.

Keywords: critical slowing down; temporal autocorrelation; machine learning; arid and humid
conditions; grazing intensity; population density

1. Introduction

Ecological resilience refers to the capacity of ecosystems to maintain and restore their
structures and functions when disturbed [1,2]. Studies have shown that climate change
poses a significant threat to ecological resilience [3]. According to Levine et al., climate-
change-induced stress may lead to a notable transformation of the Amazon forest into
woody savannas [4]. Similarly, Zhou et al. observed significant repercussions of climate
change on a subtropical, monsoon-influenced, evergreen, broad-leaved forest located in
southern China [5]. Moreover, the loss of ecological resilience is more severe in regions
with a greater intensity of human activities. The Amazon rainforest, for example, has
been shown to lose resilience faster the closer it gets to human activity [6]. Therefore,
spatiotemporal assessment of ecological resilience and identification of the driving forces
can provide early warning to regions experiencing ecological degradation.

Ecological resilience can be assessed by various methods. Gazol et al. selected
775 tree-ring width chronologies from a tree-ring database, revealing the stress of extreme
drought conditions on forest resilience in North America and Europe [7]. On the other
hand, Xiao et al. quantified ecological resilience by employing a model that integrated
aboveground and underground components, considering a set of 12 indicators [8]. Remote
sensing provides all-weather, full-time, and full-coverage observations, which can also
be reflected in assessing resilience [9]. Based on the Normalized Difference Water Index,
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the relationship between Swiss forest resilience under the summer drought of 2018 in
Central Europe and site topographic characteristics and forest stand characteristics was
explored [10]. Seddon et al. developed a vegetation sensitivity index based on the enhanced
vegetation index and three climate variables, including air temperature, water availability,
and cloud cover, and found that vegetation resilience is sensitive to climate change [11].

In recent years, a “critical slowing down” (CSD) indicator, which includes increases in
temporal autocorrelation and variance, has been proposed by ecologists as an early warning
of declining ecological resilience [2,12,13]. For example, Smith et al. measured resilience
using lag-one autocorrelation and variance of vegetation optical depth from 1992-2017 and
found an overall decline in vegetation resilience in the equatorial rainforest belt since the
early 2000s [14]. Their follow-up study added two normalized difference vegetation index
(NDVI) datasets and further found that vegetation resilience declined more in regions
with more pronounced interannual precipitation variability [15]. Temporal autocorrelation
in the NDVI and vegetation optical depth was utilized by Verbesselt et al. to detect low
resilience in tropical forests [16]. It was recently demonstrated by Forzieri et al. how global
forest resilience has changed over the past 20 years through lag-one autocorrelation of the
kernel normalized difference vegetation index (kNDVI) combined with machine learning
methods [17]. Accordingly, remote-sensing-based “critical slowing down” indicators are
increasingly being used to detect changes in vegetation resilience.

Grasslands cover 52.5 million km?, or 40.5% of the Earth’s land area excluding Green-
land and Antarctica, and provide food, goods, and services to many people, including more
than 1 billion low-income individuals [18-20]. Studies have shown a positive correlation
between resilience and biodiversity, with grassland ecosystems typically having lower
levels of resilience than forest ecosystems due to lower biodiversity [21,22]. This highlights
the need for grassland resilience research. Simulations of extreme drought and midsummer
heat waves were conducted in central U.S. grasslands, and it was revealed that the loss
of ecosystem function due to extreme weather did not mean a decrease in resilience [23].
Hamid et al. studied the correlation between backscattering coefficients of Sentinel-1 SAR
data and the NDVI in Eastern Cape, South Africa, and found that management can improve
the resilience of grassland ecosystems [24]. It was also found that ponds could reduce the
pressure of climate change and improve the resilience of grasslands, according to a study
in Lessinia Regional Park in northern Italy [25]. Yao et al. characterized the ecological
resilience of grassland to drought in China’s drylands based on the area of the resilience
curve fitted with drought intensity and recovery time [26]. Previous studies have char-
acterized grassland resilience and explored its influencing factors, while little is known
about the spatial trends. Moreover, the “critical slowing down” index for forests has not
been tested in grasslands. Therefore, it is constructive to quantify the trend of grassland
resilience and explore its drivers using the lag-one autocorrelation of the recently proposed
remotely sensed vegetation index [11].

Typical temperate arid and semi-arid climates gave birth to a vast grassland belt on
the Mongolian Plateau [27]. It not only supports tens of millions of local residents but also
serves as an ecological barrier for hundreds of millions of people in northern China [28,29].
The Mongolian Plateau is an integral part of the ecosystem. However, because it belongs to
two countries, Inner Mongolia and Mongolia, which have different ecological protection
policies and inconsistent use of grasslands, it is an effective region for studying the impact
of human activities on the ecosystem under global environmental change [27,30]. Studies
have shown that climate change and excessive livestock grazing greatly threaten grassland
resilience on the Mongolian Plateau [31-34]. This leads to the necessity of quantifying the
trends of grassland resilience in the region. Taken together, our goal is to spatially identify
the trends of grassland resilience on the Mongolian Plateau and reveal how climate change
and human activity drive it.
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2. Materials and Methods
2.1. Study Area

The Mongolian Plateau is located inland in Northeast Asia and supports the eastern
part of the Eurasian steppe [35,36]. It extends through the Republic of Mongolia and the
Inner Mongolia Autonomous Region of the People’s Republic of China (87°45'-126°05'N,
37°24'-53°23'E) and covers an area of 2.75 million km? (1.17 million km? in Inner Mongolia
and 1.58 million km? in Mongolia), with a population of 27.3 million persons (24 million in
Inner Mongolia and 3.3 million in Mongpolia).

Grasslands account for 67% of the area (Figure 1a). Grasslands on the Mongolian
Plateau have high spatial variability in precipitation and temperature, with annual precip-
itation ranging from less than 50 mm in the central plateau to more than 400 mm in the
north and east of the plateau (Figure 1b) and average temperatures ranging from nearly
minus 10 °C in the northwest to more than 10 °C in the southeast (Figure 1c). Grassland
distribution areas include arid and semi-arid areas (Figure 1d), with the highest nontree
fractional vegetation cover in semi-arid areas (Figure le).
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Figure 1. The geographical location and spatial patterns of (a) land cover types, (b) annual precipi-
tation, (c) annual mean temperature, (d) aridity index, and (e) nontree fractional vegetation cover
(FVC) of the Mongolian Plateau. White areas are the non-grassland areas.
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2.2. Dataset
2.2.1. Land Cover Types

Land cover type data derived from the International Geosphere-Biosphere Programme
(IGBP) at yearly intervals were acquired from the Terra and Aqua combined Moderate
Resolution Imaging Spectroradiometer (MODIS) Land Cover Type (MCD12Q1) Version 6.1
data product (https:/ /Ipdaac.usgs.gov/products/mcd12q1v061/, accessed on 12 January
2023). They are extracted by masking on the Google Earth Engine (GEE) platform (https:
/ /earthengine.google.com/, accessed on 12 January 2023) using the boundary of the
Mongolian Plateau. The data are at a 500 m spatial resolution, and the pixels that were
grasslands both in 2001 and 2021 were defined as the range of grasslands in the study.

2.2.2. Climate Data

Climate data, including monthly averaged 2 m air temperature, surface solar radiation
downwards, total evaporation, potential evaporation, and total precipitation at 0.1° x 0.1°
horizontal resolution for 2000-2021, were acquired from the ERA5-Land reanalysis prod-
uct (https://cds.climate.copernicus.eu/cdsapp#! /dataset/reanalysis-era5-land-monthly-
means?tab=overview, accessed on 7 January 2023).

The aridity index was derived through the division of total precipitation by potential
evaporation, as outlined in the seminal work conducted by Antonio Trabucco and Robert
Zomer [37]. Based on their research findings, the resulting index values were further
classified into distinct arid and semi-arid zones, employing a demarcation threshold of 0.2.

2.2.3. Vegetation Data

The nontree fractional vegetation cover (FVC) data at 250 m pixel resolution for
20002021 were acquired from the MOD44B Version 6 Vegetation Continuous Fields
(VCF) yearly product (https://lpdaac.usgs.gov/products/mod44bv006/, accessed on
2 January 2023).

The NDVI data at a 500 m spatial resolution for 2000-2021 were acquired from the
MODIS Vegetation Indices 16-Day (MOD13A1) Version 6.1 product (https:/ /Ipdaac.usgs.
gov/products/mod13alv061/, accessed on 12 Januray 2023), which was atmospherically
corrected. They are monthly averaged on the GEE platform.

2.2.4. Human Activity Data

Population count grids containing estimates of the number of persons per 30-arc-second
grid cell data were acquired from the Gridded Population of the World, Version 4 (GPWv4).
As shown in Figure 2a, areas with high population density are mainly in Inner Mongolia.
Based on data from 2000 and 2020, we divided the population growth zones, the population
unchanged zones (mostly uninhabited areas), and the population reduction zones [38].
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Figure 2. Distribution of (a) population density in 2020 (unit: number of persons per 30-arc-second
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grid cell); (b) grazing intensity (unit: standard sheep units).
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Grazing intensity data were acquired from the Gridded Livestock of the World (GLW 3)
database at a spatial resolution of 0.083 decimal degrees (approximately 10 km at the
equator), and we selected the term dasymetric (DA) as the representation method for all
species distributions [39]. Then, various types of herbivorous livestock stocking quantities
were converted into standard sheep units according to the national standard, and the total
grazing intensity was measured by Equation (1) as follows [40]:

Gl = Nsheep +0.9 x Ngoat + 5 X Neattle + 6 X Nhorses @

in which GI is the grazing intensity, N is the number of livestock in the grid, and N’s
subscript refers to the corresponding livestock species. How it is distributed is shown in
Figure 2b. Then, we used the upper and lower quartiles as cut-off points to classify the
region into high-intensity grazing areas, medium-intensity grazing areas, and low-intensity
grazing areas.

2.3. Methodology
2.3.1. Calculation of Resilience

Previous studies have proposed that vegetation resilience can be measured by the
lag-one autocorrelation of the system state [14,15]. As vegetation resilience decreases,
lag-one autocorrelation increases.

The kNDVI is a nonlinear generalization of the NDVI, which has been proven to im-
prove the accuracy in monitoring some key parameters (such as gross primary productivity
and leaf area index) [41]. It is therefore an ideal parameter for measuring resilience. It can
be simplified by the following Equation (2):

KNDVI = tanh(NDVIz) @)

The kNDVTI is resampled to a resolution of 0.1° x 0.1° to match the resolution of the
climate data. Only pixels with NDVI values greater than zero are retained. Next, we refer
to the MATLAB code developed by Giovanni Forzieri et al. to remove the seasonal trend
and the long-term linear trend and obtain the KNDVI anomalies [42]. Then, we calculate
the lag-one autocorrelation for the whole kKNDVI anomaly time series (2000-2021) using
Equation (3) and call it the long-term temporal autocorrelation (TAC). The lag-one TAC can
be calculated by Equation (3) as follows:

lag-one TAC = 2= §)y1—¥) i(lzla —?)(y:y) ot (yni—zy)(yn_1 —7) o
(yl_y) +(y2—y) _|_..._|_(yn_y)

in which y is the time-series data, the subscript to y represents its serial number, and ¥
refers to the mean value of data y.

2.3.2. Resilience Driver Analysis and Trend Calculation

We applied a random forest (RF) regression model to explore the environmental drivers
of the long-term TAC. Referring to the study by Forzieri et al., we selected four categories of
drivers, including vegetation attributes, climate background, climate variability, and climate
autocorrelation [17]. For vegetation attribute drivers, we considered nontree fractional
vegetation cover. For climate drivers, we considered 2 m air temperature, surface solar
radiation downwards, total precipitation, and evapotranspiration deficit (calculated by
subtracting total evapotranspiration from total precipitation). All variables, except those
belonging to climate autocorrelation, which are calculated similarly to long-term TAC,
were first calculated on an annual basis and then on a multiyear average. All variables are
shown in Table 1.
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Table 1. Variables used in the random forest regression model.

Variable Name ! Category Label
Average Nontree Fractional Vegetation Cover Vegetation Attributes FVC.VA
Growing-season-averaged kNDVI Vegetation Attributes GSKNDVI.VA
Average 2 m Air Temperature Climate Background TEMP.CB
Variable Coefficient of 2 m Air Temperature Climate Variability TEMP.CV
Temporal Autocorrelation of 2 m Air Temperature Climate Autocorrelation TEMP.CA
Average Surface Solar Radiation Downwards Climate Background SSRD.CB
Variable Coefficient of Surface Solar Radiation Downwards Climate Variability SSRD.CV
Temporal Autocorrelation of Surface Solar Radiation Downwards ~ Climate Autocorrelation SSRD.CA
Average Total Precipitation Climate Background PRCP.CB
Variable Coefficient of Total Precipitation Climate Variability PRCP.CV
Temporal Autocorrelation of Total Precipitation Climate Autocorrelation PRCP.CA
Average Evapotranspiration Deficit Climate Background ETD.CB
Variable Coefficient of Evapotranspiration Deficit Climate Variability ETD.CV
Temporal Autocorrelation of Evapotranspiration Deficit Climate Autocorrelation ETD.CA

1 All the variables were selected by referring to the study by Forzieri et al. [17]. In all ecosystems, the most
important climate factors are temperature, precipitation, evapotranspiration, and radiation. Previous studies of
grasslands have also paid attention to temperature, precipitation, evapotranspiration, and radiation [43,44].

During RF model development, we sampled all pixels and divided all the samples into
two datasets: 60% for the training set and 40% for the testing set. We used 100 regression
trees with a leaf size of 1.

Then, we used the RF regression model to explore the trends of grassland resilience
over the past 2 decades. We calculated the temporal autocorrelation of the kKNDVI anoma-
lies over a 3-year moving window to obtain the time series TAC'. We then input all annual
environmental drivers into the RF regression model to calculate TAC] and control the cli-
mate autocorrelation variables for the first-year value to calculate TACS. TAC!. is obtained
from TACY — TACS, which is the part of TAC' that changes over time due to climate auto-
correlation. We isolated TAC. from TAC" and obtained the enhanced TAC. The linear trend
of enhanced TAC, which shows the trend of grassland resilience change, is called $TAC.
Then, we isolated the impact of human activities by observing how grassland resilience is
distributed in areas with different population change trends and grazing intensities. Finally,
we investigated the environmental drivers of the long-term TAC by developing a new RF
regression model similar to the previous one.

A flow chart is presented in Figure 3.
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Figure 3. Technical flow chart for the data analysis. CA, CB, CV, and VA refer to all variables
that belong to Climate Autocorrelation, Climate Background, Climate Variability, and Vegetation
Attributes, respectively.

3. Results
3.1. Grassland Resilience of the Mongolian Plateau and Its Key Drivers

The average nontree fractional vegetation cover in the grasslands of the Mongolian
Plateau year by year in Figure 4 shows an overall fluctuating decline in nontree fractional
vegetation cover, from 56% in 2000 to 52% in 2021, reaching a maximum of 57% in 2010 and
a minimum of 47% in 2018. The decline in grassland fractional vegetation cover is an early
warning of vegetation degradation on the Mongolian Plateau.

The greater the long-term TAC, the worse the grassland resilience. Figure 5a shows
the spatial distribution of the long-term TAC. In the north and the northeast, the grassland
has better resilience. Figure 5b shows changes in the long-term TAC under different
temperature and precipitation conditions. The results show that the grassland has good
resilience in areas with high annual precipitation and low temperature in the range of
precipitation and temperature in the study area. Figure 5c shows that the long-term
TAC values in areas with medium or high grazing intensity are higher than those in the
whole grassland. This means that grazing intensity is negatively associated with grassland
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resilience, which is worse in areas with higher grazing intensity. Similarly, Figure 5d shows
that resilience in semi-arid areas is better than that in arid areas.

0.58} 57.4% -

0.56

0.54

0.52

Non-Tree FVC

0.5

0.48

47.1%
046 -

| I | I | I I | I | I
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

Figure 4. Time series of average nontree fractional vegetation cover in grasslands of the Mongolian
Plateau. The numbers show the maximum and the minimum of the time series, while the gray line
shows its linear trend.

Considering the temporal differences in resilience, Figure 5e shows how grassland
resilience has changed over the last decade (2011-2021) compared to the previous decade
(2000-2010). We found that 41% of grasslands across the Mongolian Plateau experienced a
loss of resilience in the last decade. In semi-arid areas, up to 44% of grasslands have experi-
enced a loss of resilience in the last decade, compared to only 36% in arid areas. This indi-
cates that the most serious loss of grassland resilience on the Mongolian Plateau is in wetter
areas. Correspondingly, grasslands with higher resilience lose more of their resilience.

As shown in Figure 6a, the model explains 91.2% of the spatial variance of the long-
term TAC (R?) with a mean squared error (MSE) of 0.043. The rank of the corresponding
variable importance of the independent variable on long-term TAC is shown in Figure 6b.
The four variables with greater corresponding variable importance are the variable coeffi-
cient of surface solar radiation downwards, temporal autocorrelation of surface solar radia-
tion downwards, variable coefficient of total precipitation, and growing-season-averaged
kNDVI, followed by the variables averaged 2 m air temperature and total precipitation.
The evapotranspiration deficit variables are the least important.

Furthermore, we also explore the response of the long-term TAC to every single
variable when others are unchanged by using partial dependence plots (Figure 6c). FVC.VA
promotes long-term TAC. GSKNDVI.VA reduces the long-term TAC due to higher resilience
in areas with high vegetation. Moisture conditions contribute to the resilience of vegetation,
so the long-term TAC decreases with the increases in PRCP.CB but has little effect on
long-term TAC when precipitation decreases or increases to a certain extent. The effect
of SSRD.CB on the long-term TAC is stepwise promoted, with an increase in long-term
TAC and a decrease in resilience with SSRD.CB. Long-term TACs respond to TEMP.CB in a
nonmonotonous manner. The cooler or higher the temperature is, the lower the long-term
TAC, meaning that both high and low temperatures increase vegetation resilience. ETD.CB
affects resilience, and we note that when evaporation is greater than precipitation, the larger
ETD.CB is, the smaller the long-term TAC; when evaporation is smaller than precipitation,
ETD.CB has little effect on long-term TAC. In addition, PRCP.CV, SSRD.AC, and ETD.CV
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have less impact on resilience, with a slight increase in long-term TAC as PRCP.CV and
SSRD.AC increase. Overall, increases in TEMP.CV and PRCP.AC lead to an increase in
long-term TAC. An increase in SSRD.CV, TEMP.AC, and ETD.AC leads to a decrease in
long-term TAC, but an increase in SSRD.CV to 0.5 leads to an increase in long-term TAC.
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Figure 5. Spatial and temporal variations in the long-term TAC on the Mongolian Plateau and
some important drivers. (a) A spatial map of the long-term TAC. White areas are the non-grassland
areas or no-data areas. (b) The mean value of long-term TAC under different temperature and
precipitation gradients. (c) Frequency distribution of the long-term TAC under different grazing
intensities and (d) wetness conditions. The dashed line in each subgraph shows the distribution
average. (e) Frequency distribution of the difference in the long-term TAC between the two decades
under different wetness conditions. The thick line in each subgraph shows zero, while the dashed
line shows the distribution median. The number in each subgraph indicates the percentage of the
samples that are greater than zero.
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Figure 6. The results of the random forest regression model developed to investigate the environmen-

tal drivers of long-term TAC. (a) Scatter plot of the actual long-term TAC and estimated long-term

TAC. N means the number of samples. (b) Corresponding variable importance of the independent

variable on long-term TAC. (c) Partial dependence plot of the long-term TAC with each dependent

variable based on the random forest regression model, reflecting the response of the long-term TAC

to a single variable when others are unchanged.

3.2. Trend of Grassland Resilience on the Mongolian Plateau and Its Key Drivers

According to Figure 7a, the loss of grassland resilience is the most serious in the eastern
and northeastern parts of the Mongolian Plateau. Figure 7b shows the average 6TAC at
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different temperatures and precipitation conditions, indicating that grassland resilience
is improved in areas with higher temperatures, while in areas with higher precipitation,
grassland resilience is lost. Figure 7c shows that the wetter the area is, the greater the
loss of resilience. It also shows that wetter areas are more resilient, consistent with the
pattern shown in Figure 5d. Figure 7d shows the decline in resilience in areas with higher
grazing intensity. In high-intensity grazing areas, 57% of grassland areas suffered a loss
of resilience, compared to 40% and 44% in low-intensity and medium-intensity areas,
respectively. Figure 7e shows the impact of population change on grassland resilience. In
areas of population growth, 54% of grassland areas experience a loss of resilience, compared
with 45% and 32% in areas of constant population and population decline, respectively.
Population changes can partly reflect changes in the intensity of human activity, and
this finding reveals a relative consistency between trends in population changes and
trends in resilience.
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Figure 7. Spatial variations in the trend of enhanced TAC on the Mongolian Plateau and some
important drivers. (a) A spatial map of the STAC. (b) The mean value of TAC under different
temperature and precipitation gradients. (c¢) Temporal changes in enhanced TAC separately for the
Mongolian Plateau, the arid region, the semi-arid region, and the dry subhumid and humid region.
The dotted lines are the fitting lines. (d) Frequency distribution of the STAC under different grazing
intensities. The thick line in each subgraph shows zero, while the dashed line shows the distribution
median. The number in each subgraph indicates the percentage of the samples that are greater than
zero. (e) Percentage of the area where 3TAC is greater than 0 or less than 0 under different population
change conditions.



Remote Sens. 2023, 15, 2984

12 0f 18

Estimated dTAC

O0TAC

The new RF model explains 76.4% of the spatial variation in §TAC (R?) with a mean
square error (MSE) of 0.0046 (Figure 8a). Among the environmental variables, those relating
to surface solar radiation downwards, total precipitation, and 2 m air temperature remain
important, but those about vegetation properties (growing-season-averaged kNDVI and
fractional vegetation cover) are less important, and those about evapotranspiration deficit
remain the least important factors (Figure 8b).
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Figure 8. The results of the random forest regression model developed to investigate the environ-
mental drivers of 0TAC. (a) Scatterplot of actual 5TAC and estimated TAC. N means the number of
samples. (b) Corresponding variable importance of the independent variable on $TAC. (c) Partial
dependence plot of the STAC with each dependent variable based on the random forest regression
model, reflecting the response of the TAC to a single variable when others are unchanged.
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The responses of STAC to a single variable are shown in Figure 8c. 8TAC is non-
monotonous in response to FVC and is smaller in areas where FVC is higher or lower.
Vegetation greenness has a positive effect on the trend of resilience change, with GSKNDVI
increasing and dTAC decreasing. Resilience loss tends to be more severe in areas with
higher precipitation and evapotranspiration deficits, with §TAC increasing with the in-
crease in PRCP.CB. Both solar radiation and temperature are positive for trends of resilience
changes, with §TAC fluctuations decreasing with SSRD.CB or TEMP.CB. §TAC decreases
with increasing PRCP.CV. The response of §TAC to SSRD.CV and TEMP.CV is more com-
plex, and with the increase in SSRD.CV and TEMP.CV, TAC shows an overall oscillatory
upward trend. STAC increases with SSRD.AC, while its response to the autocorrelation of
precipitation, temperature, and evapotranspiration deficits is nonmonotonous, with §TAC
being larger at higher and lower levels of either PRCP.AC or TEMP.AC and smaller where
ETD.AC is higher and lower. In addition, ETD.CV has little impact on resilience trends,
with a slight decrease in dTAC as ETD.CV increases.

4. Discussion
4.1. Comparison of Grassland Resilience and Its Trend between Inner Mongolia and Mongolia

The Mongolian Plateau belongs to two different countries that have inconsistent uses
of grassland. In addition to grazing, the primary disturbance factor affecting grassland
ecosystems in Inner Mongolia is attributed to industrial activities, while in Mongolia, the
main source of disruption arises from reclamation [27].

When considering grazing intensity and population density, the disparity in human
activities between Inner Mongolia and Mongolia becomes more evident. This contrast is
visually depicted in Figure 9a,b, where it can be observed that a greater proportion of areas
in Inner Mongolia exhibit high-intensity grazing (46% compared to 12% in Mongolia) and
obvious population growth (50% compared to 6% in Mongolia).
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Figure 9. Comparison of (a) grazing intensity, (b) population change, (c) long-term TAC, and
(d) 8TAC in Inner Mongolia and Mongolia. The thick line in each subgraph in (c,d) shows zero, while
the dashed line shows the distribution average in (c) and the distribution median in (d). The number
in each subgraph in (d) indicates the percentage of the samples that are greater than zero.
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As shown in Figure 9¢c, Inner Mongolia is slightly more resilient than Mongolia, with
more distribution in the low-value regions of long-term TAC. The main reason may be that
Inner Mongolia has a wetter climate than Mongolia. However, in terms of trends, 56% of
grasslands in Inner Mongolia experienced resilience loss, compared to 40% in Mongolia
(Figure 9d). Although the reasons for the variation in vegetation resilience between Inner
Mongolia and Mongolia are complex, the difference in the intensity of human activities can
be an influential factor. Inner Mongolia has 11 times the population density of Mongolia
(23.3 persons per km? in Inner Mongolia and 2.1 persons per km? in Mongolia). The average
grazing intensity is 49.5 units of sheep per km? in Inner Mongolia and 25.1 units of sheep
per km? in Mongolia. Considering that the average precipitation in Inner Mongolia is even
somewhat higher than that in Mongolia (406 mm average annual precipitation in Inner
Mongolia and 328 mm in Mongolia), the impacts of differences in the intensity of human
activities are pronounced.

When we control for similar population change or grazing intensity, as shown in
Table 2, the differences between Inner Mongolia and Mongolia are smaller under high-intensity
grazing conditions, whereas this does not occur in areas with population growth. This
further shows that the difference in grazing intensity is an important reason for the differ-
ence in the trends of grassland resilience in Inner Mongolia and Mongolia. Although some
previous studies have noted that the effects of climate change are dominant factors [30,34],
our findings support that grazing intensity is a key factor in grassland degradation on
the Mongolian Plateau, which is consistent with the work of Liang et al. [45]. Our study
directly compares the distribution of grassland resilience under different grazing intensities,
which was not available in previous studies.

Table 2. Average and variable coefficients of STAC in Inner Mongolia and Mongolia under the same
control of grazing intensity /population change.

Inner Mongolia Mongolia Mongolian Plateau
Mean cvl Mean CV Mean CV
Whole 0.0015 6.7743 —0.0021 —3.9831 —0.0007 —12.8030
Low-Intensity 0.0035 2.8290 —0.0028 —3.3634 —0.0017 —5.6944
Medium-Intensity 0.0004 23.1531 —0.0022 —3.7341 —0.0014 —6.4395
High-Intensity 0.0022 4.7340 —0.0002 —29.7911 0.0015 6.4951
Population 1 2 0.0026 4.2351 —0.0083 —1.0288 0.0009 12.0709
Population = 0.0020 4.4488 —0.0017 —4.8079 —0.0009 —9.2848
Population | —0.0038 —2.4678 —0.0001 —167.7656 —0.0032 —3.0504
L CV stands for the variable coefficient. 2 The symbols “1”, “=", and “]” stand for the population growth, costant

population, and population decline, respectively.

Taken together, our study provides monitoring for the trend of ecological resilience
loss on the Mongolian Plateau, especially in Inner Mongolia, which suffers more than
Mongolia due to differences in drivers such as grazing intensity. The Mongolian Plateau as
a whole needs more ecological restoration projects, especially in Inner Mongolia.

4.2. The Spatial Distribution and Drivers of Grassland Resilience and Its Trend on the
Mongolian Plateau

We found that grassland resilience is higher in the northern and northeastern Mongo-
lian Plateau, where the surrounding ecosystems are more complex with greater biodiversity.
This finding is consistent with the previous study by Oliver et al., which considered that
biodiversity is crucial for ecological resilience [22]. It is found that grassland resilience is
better with higher precipitation and lower temperature on the Mongolian Plateau, which
is consistent with the study by Gibson et al. [46]. According to Verhoeve et al., the reason
why higher temperatures lead to lower resilience may be that higher temperatures lead to
higher potential evaporation rates, which exacerbates drought [47].



Remote Sens. 2023, 15, 2984

150f18

For trends of resilience, in Inner Mongolia, the decline in resilience was mainly in the
central and eastern regions, while in Mongolia, it was mainly in the northwest and north.
We observed that in Inner Mongolia, the spatial distribution of areas with declined resilience
overlapped somewhat with areas with declining populations, whereas in Mongolia, areas
with declined resilience overlapped more spatially with areas with high-intensity grazing.
Moreover, vegetation resilience in arid regions is improving, which is consistent with the
study on forest resilience by Gazol et al. [7].

In new findings, we found that on the Mongolian Plateau, climate variability has a
greater influence than climate mean, which is not consistent with the findings of the study
on the global scale by Feng et al. [3]. The conclusion in the study on the global scale is not
necessarily true in the region and may even be quite the opposite, further confirming the
need for a regional-scale study of regional problems. Therefore, the law obtained from the
study of grassland resilience on the Mongolian Plateau is more effective in guiding the
ecological restoration measures in this area than the law of global universality. Moreover,
previous studies have paid little attention to the effects of radiation on resilience, and
we observed the importance of radiation to both resilience and resilience trends on the
Mongolian Plateau.

4.3. Uncertainty of Method and Potential Future Improvement

In our study, climate data are for 2000-2021, while the livestock data are for 2010, but it
is already the most recent available dataset. Moreover, the livestock data are a global-scale
dataset, and uncertainties may exist at the regional scale. However, it has performed well in
many previous regional-scale studies, for example, Hankerson et al.’s study in Kazakhstan
and Bond et al.’s study in Africa [48,49].

The study considers 14 predictors when developing an RF regression model. However,
it is unclear what impact other unconsidered climate factors may have on the quantification
of resilience.

Moreover, population changes might not accurately reflect the changes in the intensity
of human activities. Changes in the intensity of human activity are also associated with
changes in productive lifestyles.

Furthermore, when analyzing the impact of human activities on resilience, different
conditions are not quantified by their relative weight. In further studies, it may be improved
by developing models to quantify the contribution of human activities (e.g., grazing) to the
distribution patterns and trends of resilience.

5. Conclusions

The purpose of our study is to explore the spatial distribution pattern, change trend,
and driving factors of grassland resilience on the Mongolian Plateau. Five main findings
are concluded as follows. First, the distribution of grassland resilience on the Mongolian
Plateau is constrained by precipitation and temperature. Grasslands are less resilient in
areas with high precipitation and low temperatures, but they are becoming more resilient
in areas with high temperatures. Second, grasslands in semi-arid areas show a more serious
decline in resilience, with 44% of the area experiencing a decline in resilience, compared
with 36% and 41% in arid regions and the Mongolian Plateau as a whole. Third, grazing
intensity has a negative impact on grassland resilience and its trend. In areas with high
grazing intensity, grassland resilience is lower, and the decline is more noticeable. A total of
57% of grasslands in high-intensity grazing areas experienced a loss of resilience, compared
to 40%, 44%, and 46% in low-intensity grazing areas, medium-intensity grazing areas, and
the Mongolian Plateau as a whole, respectively. Fourth, the trend of population change is
relatively consistent with the trend of grassland resilience on the Mongolian Plateau. A total
of 54% of grasslands in areas of population growth experience resilience loss, compared
to 32%, 45%, and 47% in declining areas, unchanged areas, and the Mongolian Plateau as
a whole, respectively. Finally, Inner Mongolia is slightly more ecologically resilient than
Mongolia, possibly due to climatic conditions such as precipitation and radiation. However,
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Inner Mongolia’s ecological resilience has declined significantly more than that of Mongolia
over the past 20 years. In Inner Mongolia, 56% of grasslands suffer a loss of resilience,
compared to 40% in Mongolia. The main driving factor of the variation in the resilience
trend is the difference in grazing intensity between Inner Mongolia and Mongolia.

We developed the application of the “critical slowing down” indicator in the calcula-
tion of grassland resilience, which has been used mostly in forest ecosystems in previous
studies. In our research, we used it to spatially identify grassland resilience and its trends
on the Mongolian plateau. We found that solar radiation plays an important role in grass-
land resilience, which has not been observed in previous studies. The role of solar radiation
could be covered more in future studies of grassland resilience. Our findings suggest
that ecological restoration is still needed on the Mongolian Plateau, especially in Inner
Mongolia, to reverse the declining trend of grassland resilience on the Mongolian Plateau,
especially in Inner Mongolia.
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