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N o a

Abstract: Resistance, resilience, and recovery time are critical for quantifying the stabil-
ity of grasslands in response to drought disturbances. Few studies have simultaneously
considered both drought intensity and duration to analyze the stability of different grass-
land types, which may overlook short-term extreme or long-term cumulative effects. This
study used the monthly Standardized Precipitation Evapotranspiration Index (SPEI) to
identify distinct drought patterns in Inner Mongolia, China, from 1998 to 2020, account-
ing for both intensity and duration. Grassland stability was assessed using monthly
SPOT-VGT Normalized Difference Vegetation Index (NDVI) data. We focused on the vege-
tation response to short-term climate changes while minimizing the influence of seasonal
fluctuations in vegetation growth. Six drought patterns were identified, and the resis-
tance of grassland types under the same drought pattern followed this order: temperate
desert steppe (TDS) > temperate typical steppe (TTS) > temperate meadow steppe (TMS).
Resilience was ranked as TDS < TTS < TMS, while recovery time followed the reverse
trend: TDS > TTS > TMS. A trade-off was observed between resilience and resistance. Most
grasslands were able to recover within five months following a drought. These findings
provide scientific support for enhancing ecosystem adaptability to climate change and for
managing grassland resources more effectively.

Keywords: drought patterns; grassland; resistance; resilience; recovery time; stability

1. Introduction

Drought profoundly affects the structure and function of terrestrial ecosystems, influ-
encing vital components such as biodiversity, vegetation phenology, and carbon sequestra-
tion [1]. The intensity, frequency, and severity of global droughts will escalate, which may
change the biological composition of vegetation communities [2-4]. Understanding the
ecosystem response to drought can aid in predicting ecosystem feedback to future climate
change and inform risk management and resource planning [5-7].

The ability of ecosystems to remain healthy is referred to as stability [8]. Three indica-
tors, including resistance, resilience, and recovery time, are commonly used to quantify
ecosystem stability. Resistance refers to the capacity of an ecosystem to maintain its original
growth state during a drought [9,10]. Resilience is the ability of the ecosystem to return to
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its normal state following a drought [11]. Recovery time is the duration required for the
ecosystem to recover to its normal state [12]. Generally, higher resistance, higher resilience,
and shorter recovery time indicate stronger adaptive capacity to drought [7,13-15].

Different vegetation types exhibit distinct physiological characteristics, leading to
varied responses to drought [16]. Previous studies have explored the response of different
vegetation types to drought using various indices [17-19]. Nevertheless, previous studies
primarily concentrated on annual-scale ecosystem stability, particularly resistance and
resilience [7]. Grasslands, one of the most widely distributed plant types globally, play a
critical role in soil conservation and nutrient cycling as pioneer species in ecological succes-
sion. They also serve as the material foundation for the livestock industry [20]. Grasslands
in arid, semi-arid, and semi-humid regions are highly sensitive to drought [21,22]. Cur-
rently, our understanding of the stability of different grassland ecosystems at the monthly
scale remains limited.

Ecosystem stability is closely related to both drought intensity and duration, respec-
tively [23-25]. While the temporal and spatial distributions of drought intensity and
duration have been well analyzed in many regions, most studies have examined the effects
of each drought characteristic on vegetation separately [26-28]. Droughts with the same in-
tensity can vary in duration, leading to classification as either short-term extreme droughts
or long-term mild droughts, which risks overlooking the combined impact of short-term
extreme or long-term cumulative effects. Therefore, it is essential to define drought patterns
that account for both the intensity and duration.

Temperate grasslands in Inner Mongolia represent a crucial component of the Eurasian
steppe and exhibit high sensitivity to climate change [29,30]. The variability among different
grassland types is a pressing concern. This study aims to explore the resistance, resilience,
and recovery time of various grassland types in response to different drought patterns. Our
objectives are: (1) to provide a detailed delineation of drought patterns and conduct spatial
and temporal analyses using monthly-scale SPEI data; and (2) to investigate the stability of
different grassland types in response to various drought patterns, ranging from short to
long term, based on fine-scale multisource data.

2. Study Area and Datasets
2.1. Study Area

Inner Mongolia, located in Northern China, has an elevation ranging from 85 to 3500 m
above sea level and is characterized by a temperate continental monsoon climate, with
an annual average temperature of 5.6 °C. The annual average precipitation from 1998 to
2020 was 262 mm, decreasing from the northeast to the southwest. The average annual
evapotranspiration during the same period was 1264.7 mm. Drought is the most severe
meteorological disaster in this region [31]. Frequent drought events threaten agricultural
and livestock production, resulting in water scarcity and land degradation. Economic
losses attributed to droughts from 2001 to 2020 reached 141.2 billion yuan [32].

The grassland ecosystem in Inner Mongolia occupies the largest distribution area in
China and is a significant component of the Eurasian steppe. Grasslands vary according to
climate conditions and can be classified into three groups: TMS, TTS, and TDS (Figure 1).
TMS is located in the semi-humid zone, where the annual precipitation is 350-500 mm,
with an annual average temperature of —2.3-5 °C. TTS is found in the semi-arid zone,
west to TMS, characterized by annual precipitation of 300-400 mm and an annual average
temperature of 14 °C. TDS is distributed further west in the arid zone, with annual
precipitation of 135-311 mm and an annual average temperature between 0.8 °C and
5.3 °C [33].
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Figure 1. Distribution of three grassland types in Inner Mongolia that have not changed from 1980s
to 2020.

2.2. Datasets and Processing

The data used in this study include meteorological data, NDVI data and grassland
distribution data. Meteorological data were used to calculate and validate SPEI results,
while NDVI data were used to quantify stability indicators of grassland ecosystems.

2.2.1. Meteorological Data

Meteorological data, including the monthly precipitation and potential evapotran-
spiration datasets from 1998 to 2020, were obtained from the National Tibetan Plateau
Science Data Center (https://data.tpdc.ac.cn/zh-hans/, accessed on 1 January 2022), with
a spatial resolution of ~1 km in Network Common Data Format (NetCDF) (Figure 2). The
mean absolute error between the precipitation data product and the observations from
496 weather stations was 17.85 mm [34,35]. The potential evapotranspiration product
was derived from the Hargreaves potential evapotranspiration formula, based on a 1 km
resolution temperature dataset. To facilitate the subsequent analysis and visualization, the
precipitation and potential evapotranspiration in NetCDF format were converted to Geotiff
format using Python, producing 552 images in total.

The monthly SPEI from 1998 to 2020 was calculated based on the precipitation and
potential evapotranspiration datasets. Additionally, meteorological station data, including
monthly precipitation and average temperature, were obtained from the China Meteo-
rological Data Network (http://data.cma.cn/, accessed on 1 January 2022). A total of
39 meteorological stations from 1998 to 2020 were selected to verify the accuracy of the
calculated SPEL
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Figure 2. Spatial distribution of (a) precipitation, (b) evapotranspiration, and (¢) NDVI in July 2019.

2.2.2. NDVI Data

Monthly NDVI data were used to quantify the stability of three grassland types.
The SPOT-VGT NDVI dataset, with a spatial resolution of 1 km from 1998 to 2020, was
downloaded from the Resources and Environmental Science Data Platform (http://www.
resdc.cn accessed on 1 January 2022) (Figure 2c). The dataset was obtained from the
VEGETATION sensor onboard the SPOT-4 satellite.

2.2.3. Grassland Distribution Data

Grassland distribution data for 2020 were obtained from Sentinel-2 imagery using the
Random Forest algorithm, which incorporated phenological, topographical and spectral
features [36]. To simplify the comparison of stability indicators among grassland types,
the 2020 grassland distribution was intersected with the 1:1,000,000 Vegetation Map of
China produced in 2001 [37]. We assumed that the grassland distribution had not changed
over the past two decades. The area of TMS is 26,512 km?, TTS is 151,970 km?2, and TDS is
72,821 km? (Figure 1).

3. Methodology
3.1. Identification of Drought Patterns

Based on the meteorological drought standard (GB/T 20481-2017) [38], drought events
from 1998 to 2020 were categorized into six drought patterns according to drought intensity
and duration. SPEI, a drought index, normalizes the cumulative probability of the differ-
ence series between precipitation and potential evapotranspiration [39]. SPEI considers
the influence of temperature on potential evapotranspiration, improving upon the Stan-
dardized Precipitation Index (SPI), which only considers precipitation data. SPEI has been
demonstrated in previous studies to have advantages over other indicators, particularly
in capturing typical drought events, and has been widely used for drought monitoring in
the grasslands of Inner Mongolia [40-44]. Monthly SPEI was used to characterize drought
events. Drought intensity denoted as I, is defined as the sum of SPEI for the duration of
the drought events [45]. A smaller I value indicates stronger drought intensity.

I=Y" SPEIL (1)

where 7 is the number of months during each drought event. According to the meteoro-
logical drought standard (GB/T 20481-2017) [38], a threshold of SPEI < —0.5 was used to
define the onset of a drought event, while SPEI > —0.5 marked its end. Drought events
that began before January 1998 or extended beyond December 2020 were excluded from
the sequence.
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The pixel-by-pixel SPEI was calculated on the basis of the monthly potential evap-
otranspiration and precipitation products from 1998 to 2020. The difference D; between
monthly precipitation and potential evapotranspiration can be expressed as:

D; = P, — PET; )

where D; represents moisture gain/loss, P; indicates monthly precipitation, PET; denotes
potential evapotranspiration, and 7 is month.

The three-parameter log-logistic distribution was used for normalizing the D monthly
series to obtain SPEI [39]. The cumulative distribution function of the three-parameter

% ]!
1+(x_7)1 3)

where &, § and v, respectively represent the scale parameter, shape parameter and position

log-logistic distribution is given by:

F(x) =

parameter, obtained based on the linear matrix.

3.2. Stability Indicators

Monthly NDVI data were used to investigate the response of grasslands to drought
events. Stability indicators include resistance, resilience, and recovery time. To avoid the
influence of intra-annual growth cycles, the series NDVI data were detrended to retain the
fluctuation information relative to the multi-year mean NDVI. For example, NDVI data for
every April from 1998 to 2020 were organized into time series, which were detrended to
obtain relative anomalies for every April.

Below is the description of how to derive the stability indicators in this study:

(1) Resistance (Q2) is defined as the ability of an ecosystem to maintain its original
growth state before a drought event. In the study, considering that the state of the ecosystem
prior to a drought can influence resistance [46], resistance () is modified as the difference
between the relative anomalies before and during the drought event, based on Isbell,

etal. [18]:

1
L GeAnomuly . Gglnomuly (4)

where Gf "omely i the cumulative relative anomalies of NDVI during the drought event

and G{? nomaly i< the relative anomaly of NDVI before the event. The range of 1 is (0, o).
A value of 0 indicates that the ecosystem is unable to resist external disturbances and is
highly susceptible to damage, while higher values represent greater resistance.

(2) Resilience (A) is defined as the ability of the ecosystem to return to pre-drought
levels. In this study, resilience is the difference in vegetation relative anomalies before,

during and after a drought event. The resilience A was modified based on Liu, et al. [47]
Anomaly

as the difference between the relative anomaly of NDVI after drought G, and the
.. . . Anomaly
minimum value of it during a drought event G,, :
A= Gﬁnomaly . G;‘lnomaly )

The range of A is (0, Gfl nomaly )- Higher values indicate greater resilience. Both resis-
tance and resilience are dimensionless.

(3) Recovery time refers to the duration required for a drought-affected ecosystem to
return to its normal state, defined as the average NDVI value for that month from 1998 to
2020 [12]. To minimize the influence of non-drought factors on grasslands and to consider



Remote Sens. 2025, 17, 559

6 of 16

the lag response to drought, NDVI data were selected from those with a relative anomaly
below 0 within 2 months following the drought event [48].

4. Results and Discussion
4.1. Drought Patterns of Grasslands

The SPEI values were calculated using monthly precipitation and potential evapotran-
spiration products, along with data from 39 meteorological stations. These calculations
yielded a correlation coefficient of 0.83 (Figure 3), demonstrating the reliability of the results

during the period from 1998 to 2020.
1
]

SPEI based on Meteorological station data

:—3 -2 -1 0 1 2 3

SPEI based on Meteorological raster data
Figure 3. Validation of SPEI (1998-2020) calculation. The histograms on the upper and right sides
represent the distribution of SPEI based on monthly precipitation and potential evapotranspiration
products and station data, respectively. The red line is the y = x reference line.

There are significant spatial variations in the number, intensity, and duration of
drought events in the study area (Figure 4). The number of drought events ranges from
42 to 72 between 1998 and 2020. In the northeast, drought events are relatively infrequent,
and generally have lower intensity and longer duration. This phenomenon is due to the
relatively high precipitation, making the region less susceptible to drought events. In
contrast, the western region experiences more frequent droughts with higher intensity
and shorter duration, particularly in desert areas. This region lies in an arid zone with
lower precipitation.

The distribution of grasslands in Inner Mongolia shows spatial heterogeneity due to
variations in climate, elevation, and soil conditions. These differences have also resulted in
considerable regional variation in grassland phenology. For instance, the start and end of
the growing season can vary by up to 100 days across grasslands from west to east [36,49].
The proportion of drought events during the non-growing season (from November to
February) accounts for 29.76%, with an average drought duration of nearly two months.
Due to the relatively short non-growing season, and the 2-3 months lag response of
grasslands to drought [21,50], a drought during a non-growing season may affect grassland
productivity in the following growing season, and vice versa. Considering this delayed
and cumulative manner [22,51], the study did not distinguish between drought events
occurring in the growing and non-growing seasons. The average intensity of drought
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events ranges from —1.8 to —2.6, while the average duration is primarily between 1.4
and 2.0 months (Figure 5). Drought events with an intensity of —2.18 and a duration of
1.7 months exhibit the highest distribution density, reflecting the severity of droughts in
Inner Mongolia.

(a) Grassland Distribution
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Figure 4. Distribution of (a) three types of grassland, (b) number of drought events, (c) average value
of drought intensity, and (d) average value of drought duration between 1998 and 2020.
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Figure 5. Heat map of average duration-intensity of drought events from 1998 to 2020. The deeper
red color corresponds to larger pixel number, while the bluest color corresponds to the minimum of
pixel number.

Four drought patterns are identified: mild drought, moderate drought, severe drought,
and extreme drought, based on drought intensity and the meteorological drought standard
(GB/T20481-2017) [38]. Extreme drought constitutes the highest proportion among the
different levels of drought intensity, accounting for 39.4% of all drought events, followed
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by mild drought at 26.2% (Table 1). In terms of duration, events lasting for 1-2 months
make up 83.3% of all drought events, while those lasting for more than two months account
for only 16.7%. These findings indicate that grasslands in the study area are more likely to
experience drought events with short duration but high intensity. Based on the frequency of
different drought intensities and durations, drought events in the grasslands are categorized
into six distinct drought patterns: short-duration mild drought, short-duration moderate
drought, short-duration severe drought, short-duration extreme drought, prolonged severe
drought, and prolonged extreme drought.

Table 1. Percentage of drought events with different intensities and durations.

Intensity Mild Drought Moderate Drought Severe Drought Extreme Drought
(-1<I< —-0.5) (-15<I< -1 (-2<I< -1.5) Ir<-2
Percentage (%) 26.2 19.8 14.6 39.4
Duration 1-2 months >2 months
Percentage (%) 83.3 16.7

TMS and TTS exhibit the highest percentage of short-duration mild droughts among all
drought patterns, accounting for 29.3% and 27%, respectively (Figure 6), which is attributed
to their predominant distribution in the wetter regions of Inner Mongolia. Conversely, TDS
shows the highest percentage of short-duration extreme drought events at 28%, followed by
short-duration mild drought at 23.4%. The proportion of prolonged severe drought is less
than 0.2% across all grassland types. However, this category is included in the classification
as the sample comprised approximately 80,000 pixels. Moreover, the proportion of short-
duration extreme drought gradually increases from TMS to TDS, while the proportion of
prolonged extreme drought decreases correspondingly. This suggests that extreme drought
events in TDS are more frequently caused by severe droughts occurring within one month,
whereas extreme drought events in TMS are primarily driven by prolonged droughts

compared to TDS.
100%
80% - -
0
o0 a2 14.2%
15.3%
40% 20.0% 20.29
2% 18.7%
20%
29.3% 27.0% 23.4%
0%
TMS TTS TDS
Short-duration mild drought Short-duration moderate drought
Short-duration severe drought = Short-duration extreme drought
m Prolonged severe drought m Prolonged extreme drought

Figure 6. Percentage of different drought patterns in different grassland types.
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4.2. Overall Stability
4.2.1. Resistance

The resistance, resilience, and recovery time were quantified for all image pixels of
different grassland types in the study area from 1998 to 2020. The grassland resistance is
lower in the northeastern and center parts of the region, predominantly ranging from 10
to 20 (Figure 7). Conversely, it is higher in the southeastern and west-central grasslands,
which could be attributed to the spatial distribution of mean temperature in the study
area. In the northeastern and central regions, the mean temperature is relatively low,
especially in winter. This results in slower plant metabolic rates and reduced efficiency
in nutrient uptake and utilization in the cold environment. Additionally, the decrease in
photosynthetic efficiency further impedes plant growth and diminishes overall immunity.

(a) Grassland Distribution (b) Resistance Legend
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Inner Mongolia Boundary
X Grassland Distribution
- Temperate Meadow Steppe (TMS)
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Temperate Typical Steppe (TTS)
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B >s

0 500 1000 km
|

Figure 7. The spatial distribution of (a) grassland types, (b) resistance. Dimensionless, and higher
values indicate greater resistance. (c) resilience. Dimensionless, and higher values indicate greater
resilience. And (d) recovery time (month) for each pixel.

The resistance for TDS is primarily distributed between 22.57 and 40.29, while for TTS,
it mainly ranges from 13.88 to 27.37. The resistance for TMS is predominantly distributed
between 14.33 and 21.07. Overall, TDS exhibits the highest resistance, with a median of
29.81, followed by TTS with a median of 17.67, while TMS shows the lowest resistance with
a median of 17.11.

The variation in resistance can be attributed to the drought-tolerant plants in TDS,
which have adapted to the local climate [52]. The dominant species in TDS exhibit high
drought resistance and water-use efficiency, contributing to their elevated resistance levels.
Huang, et al. [53] found no significant differences in resistance and resilience among
grassland types in Inner Mongolia, which differs from our findings. This discrepancy can
be explained by the fact that they used SPEI at 0.5° resolution to determine drought events
and annual-scale vegetation index data to quantify stability, making it difficult to observe
detailed spatial differences.
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4.2.2. Resilience

The resilience and resistance of grasslands in the study area exhibit opposite patterns.
Grasslands in the northeastern and central parts of the region show high resilience, primar-
ily ranging from 0.1 to 0.15, while grasslands in the southeastern and western parts display
low resilience, mainly distributed between 0 and 0.1. Overall, TMS exhibits the highest
resilience with a median of 0.099, followed by TTS with a median of 0.098, while TDS has
the lowest resilience, with a median of 0.057.

Notably, despite the low resistance of TMS, the plants quickly resume growth and
metabolic rates, demonstrating high resilience. In a study conducted by Yao, et al. [54]
comparing the resistance and resilience of forest and grassland ecosystems in humid,
semi-humid, and semi-arid zones in China, it was found that forest ecosystems exhibit
higher resistance, while grassland ecosystems display higher resilience. Drought-tolerant
vegetation occupies a wider ecological niche in areas with drier climates, but it recovers
more slowly due to water and nutrient limitations under harsh climatic conditions [55,56].
Moreover, since vegetation with low resilience tends to require higher resistance to cope
with external climate change, it is inferred that resistance is negatively correlated with
resilience. This conclusion is also supported in different grassland ecosystems in Inner
Mongolia, despite the different methods used to quantify resistance and resilience.

4.2.3. Recovery Time

The recovery time of grasslands in the study area is shorter in the northeastern and
southern regions, typically within 3 months. The central grasslands have an average
recovery time ranging from 3 to 4 months, while grasslands in the western region take
longer, with recovery times exceeding 4 months. Statistically, TMS displays the shortest
recovery time, with a median of 2.6 months, followed by TTS with a median of 3.2 months.
On the other hand, TDS has the longest recovery time, with a median of 3.7 months. The
length of recovery time is closely related to the drought intensity and duration, as TDS
experiences more prolonged extreme drought events, leading to a longer recovery period.

Moreover, recovery time also depends on post-drought meteorological conditions.
A more favorable meteorological period following a drought would support grassland
recovery to a greater extent than a less favorable period. TMS and TTS, located in semi-
humid and semi-arid zones, receive more annual precipitation in their growing areas. After
a drought, favorable precipitation conditions allow for rapid moisture uptake, facilitating
quicker recovery and a shorter recovery time compared to TDS. Previous studies have also
indicated that grassland ecosystems in arid regions may recover more slowly due to natural
environmental constraints and more severe drought conditions [57].

4.3. Stability Under Different Drought Patterns

As other studies have suggested a quick recovery in grasslands following short-term
droughts over the past decade [58,59], we selected four relatively severe drought patterns
(short-duration severe drought, short-duration extreme drought, prolonged severe drought,
and prolonged extreme drought) out of the six identified patterns for analysis.

4.3.1. Resistance

Upon further comparison of the stability indicators for different grassland types
under various drought patterns, it is observed that, regardless of the drought pattern, the
resistance follows this trend: TDS > TTS > TMS (Figure 8a).

However, there are some variations in the resistance of different grassland types un-
der different drought patterns. For TMS, the resistance ranks as follows: short-duration
severe drought > prolonged extreme drought > short-duration extreme drought > pro-
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longed severe drought. For TTS, the ranking is short-duration severe drought > prolonged
severe drought > short-duration extreme drought > prolonged extreme drought. For
TDS, the resistance follows this order: prolonged severe drought > short-duration severe
drought > short-duration extreme drought > prolonged extreme drought.

All three grassland types are relatively vulnerable to extreme drought events. However,
TMS and TTS exhibit the highest resistance to short-duration severe drought events (with
—1.5 < drought intensity < —2, and duration within 2 months). It suggests that such
drought conditions may trigger defense mechanisms in these grasslands. Nevertheless,
due to the prolonged exposure to semi-humid and semi-arid conditions, these grasslands
may face challenges in resisting droughts with an intensity lower than —2 and a duration
exceeding 2 months.
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Figure 8. Distribution of the (a) resistance, (b) resilience, and (c) recovery time of different grassland
types under different drought patterns.

In contrast, TDS displays the strongest resistance to prolonged severe droughts, which
can be attributed to its adaptation to the high frequency of drought events, allowing it
to endure longer drought periods compared to other grassland types. Furthermore, the
experimental findings of Pfisterer and Schmid [60] support the notion that ecosystems with
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lower species diversity tend to exhibit higher resistance to drought disturbances than those
with higher species diversity.

4.3.2. Resilience

The resilience of different grassland types under the same drought pattern generally
shows an inverse relationship to their resistance, with TMS > TTS > TDS (Figure 8b). Since
TDS exhibits the lowest resilience, it may be particularly vulnerable to damage if future
extreme drought events exceed its resilience threshold. Therefore, it is essential to prioritize
the conservation of TDS.

The resilience characteristics of different grassland types also vary under differ-
ent drought patterns. For TMS, resilience is ranked as follows: prolonged severe
drought > prolonged extreme drought > short-duration extreme drought > short-duration
severe drought. The resilience of TTS is ranked as short-duration extreme drought > pro-
longed extreme drought > prolonged severe drought > short-duration severe drought.
The resilience of TDS is ranked as short-duration extreme drought > prolonged extreme
drought > short-duration severe drought > prolonged severe drought.

The higher resilience of TMS during prolonged drought events may be attributed
to its adaptation to the longer average duration of drought events. This grassland type
is better equipped to withstand prolonged droughts, aided by the semi-humid climate,
which facilitates more effective recovery after prolonged drought events. Additionally,
both TTS and TDS exhibit higher resilience in response to extreme droughts compared to
severe droughts.

4.3.3. Recovery Time

In this study, we analyzed the recovery time of different grassland ecosystems in
the study area and found no significant differences among the recovery time of various
grassland types under the same drought pattern (Figure 8c). Particularly for short-duration
droughts, all grassland types generally recover within 1-4 months. Although longer
drought episodes increase the likelihood of prolonged recovery, most grasslands can
achieve recovery within 5 months, even after prolonged droughts [61]. In contrast, Schwalm,
et al. [14] found that the recovery time in arid regions with low precipitation (<500 mm)
increases as precipitation decreases. The lack of distinction in the recovery time could be
attributed to the influence of various external factors, including environmental conditions
and human activities. Overall, grasslands tend to recover more quickly from the effects of
drought than other vegetation types. For future studies, it might be necessary to quantify
recovery time using data with higher temporal resolution, such as daily values.

Considering both drought intensity and duration, this study analyzed the differences
in the stability of different grasslands in response to drought in Inner Mongolia at a spatial
scale of 1 km and a temporal scale of one month. Although we have removed the influence
of non-drought factors by limiting the timing of drought events, we cannot completely rule
out anthropogenic influences at this stage. Due to the shallow roots of grasslands, their
physiological activities rely on soil moisture in the surface layer, making them sensitive
to rainfall and temperature dynamics [62]. However, they are also affected by human
activities and soil properties. For example, China has implemented a series of grassland
policies that have produced positive outcomes [63]. Soils mitigate the effects of drought by
capturing and storing precipitation for plant roots [64]. Soil pH and soil organic carbon
stock are two important factors influencing the likelihood of vegetation decline under
drought conditions [65]. Future research could incorporate these factors and combine them
with climate models to predict changes in the stability of different ecosystems.
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5. Conclusions

This study uncovered the response of the stability (resistance, resilience, and recovery
time) of grasslands to different drought patterns, by combining SPEI and SPOT-VGT
NDVI data on a monthly scale. Six distinct drought patterns were identified based on
drought intensity and duration. Our key findings are as follows: First, TDS in western
Inner Mongolia experienced more severe droughts than TMS and TTS in eastern and
central Inner Mongolia from 1998 to 2020, with the highest frequency of prolonged extreme
drought events. Second, stability indicators vary among these grasslands; TMS has the
lowest resistance but the highest resilience, while TDS shows the opposite trend, revealing
a trade-off between resilience and resistance. Third, grassland ecosystems can recover
from drought quickly (within five months from the onset of the drought) despite their
vulnerability to drought. However, given that TDS may face more severe droughts in the
future, enhanced protection is necessary. Our research contributes to the future policy
formulation aimed at improving the stability of grassland ecosystems. Future studies
should focus on detecting differences in recovery times across grasslands using higher
temporal resolution data. Additionally, more refined research is needed, such as examining
how post-drought meteorological conditions affect grassland recovery and investigating
the effects of drought on grasslands during growing and non-growing seasons, considering
different climatic zones and grassland types.
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