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1 Introduction

The impacts of climate change on grasslands, which cover a quarter of the
global land surface area, have become unprecedented during the 21st century.
Arid grasslands, as major vegetation realms, contribute to more than 40% of
the global net primary productivity (Grace et al., 2006). Therefore, arid and
semi-arid grasslands not only sustain the world’s population through food pro-
duction but also regulate carbon cycling (Poulter et al., 2014; Huang et al.,
2017a). However, recent studies have shown that vegetation in arid grasslands
is becoming increasingly vulnerable to external environmental changes, includ-
ing climate change (Deng et al., 2020; Nandintsetseg et al., 2021). As one of the
largest drylands in Asia, the grasslands in Inner Mongolia, China currently face
unprecedented challenges to their sustainability due to global climate warming.
For instance, the temperature increased as high as 0.37°C/10 a, which was 2.5
times higher than the global mean value (i.e., 0.14°C/10 a) during 1961-2012
(Hu et al., 2015). The frequency and intensity of climatic extremes (e.g., extreme
winter snowstorms and summer droughts) have also markedly increased in Inner
Mongolia since the 2000s (John et al., 2013). These changes have posed more
serious threats to the stability of the grassland ecosystem and the sustainable
livelihoods of local farmers and pastoralists in the region than ever before (Li et
al., 2023). Understanding the relationship between vegetation growth and cli-
mate change is especially important in ecological research. Therefore, detecting
degradation or greening trends of the vegetation in grasslands and their climate
drivers is crucial for developing effective grassland management practices and
maintaining the socio-ecological integrity of local grassland biomes.

Lately, satellite observations have been widely used for the simulation of vege-
tation growth at large spatial scales in China, including Inner Mongolia (Zhu
et al., 2016; Bai et al., 2019). Spectral vegetation indices, such as normalized
difference vegetation index (NDVI), are often used to approximate grassland
vegetation greenness (Zhang et al., 2016; Kang et al., 2021) under various cli-
matic constraints, especially water stress (Fan et al., 2016; Miao et al., 2020;
Wang et al., 2022a). Although the effects of precipitation on hydrology and
vegetation growth were described comprehensively by previous studies (Tong et
al., 2017; Li et al., 2018; Wang et al., 2022b), there were limitations to those
studies as only a portion of precipitation is directly absorbed by vegetation due
to interception, evaporation, and surface runoff (Lee et al., 2018). Soil moisture
plays a significant role in the dynamics of plant photosynthesis, respiration pro-
cess, and evapotranspiration because water stored in the roots of vegetation is
absorbed directly to support plant growth and greenness (Li et al., 2021). The
interaction between soil moisture and precipitation determines the utilization
efficiency of water by vegetation (Liu et al., 2020). Previous studies have shown
that the combination of precipitation and soil moisture can better explain the
changes in vegetation greenness in arid areas (Warter et al., 2021). Moreover,
an increased frequency and severity of drought, resulting in severe root water
scarcity, can also markedly affect grassland vegetation greenness in arid areas
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(He et al., 2019). Therefore, considering the role of soil moisture and meteoro-
logical drought in the context of precipitation is crucial for understanding the
interaction between water stress and grassland vegetation greenness.

The mechanisms behind the effect of soil moisture on grassland vegetation green-
ness in Inner Mongolia are yet to be comprehensively understood. To fill this
gap, we additionally considered soil moisture regime and meteorological drought
as two major climatic factors that control the amount of water in Inner Mon-
golia to determine grassland vegetation greenness. The primary purpose of this
study is therefore to explore the determining role of water-related climatic fac-
tors on the vegetation greenness of Inner Mongolian grasslands and quantify
their contributions over the past 35 years. Secondly, we further explore how the
strength of climate factors affecting the vegetation greenness of Inner Mongolian
grasslands has changed over a long-term period, especially whether there will
be a shift in the dominant factor.

2.1 Study Area

The Inner Mongolia Autonomous Region (37°24'-53°23'N, 97°12'-126°04'E) of
China is situated in the middle of the Eurasian steppe belt, covering a total area
of 1.18$x107{6}$ km?. This region is characterized by a typical temperate con-
tinental monsoon climate, featuring extremely cold-dry winters and hot-moist
summers (Bao et al., 2014). Its climate condition gradually transitions from
semi-humid in the east to semi-arid and arid in the central and western regions
due to its vast east-west span. The annual mean temperature in Inner Mongolia
ranges from —5.50°C to 3.10°C, while the mean annual precipitation varies from
234 to 418 mm (Guo et al., 2021). Grasslands are the dominant vegetation types
in Inner Mongolia with an area of approximately 0.68$x107{6}$ km? (Wang
et al., 2017). Accompanied by the varying gradients in climatic characteristics
in Inner Mongolia, the major grassland types vary from meadow steppe in the
northeast to typical steppe in the middle and desert steppe in the west.

2.2.1 NDVI

To characterize vegetation greenness dynamics, we utilized bimonthly NDVI
data from Global Inventory Modeling and Mapping Studies (GIMMS
NDVI3g) (Tucker et al., 2005; Pinzon and Tucker, 2014). This dataset
has a spatial resolution of 8 km and covers the period from 1982 to 2016
(https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1/). The GIMMS NDVI3g
dataset was generated routinely from calibrated Advanced Very High Res-
olution Radiometer (AVHRR). Data issues caused by sensor degradation,
inter-sensory differences, cloud cover, and solar zenith angle due to satellite
drift and volcanic aerosols have been well addressed (Tucker et al., 2005). This
dataset provides the longest time series data available for monitoring vegetation
growth and phenology at regional and global scales (Piao et al., 2011; Fensholt
and Proud, 2012; Luo et al., 2021). During the calculation, we removed pixels
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with an annual mean NDVTI of less than 0.1, as these pixels may have sparse
vegetation or lack noticeable seasonal vegetation growth features (Huang et al.,
2017b). Grassland vegetation greenness mentioned in this study was defined
by the average NDVI during the growing season from April to October (i.e.,
NDVI_{GS}).

2.2.2 Climate Dataset

Climatic variables were extracted from the Chinese Meteorological Forcing
Dataset (CMFD, http://data.tpdc.ac.cn/en/data/8028b944-daaa-4511-8769-
965612652c¢49/). The dataset includes gridded observations of monthly average
temperature (°C), monthly average downward shortwave radiation ($x107{6}$
J/m?), and monthly total precipitation (mm) at a spatial resolution of
0.1°$x$0.1° from 1982 to 2016. CMFD was developed by the Data Assimilation
and Modeling Center for Tibetan Multi-spheres at the Institute of Tibetan
Plateau Research, Chinese Academy of Sciences (He et al., 2020). The dataset
was fused with multiple products, including remote sensing images, reanalysis
datasets, and weather station records. It has been widely utilized in previous
studies related to climate change (Yang et al., 2017; Wang et al., 2019).

2.2.3 Soil Moisture

Due to the scarcity of in-situ measurements, soil moisture data relies heavily
on satellite retrievals and model simulations to a great extent. Here, we used
a daily 0.25° spatial resolution soil moisture (m?®/m3) dataset (1982-2016)
derived by the European Space Agency (ESA) Climate Change Initiative
program on the global monitoring of Essential Climate Variables (CCI-SM
v.4.7, https://www.esa-soilmoisture-cci.org). ESA CCI-SM represents surface
soil moisture at a depth of 2-5 cm, and it is generated by two active and
seven passive microwave products (Wagner et al., 2012). This product could
reflect the seasonal and inter-annual dynamics of the original satellite-derived
retrievals (Liu et al., 2012). An et al. (2016) has demonstrated its good perfor-
mance in analyzing China’s grassland dynamics. Yao et al. (2021) used 0-10 cm
soil moisture site measurement data released by China Meteorological Network
to verify the accuracy of ESA CCI-SM grid data. The results also showed
that ESA CCI-SM data had good consistency with the site measurement data
in summer and autumn in Inner Mongolia. These two seasons comprised the
main part of the growing season as defined in this study. Here, we averaged
the original daily product to the monthly scale.

2.2.4 Standardized Precipitation Evapotranspiration Index
(SPEI)

We used an SPEI dataset with a monthly grid size of 0.5° (Begueria et al.,
2010; Vicente-Serrano et al., 2010) to analyze drought conditions in Inner Mon-
golia from 1982 to 2016 (SPEIbase v. 2.6, https://spei.csic.es/database.html).
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SPEI is a measure of drought that takes into account the historical probability
distribution of precipitation minus potential evapotranspiration. High and low
SPEI values signify relatively moist and dry conditions, respectively (Beguerfa
et al., 2010). This calculation method considers the effects of water evaporation
and transpiration and can describe drought characteristics at multiple tempo-
ral scales. Here, we utilized the 3-month SPEI (SPEI-3) to identify short-term
drought events in Inner Mongolia because SPEI-3 could conceivably produce its
highest correlations with NDVT to a great extent (Vicente-Serrano et al., 2013).

2.2.5 Land Cover Product

Land use information was extracted from the Moderate Resolution Imag-
ing Spectroradiometer (MODIS) land cover product (MCD12Cl v. 6.0,
https://lpdaac.usgs.gov/products/mcd12¢1v006/). It spans from 2001 to 2015
and features a spatial resolution of 0.05°. In this study, we merged grasslands,
closed shrublands, and open shrublands into a single category that captures
potential grasslands in the study area. To ensure spatial compatibility between
the MODIS land cover product (i.e., grassland layer) and other datasets (e.g.,
NDVI, temperature, precipitation, solar radiation, soil moisture, and SPEI),
we resampled these datasets to a uniform spatial resolution of 0.25°. All
calculations were performed in pixels labeled with constant grasslands from
2001 to 2015 to minimize the influence of land cover change.

2.3 Methods

Multiple linear regression (MLR) and boosted regression tree (BRT) were ap-
plied to quantify the relative contributions of different factors to changes in
grassland greenness over Inner Mongolia. By comparing the results from these
two methods, we sought to validate our analysis and ensure the robustness of
our findings. For each pixel, we initially calculated the relative contributions of
each factor to changes in grassland NDVI_{GS} and identified the dominant
factor during the period 1982-2016. Then, the study period was separated into
two segments of 15 years (i.e., 1982-1996 and 2002-2016) to examine whether
the primary factor driving changes in grassland NDVI_{GS} trends has shifted
over the past 35 years.

2.3.1 MLR

MLR is a statistically regression-based method. We quantified the relative con-
tributions of each determinant (e.g., temperature, precipitation, solar radiation,
soil moisture, and SPEI-3) as follows:

NDVI,s =by x Tmp+ by x Pre + by x Rad + by x SM + b; x SPEI + ¢

where b, is the regression coeflicients for each variable, including T'mp for the
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average temperature (°C), Pre for the total precipitation (mm), Rad for the
average solar radiation (J/m?), SM for the average soil moisture (m?3/m?), and
SPFEI for the standardized precipitation evapotranspiration index; and ¢ is the
other determinant that is not considered but might contribute to changes in
grassland NDVI_ {GS}.

We performed MLR using the R package “relaimpo”, which is based on variance
decomposition for MLR models and provides six different methods for analyz-
ing the relative contribution of each regressor determinant in linear regression
(Gromping, 2007). Among these methods, we chose the most commonly used
ones, LMG (Lindeman, Merenda, and Gold) methods, because of its strength
in differentiating the relative contribution of correlated regression variables.
The LMG method estimated the relative contribution of each variable by de-
composing the sum of squares into non-negative contributions shared by each
variable, and LMG values were obtained by averaging the sequential sum of
squares (R?) for all possible orders. Finally, all values of relative importance
were normalized (divided by R?) to sum to 1. This method has been widely
used in the attributions of vegetation growth (Huang et al., 2018; Wu et al.,
2019). Additionally, we used the standardized regression coefficient of multiple
linear regression to characterize positive or negative influence of each factor on
grassland NDVI_ {GS}.

2.3.2 BRT

BRT is a machine learning-based method that combines the advantages of re-
gression trees and boosting (Elith et al., 2008). The former generates trees
by recursive binary splits, with explanatory variables and split points selected
to minimize prediction errors. Boosting combines many trees in a forward-
stagewise process to improve predictive performance further. Compared with
other statistical approaches, BRT has fewer requirements for data structure and
is less influenced by correlated information or irrelevant variables (Crase et al.,
2012; Dormann et al., 2013). These characteristics make BRT well-suited to
handle complex nonlinear relationships, such as the marginal effect and relative
contribution of each independent variable on the response variable (Elith et al.,
2008). We calculated the marginal effect of an individual predictor variable
based on the assumption that other independent variables remain constant, and
this effect will be regarded as the relative contribution to the response vari-
able. Here, we used BRT to quantify the relative contributions of each determi-
nant in grassland NDVI_{GS} in Inner Mongolia during the period 1982-2016.
NDVI_ {GS} was the dependent variable, while temperature, precipitation, so-
lar radiation, soil moisture, and SPEI-3 were the independent variables. We
conducted BRT using the R package “gbm”. A detailed explanation of BRT can
be found in Elith et al. (2008).
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3.1 Changes in Inner Mongolia’s Grassland NDVI_ {GS}
and Its Determinants from 1982 to 2016

The grassland vegetation growth in Inner Mongolia, as measured by
NDVI_{GS}, witnessed an overall greening trend at a rate of 0.006/10 a
from 1982 to 2016 (P<0.01; Fig. la [Figure 1: see original paper]). During the
same period, the growing season has experienced a significant increase in mean
temperature by 1.61°C (P<0.05; Fig. 1b). Total precipitation and mean soil
moisture have also displayed slightly increasing trends (P>0.05; Fig. 1c and d).
In contrast, mean radiation and SPEI-3 both decreased significantly (P<0.05;
Fig. le and f). It should be noted that the temporal trends in precipitation and
soil moisture were relatively consistent with NDVI_{GS} trend, indicating that
changes in grassland NDVI_{GS} in Inner Mongolia may be closely related to
water availability.

Over the past three decades, approximately 74% of the grassland areas in Inner
Mongolia exhibited increasing trends in NDVI__{GS} (significant in 61% of the
areas, P<0.05; Fig. 2a [Figure 2: see original paper|). However, a decrease in
NDVI_{GS} was observed in 26% of the grassland areas (significant in 8% of
the areas, P<0.05), primarily in central and eastern regions of Inner Mongolia.
Meanwhile, the increasing trend in temperature was more apparent, accounting
for 98% of the grassland areas in Inner Mongolia (significant in 95% of the
areas, P<0.05; Fig. 2b). It should be noted that about 60% of the grassland
areas in Inner Mongolia showed a drying trend, with a significant decrease in
SPEI-3 (P<0.05; Fig. 2c). The observed patterns of droughts were consistent
with the climatic warming, as high temperatures were expected to increase
atmospheric evaporative demand, leading to severe droughts. Additionally, the
total precipitation displayed spatial heterogeneity, with a decrease in the east
(significant in 44% of the areas) and an increase in the west (significant in 56%
of the areas; Fig. 2d). In particular, the spatial distribution of precipitation and
NDVI_{GS} trends exhibited similarities, especially in areas with significantly
low precipitation. In contrast, radiation showed an overall opposite trend with
NDVI_{GS} (Fig. 2e), suggesting that changes in vegetation growth observed
in the grasslands of Inner Mongolia were likely influenced by changes in water
availability. Although the replenishment of soil moisture in dryland deeply relies
on precipitation, the spatial distribution of soil moisture trends differed from
that of precipitation (Fig. 2f). Increased soil moisture (significant in 47% of
the areas) was mainly observed in northeastern and central regions of Inner
Mongolia, while a decreasing trend of soil moisture (significant in 53% of the
areas) was evident in southeastern and western regions of Inner Mongolia.

3.2 Determinants of Changes in Grassland NDVI_{GS}
and Their Contributions

BRT and MLR methods delivered similar spatial distributions of primary fac-
tors of grassland NDVI_{GS} trends in Inner Mongolia (Fig. 3 [Figure 3: see
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original paper]). Both methods identified precipitation and soil moisture as two
primary factors of changes in grassland NDVI_{GS}, dominating about 33%
and 27% of the areas of changes in grassland NDVI__{GS}, respectively. SPEI-
3 was found to be another factor closely linked to water availability and was
estimated to have dominated around 14% of changes in grassland NDVI_{GS}
(12% and 16% estimated by BRT and MLR, respectively). These findings sug-
gest that changes in water availability play a critical role in determining the
growth of grassland vegetation in Inner Mongolia. Compared with the determi-
nants related to water availability (i.e., precipitation, soil moisture, and SPEI-
3), temperature and solar radiation played a smaller role in driving changes in
grassland NDVI__{GS}, accounting for only 15% and 10% of the changes, respec-
tively. Furthermore, these regions were fragmentally distributed in southeastern
and southwestern Inner Mongolia. These findings highlight the importance of
precipitation and soil moisture in regulating changes in grassland NDVI__{GS}
over Inner Mongolia.

We also further investigated whether primary factors of grassland NDVI_{GS}
changes in Inner Mongolia shifted over the past 35-year time scale. We divided
the research period into two 15-year intervals (1982-1996 and 2002-2016) and
analyzed the spatial distribution of primary factors during each interval using
both BRT and MLR methods. Our results showed that precipitation and SPEI-
3 were the dominant factors affecting grassland NDVI_{GS} changes during the
first 15-year interval, with precipitation playing a more important role according
to BRT analysis and SPEI-3 according to MLR analysis (Fig. 4a [Figure 4:
see original paper| and b). Meanwhile, temperature, solar radiation, and soil
moisture had relatively weak influences. This indicated that precipitation and
drought were primary factors of NDVI_{GS} changes during the period 1982—
1996. During the second 15-year interval (2002-2016), soil moisture was found
to be the dominant factor affecting grassland NDVI__{GS} changes, accounting
for approximately 38% of the grassland areas according to both BRT and MLR
analyses (Fig. 4c and d). In contrast, the areas dominated by precipitation
and SPEI-3 during the first 15-year interval significantly decreased, and their
roles were replaced by soil moisture. These findings highlight the enhanced
importance of soil moisture in improving grassland NDVI_{GS} changes across
Inner Mongolia, especially over the past two decades.

3.3 Positive or Negative Influence of Driving Factors on
Grassland NDVI_{GS}

Using standardized regression coefficients obtained from the MLR method, we
conducted a further analysis to investigate the positive or negative influence of
each driving factor on grassland NDVI_{GS} in Inner Mongolia (Fig. 5 [Figure
5: see original paper|). In general, we observed a positive correlation between
temperature and grassland NDVI_{GS}, accounting for around 71% of the
grassland areas (significant in 23% of the areas, P<0.05; Fig. 5a). Conversely,
a negative influence of temperature on grassland NDVI {GS} was observed in
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only 29% of the grassland areas (significant in 3% of the areas, P<0.05). Cli-
matic variables related to water availability, such as precipitation, soil moisture,
and SPEI-3, were found to have a positive impact on grassland NDVI_{GS}
in Inner Mongolia, accounting for 86%, 79%, and 65% of the grassland areas,
respectively (Fig. 5b—d). These factors significantly and positively influenced
20%, 24%, and 11% of the grassland areas, respectively (P<0.05). The areas
with significantly positive precipitation influence were mainly concentrated in
the west, while the grassland NDVI_{GS} change induced by soil moisture
was observed in the north and south. Precipitation and soil moisture primarily
showed an increasing trend along with the grassland greening (Fig. 2). How-
ever, water scarcity conditions as shown by grassland browning were consistent
with SPEI-3 trend in the central area (Fig. 2). In the case of solar radiation,
no significant changes in grassland NDVI__{GS} were observed (Fig. 5e).

Given the changes in primary factors of Inner Mongolia’s grassland NDVI__{GS}
over the past three decades (Fig. 4), we further tested whether the positive or
negative influence of these factors could also vary. During the period 1982-1996,
approximately 64% of the areas showed a positive influence of temperature on
grassland NDVI {GS} (significant in 16% of the areas, P<0.05), which was
primarily observed in northeastern and central Inner Mongolia (Fig. 6a [Figure
6: see original paper]). However, over the past 15 years, areas with positive
correlations between temperature and grassland NDVI_{GS} declined to 46%
(significant in only 5% of the areas, P<0.05; Fig. 6b). Specifically, the influence
of temperature on the changes in grassland NDVI_{GS} in northeastern Inner
Mongolia switched from a significant positive influence (during the first 15-year
interval from 1982 to 1996) to a non-significant and negative influence (during
the second 15-year interval from 2002 to 2016). These results indicate that the
influence of warming over the past few decades appears to have declined.

In both periods, approximately 50% of the grassland areas were under posi-
tive and negative influence of solar radiation (Fig. 6c¢ and d). Precipitation,
which is the primary source of water in the area, positively influenced grassland
NDVI_{GS} in Inner Mongolia in both periods, covering approximately 70%
and 72% of the grassland areas, respectively, and 11% and 13% of these areas
were significant at P<0.05 level (Fig. 6e and f). For most grassland areas,
short-term drought (as indicated by SPEI-3) positively influenced grassland
NDVI_{GS} during the first 15-year interval, covering 76% of the grassland
areas, where 20% were significant (P<0.05; Fig. 6g). However, the positive
influence of short-term drought was noticeably weakened during the second 15-
year interval, with only 3% of the grassland areas being significant (P<0.05;
Fig. 6h). In contrast to SPEI-3, soil moisture had limited positive influence
on grassland NDVI_{GS} compared with precipitation and SPEI-3 from 1982
to 1996, covering about 58% of the grassland areas, where only 6% was signifi-
cant (P<0.05; Fig. 6i). Nevertheless, approximately 77% of the grassland areas
showed a positive influence of soil moisture on grassland NDVI_{GS} from 2002
to 2016, where 27% were significant (P<0.05; Fig. 6j). Standardized soil mois-
ture coeflicient value increased significantly during the second 15-year interval
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compared with the first 15-year interval, indicating that soil moisture control in
Inner Mongolia’s grassland NDVI__{GS} was strengthening over the last three
decades.

4.1 Moisture-Dominant Grassland Greening in Inner Mon-
golia

Detection and attribution of observed changes in grassland vegetation greenness
are crucial for understanding grassland ecosystems and for sustainable man-
agement and development of these ecosystems in arid and semi-arid regions
worldwide. Our study suggested that grasslands in Inner Mongolia experienced
an overall vegetation greening trend from 1982 to 2016, which is consistent
with many previous studies (Guo et al., 2014; Miao et al., 2020; Zhang et al.,
2021). Vegetation greenness is typically associated with meteorological elements,
such as temperature-controlled vegetation growth at high latitudes of the north-
ern hemisphere and solar radiation-controlled vegetation growth in low-latitude
tropical rainforests (Wu et al., 2015). Moisture is usually the dominant fac-
tor controlling vegetation growth in arid and semi-arid areas in mid-latitude
regions including China’s Inner Mongolia (Wang et al., 2015). Given its proxim-
ity to mid-latitude dryland area, Inner Mongolia is exposed to limited moisture
regime. Most previous studies used precipitation as the key climatic factor to
characterize moisture conditions in the region (Zhang et al., 2019; Shi et al.,
2020) without realizing the mechanisms behind the dynamics of moisture in
arid areas. Precipitation must be converted to soil moisture before this can be
further utilized by plants (Li et al., 2021). Soil moisture was found to have re-
flected the amount of available water in arid grasslands more accurately (Zhou
et al., 2021). In Inner Mongolia, deficit of soil moisture would largely limit
the growth of pasture (Nakano et al., 2008). Our results also confirmed that
the observed grassland greening trend in Inner Mongolia was influenced by pre-
cipitation and soil moisture, highlighting the response of vegetation growth to
changing moisture conditions in arid regions.

4.2 Enhanced Control of Soil Moisture on Grassland Vege-
tation Growth

We noted that contribution and area influenced by soil moisture on observed
grassland greening in Inner Mongolia were not entirely suggestive of being a
primary factor (Fig. 3). However, the role of soil moisture was second only to
that of precipitation, suggesting the importance of soil moisture in vegetation
growth in arid grasslands. Based on soil moisture output from hydrological
models, Liu et al. (2013) found that soil moisture was superior to precipitation
in capturing the largest variations in spring grassland growth in Inner Mongolia.
Additionally, a recent field experiment conducted in Inner Mongolia found that
soil moisture was the primary factor regulating spring grassland growth (Liu
et al., 2022). We argue that soil moisture plays a prominent role in regulat-
ing grassland growth in recent years, which should receive considerably more
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attention in the future.

Despite growing evidence of global greening since the early 1980s (Zhu et al.,
2016), several studies have revealed that vegetation greening trend during the
1980s and the 1990s may have stalled or even reversed during the 2010s (Park
and Sohn, 2010; Piao et al., 2011). Zhang et al. (2021) found that trend shift
in vegetation growth in Inner Mongolia since 1999 was characterized by an in-
terruption in the greening process followed by a continuous recovery process.
These findings sparked a new research question: for instance, has the domi-
nant factor causing vegetation greenness trend changed over the recent decade?
To address this question, we separated the study period into two sub-periods:
1982-1996 and 2002-2016. Comparison between the two sub-periods showed
that precipitation and short-term drought were the main factors determining
the changes in grassland NDVI {GS} in most of Inner Mongolia prior to the
mid-1990s, consistent with previous studies (Bao et al., 2014; Miao et al., 2020).
However, during the second 15-year interval (2002—2016), the influence of precip-
itation and short-term drought was significantly reduced and even replaced by
soil moisture. Studies suggest that precipitation and potential evapotranspira-
tion are the two main factors influencing soil moisture regime in the Mongolian
plateau over the recent decades (Meng et al., 2022). Therefore, an explanation
for this shift could be that enhanced evapotranspiration resulting from climatic
warming in Inner Mongolia offsets some of the precipitation effect (Du et al.,
2017). We do not reject the idea that there is no contribution of precipitation to
vegetation greening in Inner Mongolia, but we argue that precipitation acts in-
directly as the source of soil moisture supplement (Salve et al., 2011; Schlesinger
and Jasechko, 2014), and we emphasize the role of soil moisture in grassland
growth, especially in recent decades.

4.3 Application of Machine Learning and Statistical Meth-
ods

Quantification and attribution of changes in vegetation greenness in arid and
semi-arid areas using different linear models including residual analysis, corre-
lation, and regression analysis mostly constrain climatic variables (L et al.,
2015; Jiang et al., 2021). However, the response of arid grassland vegetation
to climate change is often complex and non-linear (Peng et al., 2013; Piao et
al., 2014). For instance, correlation among multiple factors cannot be explained
well by conventional statistical methods due to their complex interactions. The
collinearity among variables also makes it difficult to explain the response of veg-
etation change. Recently, machine learning (ML) approach has been utilized to
overcome some of these statistical biases, as ML technique can resolve existing
nonlinear problems and is less influenced by collinearity (Shi et al., 2020). There-
fore, although the LMG method can differentiate the contribution of correlated
regression variables (Gromping, 2007), we found that BRT, a non-parametric
machine learning method, was robust and complementary to the LMG method.
Despite having an ability to quantify, ML cannot fully clarify the mechanisms
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behind the relationship between vegetation growth and climate change. Fur-
ther analysis and comparison of the results are required in conjunction with
process-based models.

5 Conclusions

In this study, we observed an overall greening trend of Inner Mongolian grass-
lands in China from 1982 to 2016. Using the methods of MLR and BRT, we
quantified relative contributions of temperature, precipitation, solar radiation,
soil moisture, and SPEI-3 to changes in grassland NDVI__{GS}. We found that
precipitation and soil moisture related to moisture regime were primary factors
controlling changes in grassland NDVI__{GS} from 1982 to 2016. This finding
highlights the increased moisture deficits in vegetation greenness in Inner Mongo-
lia, as soil moisture has replaced precipitation for grassland vegetation growth
over recent decades. The increasing role of soil moisture in vegetation green-
ness in Inner Mongolia as revealed by a significant positive trend of grassland
NDVI_{GS} over the recent period indicates a complex relationship between
grassland vegetation and climate change in the region. How the grasslands of In-
ner Mongolia respond to rapid climatic warming under increased water scarcity
and the influence of soil moisture regime on vegetation growth are complex ques-
tions for the scientific community as well as resource managers to address in the
future.

Conflict of Interest

The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported
in this paper.

Acknowledgements

The study was funded by the National Natural Science Foundation of China
(42101295), the Science and Technology Department of Jiangsu (BK20210657),
and the Natural Science Foundation of Jiangsu Higher Education Institutions
of China (21KJB170003). Prof. Giri R KATTEL and Prof. MIAO Lijuan also
acknowledge the Longshan Professorship at Nanjing University of Information
Science & Technology, China.

Author Contributions

Conceptualization: MIAO Lijuan

Methodology: ZHANG Hui, MTAO Lijuan

Formal analysis: ZHANG Hui, WANG Guojie, MIAO Lijuan

Writing - original draft preparation: ZHANG Hui, WANG Guojie, MIAO
Lijuan

Writing - review and editing: Giri R KATTEL, CHUAI Xiaowei, ZHANG

chinarxiv.org/items/chinaxiv-202307.00138 Machine Translation


https://chinarxiv.org/items/chinaxiv-202307.00138

Yuyang
Supervision: MIAO Lijuan

References

An R, Zhang L, Wang Z, et al. 2016. Validation of the ESA CCI soil moisture
product in China. International Journal of Applied Earth Observation and
Geoinformation, 48: 28-36.

Bai J, Shi H, Yu Q, et al. 2019. Satellite-observed vegetation stability in response
to changes in climate and total water storage in Central Asia. Science of the
Total Environment, 659: 862-871.

Bao G, Qin Z, Bao Y, et al. 2014. NDVI-based long-term vegetation dynamics
and its response to climatic change in the Mongolian Plateau. Remote Sensing,
6(9): 8337-8358.

Begueria S, Vicente-Serrano S M, Angulo-Martinez M. 2010. A multiscalar
global drought dataset: The SPEIbase: A new gridded product for the analysis
of drought variability and impacts. Bulletin of the American Meteorological
Society, 91(10): 1351-1356.

Crase B, Liedloff A C, Wintle B A. 2012. A new method for dealing with residual
spatial autocorrelation in species distribution models. Ecography, 35(10): 879-
888.

Deng H, Yin Y, Han X. 2020. Vulnerability of vegetation activities to
drought in Central Asia. Environmental Research Letters, 15(8): 084005, doi:
10.1088/1748-9326 /ab93fa.

Dormann C F, Elith J, Bacher S, et al. 2013. Collinearity: A review of methods
to deal with it and a simulation study evaluating their performance. Fcography,
36(1): 27-46.

Du Z, Zhang X, Xu X, et al. 2017. Quantifying influences of physiographic
factors on temperate dryland vegetation, Northwest China. Scientific Reports,
7: 40092, doi: 10.1038/srep40092.

Elith J, Leathwick J R, Hastie T. 2008. A working guide to boosted regression
trees. Journal of Animal Ecology, 77(4): 802-813.

Fan Y, Li X, Wu X, et al. 2016. Divergent responses of vegetation aboveground
net primary productivity to rainfall pulses in the Inner Mongolian Plateau,
China. Journal of Arid Environments, 129: 1-8.

Fensholt R, Proud S R. 2012. Evaluation of Earth observation based global
long term vegetation trends—Comparing GIMMS and MODIS global NDVI time
series. Remote Sensing of Environment, 119: 131-147.

Grace J, Jose J S, Meir P, et al. 2006. Productivity and carbon fluxes of tropical
savannas. Journal of Biogeography, 33(3): 387—400.

chinarxiv.org/items/chinaxiv-202307.00138 Machine Translation


https://chinarxiv.org/items/chinaxiv-202307.00138

ChinaRxiv [$X]

Gromping U. 2007. Relative importance for linear regression in R: The package
relaimpo. Journal of Statistical Software, 17(1): 1-27.

Guo D, Song X, Hu R, et al. 2021. Grassland type-dependent spatiotem-
poral characteristics of productivity in Inner Mongolia and its response
to climate factors. Science of the Total Environment, 775: 145644, doi:
10.1016/j.scitotenv.2021.145644.

Guo L, Wu S, Zhao D, et al. 2014. NDVI-based vegetation change in Inner
Mongolia from 1982 to 2006 and its relationship to climate at the biome scale.
Advances in Meteorology, 2014: 692068, doi: 10.1155/2014/692068.

He B, Wang S, Guo L, et al. 2019. Aridity change and its correlation with
greening over drylands. Agricultural and Forest Meteorology, 278: 107663, doi:
10.1016/j.agrformet.2019.107663.

He J, Yang K, Tang W, et al. 2020. The first high-resolution meteorological
forcing dataset for land process studies over China. Scientific Data, 7(1): 25,
doi: 10.1038/s41597-020-0369-y.

Hu Q, Pan F, Pan X, et al. 2015. Spatial analysis of climate change in Inner
Mongolia during 1961-2012, China. Applied Geography, 60: 254-260.

Huang J, Li Y, Fu C, et al. 2017. Dryland climate change: Recent progress and
challenges. Reviews of Geophysics, 55(3): 719-778.

Huang K, Xia J, Wang Y, et al. 2018. Enhanced peak growth of global vegeta-
tion and its key mechanisms. Nature Ecology € FEvolution, 2(12): 1897-1905.

Huang M, Piao S, Janssens I A, et al. 2017. Velocity of change in vegetation
productivity over northern high latitudes. Nature Ecology & Evolution, 1(11):
1649-1654.

Jiang M, He Y, Song C, et al. 2021. Disaggregating climatic and anthropogenic
influences on vegetation changes in Beijing-Tianjin-Hebei region of China. Sci-
ence of the Total Environment, 147574, doi: 10.1016/j.scitotenv.2021.147574.

John R, Chen J, Ou-Yang Z T, et al. 2013. Vegetation response to extreme
climate events on the Mongolian Plateau from 2000 to 2010. Environmental
Research Letters, 8(3): 035033, doi: 10.1088/1748-9326/8/3,/035033.

Kang Y, Guo E, Wang Y, et al. 2021. Monitoring vegetation change and its
potential drivers in Inner Mongolia from 2000 to 2019. Remote Sensing, 13(17):
3357, doi: 10.3390/rs13173357.

Lee E, Kumar P, Barron-Gafford G A, et al. 2018. Impact of hydraulic redistri-
bution on multispecies vegetation water use in a semiarid savanna ecosystem:
An experimental and modeling synthesis. Water Resources Research, 54(6):
4009-4027.

Li C, Wang J, Hu R, et al. 2018. Relationship between vegetation change and
extreme climate indices on the Inner Mongolia Plateau, China, from 1982 to

chinarxiv.org/items/chinaxiv-202307.00138 Machine Translation


https://chinarxiv.org/items/chinaxiv-202307.00138

ChinaRxiv [$X]

2013. Ecological Indicators, 89: 101-109.

Li W, Migliavacca M, Forkel M, et al. 2021. Revisiting global vegetation con-
trols using multi-layer soil moisture. Geophysical Research Letters, 48(11):
€2021GL092856, doi: 10.1029/2021GL092856.

Li W, Suocheng D, Lin H, et al. 2023. Vulnerability of farmers and herds-
men households in Inner Mongolian plateau to arid climate disasters and
their development model. Journal of Cleaner Production, 402: 136853, doi:
10.1016/j.jclepro.2023.136853.

Liu H, Tian F, Hu H C, et al. 2013. Soil moisture controls on patterns of grass
green-up in Inner Mongolia: An index based approach. Hydrology and FEarth
System Sciences, 17(2): 805-815.

Liu X, Feng X, Fu B. 2020. Changes in global terrestrial ecosystem water use
efficiency are closely related to soil moisture. Science of the Total Environment,
698: 134165, doi: 10.1016/j.scitotenv.2019.134165.

Liu Y Y, Dorigo W A, Parinussa R M, et al. 2012. Trend-preserving blending
of passive and active microwave soil moisture retrievals. Remote Sensing of
Environment, 123: 280-297.

Liu Z, Fu Y H, Shi X, et al. 2022. Soil moisture determines the effects of
climate warming on spring phenology in grasslands. Agricultural and Forest
Meteorology, 323: 109039, doi: 10.1016/j.agrformet.2022.109039.

Li Y, Zhang L, Feng X, et al. 2015. Recent ecological transitions in China:
Greening, browning and influential factors. Scientific Reports, 5: 08732, doi:
10.1038/srep08732.

Luo M, Meng F, Sa C, et al. 2021. Response of vegetation phenology to soil
moisture dynamics in the Mongolian Plateau. CATENA, 206: 105505, doi:
10.1016/j.catena.2021.105505.

Meng F, Luo M, Sa C, et al. 2022. Quantitative assessment of the effects
of climate, vegetation, soil and groundwater on soil moisture spatiotemporal
variability in the Mongolian Plateau. Science of the Total Environment, 809:
152198, doi: 10.1016/j.scitotenv.2021.152198.

Miao L, Sun Z, Ren Y, et al. 2020. Grassland greening on the Mongolian Plateau
despite higher grazing intensity. Land Degradation & Development, 32(2): 792—
802.

Nakano T, Nemoto M, Shinoda M, et al. 2008. Environmental controls on
photosynthetic production and ecosystem respiration in semi-arid grasslands of
Mongolia. Agricultural and Forest Meteorology, 148(10): 1456-1466.

Nandintsetseg B, Boldgiv B, Chang J, et al. 2021. Risk and vulnerability of
Mongolian grasslands under climate change. FEnvironmental Research Letters,
16(3): 034035, doi: 10.1088/1748-9326/abdb5b.

chinarxiv.org/items/chinaxiv-202307.00138 Machine Translation


https://chinarxiv.org/items/chinaxiv-202307.00138

ChinaRxiv [$X]

Park H S, Sohn B J. 2010. Recent trends in changes of vegetation over East
Asia coupled with temperature and rainfall variations. Journal of Geophysical
Research: Atmospheres, 115(D14), doi: 10.1029/2009JD012752.

Peng S, Piao S, Shen Z, et al. 2013. Precipitation amount, seasonality and
frequency regulate carbon cycling of a semi-arid grassland ecosystem in Inner
Mongolia, China: A modeling analysis. Agricultural and Forest Meteorology,
178-179: 46-55.

Piao S, Wang X, Ciais P, et al. 2011. Changes in satellite-derived vegetation
growth trend in temperate and boreal Eurasia from 1982 to 2006. Global Change
Biology, 17(10): 3228-3239.

Piao S, Nan H, Huntingford C, et al. 2014. Evidence for a weakening relationship
between interannual temperature variability and northern vegetation activity.
Nature Communications, 5: 6018, doi: 10.1038 /ncomms6018.

Pinzon J E, Tucker C J. 2014. A non-stationary 1981-2012 AVHRR NDVI3g
time series. Remote Sensing, 6(8): 6929-6960.

Poulter B, Frank D, Ciais P, et al. 2014. Contribution of semi-arid ecosystems to
interannual variability of the global carbon cycle. Nature, 509(7502): 600-603.

Salve R, Sudderth E A, Clair S B S, et al. 2011. Effect of grassland vegeta-
tion type on the responses of hydrological processes to seasonal precipitation
patterns. Journal of Hydrology, 410(1-2): 51-61.

Schlesinger W H, Jasechko S. 2014. Transpiration in the global water cycle.
Agricultural and Forest Meteorology, 189-190: 115-117.

Shi Y, Jin N, Ma X, et al. 2020. Attribution of climate and human activities
to vegetation change in China using machine learning techniques. Agricultural
and Forest Meteorology, 294: 108146, doi: 10.1016/j.agrformet.2020.108146.

Tong S, Zhang J, Bao Y. 2017. Spatial and temporal variations of vegetation
cover and the relationships with climate factors in Inner Mongolia based on
GIMMS NDVI3g data. Journal of Arid Land, 9(3): 394-407.

Tucker C J, Pinzon J E, Brown M E, et al. 2005. An extended AVHRR 8-km
NDVI dataset compatible with MODIS and SPOT vegetation NDVI data. In-
ternational Journal of Remote Sensing, 26(20): 4485-4498.

Vicente-Serrano S M, Begueria S, Lopez-Moreno J I, et al. 2010. A new global
0.5° gridded dataset (1901-2006) of a multiscalar drought index: Comparison
with current drought index datasets based on the Palmer Drought Severity
Index. Journal of Hydrometeorology, 11(4): 1033-1043.

Vicente-Serrano S M, Gouveia C, Camarero J J, et al. 2013. Response of veg-
etation to drought time-scales across global land biomes. Proceedings of the
National Academy of Sciences, 110(1): 52-57.

chinarxiv.org/items/chinaxiv-202307.00138 Machine Translation


https://chinarxiv.org/items/chinaxiv-202307.00138

ChinaRxiv [$X]

Wagner W, Dorigo W, de Jeu R, et al. 2012. Fusion of active and passive
microwave observations to create an essential climate variable data record on soil
moisture. ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial
Information Sciences, 7: 315-321.

Wang S, Li R, Wu Y, et al. 2022a. Effects of multi-temporal scale drought on
vegetation dynamics in Inner Mongolia from 1982 to 2015, China. FEcological
Indicators, 136: 108666, doi: 10.1016/j.ecolind.2022.108666.

Wang S, Li R, Wu Y, et al. 2022b. Vegetation dynamics and their response to
hydrothermal conditions in Inner Mongolia, China. Global Ecology and Conser-
vation, 34: €02034, doi: 10.1016/j.gecco.2022.e02034.

Wang T, Wedin D A, Franz T E, et al. 2015. Effect of vegetation on the temporal
stability of soil moisture in grass-stabilized semi-arid sand dunes. Journal of
Hydrology, 521: 447-459.

Wang Z, Deng X, Song W, et al. 2017. What is the main cause of grassland
degradation? A case study of grassland ecosystem service in the middle-south
Inner Mongolia. CATENA, 150: 100-107.

Wang Z, Ye A, Wang L, et al. 2019. Spatial and temporal characteristics of
reference evapotranspiration and its climatic driving factors over China from
1979-2015. Agricultural Water Management, 213: 1096-1108.

Warter M M, Singer M B, Cuthbert M O, et al. 2021. Drought onset and
propagation into soil moisture and grassland vegetation responses during the
2012-2019 major drought in Southern California. Hydrology and Earth System
Sciences, 25(6): 3173-3195.

Wu D, Zhao X, Liang S, et al. 2015. Time-lag effects of global vegetation
responses to climate change. Global Change Biology, 21(9): 3520-3531.

Wu Y, Tang G, Gu H, et al. 2019. The variation of vegetation greenness and un-
derlying mechanisms in Guangdong province of China during 2001-2013 based
on MODIS data. Science of the Total Environment, 653: 536-546.

Yao X, Jiang Q, Liu Y, et al. 2021. Spatiotemporal variation of soil moisture
in Northern China based on climate change initiative data. Agronomy, 113(2):
774-785.

Zhang H, Zhang X, Shang Y, et al. 2021. Continuously vegetation greening over
Inner Mongolia for the past three decades. Remote Sensing, 13(13): 2446, doi:
10.3390/rs13132446.

Zhang L, Xiao J, Zhou Y, et al. 2016. Drought events and their effects on vege-
tation productivity in China. Ecosphere, 7(12): €01591, doi: 10.1002/ecs2.1591.

Zhang R, Zhao X, Zuo X, et al. 2019. Impacts of precipitation on ecosystem
carbon fluxes in desert-grasslands in Inner Mongolia, China. Journal of Geo-
physical Research: Atmospheres, 124(3): 1266-1276.

chinarxiv.org/items/chinaxiv-202307.00138 Machine Translation


https://chinarxiv.org/items/chinaxiv-202307.00138

ChinaRxiv [$X]

Zhou S, Williams A P, Lintner B R, et al. 2021. Soil moisture—atmosphere
feedbacks mitigate declining water availability in drylands. Nature Climate
Change, 11(1): 38-44.

Zhu Z, Piao S, Myneni R B, et al. 2016. Greening of the Earth and its drivers.
Nature Climate Change, 6(8): 791-795.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv — Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202307.00138 Machine Translation


https://chinarxiv.org/items/chinaxiv-202307.00138

	Enhanced soil moisture improves vegetation growth in an arid grassland of Inner Mongolia Autonomous Region, China postprint
	Abstract
	Full Text
	Preamble
	Abstract
	1 Introduction
	2.1 Study Area
	2.2.1 NDVI
	2.2.2 Climate Dataset
	2.2.3 Soil Moisture
	2.2.4 Standardized Precipitation Evapotranspiration Index (SPEI)
	2.2.5 Land Cover Product
	2.3 Methods
	2.3.1 MLR
	2.3.2 BRT
	3.1 Changes in Inner Mongolia's Grassland NDVI_{GS} and Its Determinants from 1982 to 2016
	3.2 Determinants of Changes in Grassland NDVI_{GS} and Their Contributions
	3.3 Positive or Negative Influence of Driving Factors on Grassland NDVI_{GS}
	4.1 Moisture-Dominant Grassland Greening in Inner Mongolia
	4.2 Enhanced Control of Soil Moisture on Grassland Vegetation Growth
	4.3 Application of Machine Learning and Statistical Methods
	5 Conclusions
	Conflict of Interest
	Acknowledgements
	Author Contributions
	References


