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Abstract: Climate change and human activities significantly affected environmental changes in
drylands. However, the relative roles remain unclear regarding these factors’ effects on environment
changes in drylands. Herein, we analyzed vegetation change trends using remote-sensing datasets to
determine the interactions of vegetation, climate, and anthropogenic activities in an arid region of
China, Kubuqi Desert. Our study showed that 67.64% of the pixels of fractional vegetation coverage
(FVC) increased in 2020 in comparison with those of 1986. The FVC exhibited a significant greening
trend (0.0011/yr, p < 0.05) in 1986–2020 as a whole. This greening trend revealed two distinct periods
separated by a turning point in 2001. There was no clear trend of FVC before 2001, and then there
was a dramatically greening trend since 2001 in most regions of the study area. The increasing
rate (0.0036/yr) in the later period was three times higher than the entire period. The accelerated
increasing trend was due to the variable compound effects of climate and human activities. The
correlation between FVC and precipitation was mainly positive, which outweighs the significantly
negative correlation between vegetation and temperature. However, both climatic factors cannot well
explain the trends of vegetation dynamics, implying a possible role for human activities. Generally,
climate change and anthropogenic activities contributed 42.15% and 57.85% to the overall vegetation
variations in 1986–2020. Specifically, the relative role of the two factors was vastly different in two
distinct periods. Climate change led the dominant roles (58.68%) in the vegetation variations in
1986–2001, while anthropogenic activities dominated (86.79%) in driving vegetation recovery in the
period after 2001. Due to the massive ecological conservation programs such as the Grain for Green
Project launched in 2001, substantial deserts have been transformed into grasslands and forests. This
analysis highlights the ecological policies largely responsible for vegetation restoration and provides
references for ecological protection and sustainable development in eco-fragile ecosystems.

Keywords: drylands; NDVI; Hangjin Banner; grain for green program; vegetation change; anthro-
pogenic activities; Google Earth Engine

1. Introduction

Drylands comprise about 41% of the global land surface [1] and play an important
role in global terrestrial ecosystems [2,3]. However, these ecosystems are extremely fragile
and tend to be desertified [4]. Land degradation or desertification occurs widely and is
one of the most devastating socio-economic and environmental problems in drylands [5,6].
The occurrence and development of land desertification has caused a serious threat to
eco-environment, economy development, and human welfare [7]. China, as one of the
most severely desertified countries, experienced aeolian desertification dominating almost
all dryland areas in northern China. Studies showed that the annual increasing rates of
aeolian desertification were 1560 km2/yr from 1955 to 1975, 2100 km2/yr from 1976 to 1987,
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and 3600 km2/yr from 1988 to 2000 [7], which resulted in a direct economic loss of about
54 billion RMB each year in China [8]. Therefore, the control and rehabilitation of desertified
land is of great importance to the sustainable development of these regions [5]. The Chinese
government has made a lot of efforts to maintain the stability of deserts and improve
the qualities of the environment of dryland ecosystems over the past decades. Currently,
combating desertification has achieved remarkable successes in China. However, although
the expanding situation of desertification in most regions has been effectively prevented,
certain desertified lands still continuously increased. In the above context, monitoring the
spatiotemporal evolutional characteristics and their responses to environmental changes
were thus crucial to the conservation and restoration of the environment in desertified
regions, as well as the social-economic sustainable development in eco-fragile drylands.

Vegetation, an important composition of dryland ecosystems, plays a critical role in
preventing desertification and maintaining the security of ecological barriers to desertifed
lands [9]. Vegetation coverage (Fractional vegetation cover, FVC) is the ratio of the vertically
projected area of vegetation to the total statistical area [8,10]; it reflects the status of vegeta-
tion growth and is widely used to describe regional eco-environmental qualities [11,12]. It
is also an important indicator for revealing the developing process of desertification and
plays an important role in climate change and terrestrial processes in drylands [13,14]. FVC
has typically been estimated from the normalized difference vegetation index (NDVI) of
completely covered vegetation (NDVIv) and bare soil (NDVIs). The remote-sensing-based
NDVI is highly sensitive to the biophysical properties of vegetation, with the advantage of
monitoring the spatiotemporal patterns of vegetation dynamics in large regions timely and
effectively [11,15], which is widely used in monitoring the dynamics of FVC in dryland
ecosystems [16].

Due to their water scarcity and sparse vegetation coverage, the structure and function
of dryland environments are vulnerable to climate change and human activities [1,2]. There-
fore, apparent spatiotemporal changes of vegetation growth processes and eco-environment
qualities were observed in dryland regions. Studies showed that drylands will accel-
erate their expansion by 11% to 23% by the end of the 21st century, compared to the
1961–1990 baseline under different scenarios [17], while drylands in China expanded by
8.3% in 1980–2015 based on aridity index [18]. However, there is conflicting evidence over
whether drylands will shrink or expand when using different indicators under warming
scenarios [19]. Although previous studies showed drylands in northern China and Central
Asia significantly increased [20,21], several recent studies observed greening over many
drylands [22,23] and decreased desertification of 86,704 km2 in 1992–2015 in northern China
due to the human protection and the decrease of wind speed [24]. These conflicting results
implied the complexity of desertification and the necessity of understanding the variation
patterns of desert environments [25].

It is very challenging to quantify how dryland responses to global environmental
change because of the complex and dynamic feedbacks between the environment and
ecosystem functions [2]. In the past decades, global climate has undergone unprecedented
changes. These frequent climatic dynamics have profoundly affected dryland ecosystems,
leading to uncertainties of environment changes in desert regions [26]. Among these
climatic factors, precipitation and temperature are two main critical ones in controlling
vegetation growth [15,21]. It is noted that the effects of climate on vegetation varied at
different spatial and temporal scales [21], and small increases of precipitation could lead to
a significant growth of vegetation in arid regions [27]. Moreover, vegetation coverage in
northern hemisphere have been significantly changed due to global warming [28].

In addition, human activities, such as ecological conservation programs, also signifi-
cantly affect vegetation activities [9]. Human activities often have a dual effect on vegetation
growth by revealing land-use changes. For example, urbanization and excessive reclama-
tion will have negative effects on vegetation activities [29], while ecological conservation
projects will promote vegetation restoration [30]. To hinder the development of deserti-
fication, Chinese government has implemented many ecological restoration projects and
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policies since the end of 1970s: e.g., the Three-North Shelter Forest Program (TNSFP), Grain
for Green Project (GGP), Natural Forest Protection Program (NFPP), the Shelterbelt Forestry
Project of the Yangtze/Pearl River Basin, and the Beijing-Tianjin Sandstorm Source Control
Project, etc. These projects greatly promoted the vegetation recovery of eco-fragile regions.
Evaluating the effects of these policies will help to solve the environmental problems in
these areas. Vegetation changes in desertified regions that are experiencing intensified
human activities are often affected by both climatic and anthropogenic factors. Therefore,
it is critical to distinguish the relative contribution of these factors.

The Kubuqi desert is the seventh-largest desert in China and is also the nearest
desert to Beijing. Therefore, the ecological conservation of Kubuqi is very important,
since it affects the air pollution and ecological security in Inner Mongolia, Beijing, and
other surrounding regions [31,32]. The core regions of Kubuqi desert were located in
the Hangjin Banner, in which the desert accounts for approximately 52% of the whole
Banner. To reduce the desertification and dust storms, the government implemented lots of
ecological conservation activities, such as the TNSFP and GGP, to work on the extremely
fragile environment in this region. Nowadays, Kubuqi has turned out to be one of the most
successful areas of ecological restoration in China. It has been known as the “Kubuqi Model”
and been recommended as one of the successful environmental management experiences for
preventing desertification in China by the United Nations Environment Programme (UNEP)
and the United Nations Convention to Combat Desertification (UNCCD) [30]. Studies
showed that China is one of the few countries where vegetation has been significantly
greening since the 2000s due to ecological projects [33,34]. However, it remains controversial
on the relative contribution of the policies driving recovery efforts to vegetation restoration.
For example, it is reported that ecological projects had failed to reverse desertification in
northern China during the early stage of afforestation [35]. A study also illustrated that
the effect of human activities on vegetation greening was far less than climate at a regional
scale on the Mongolian Plateau [36]. The quantitative contributions of climatic factors and
anthropogenic activities to the dynamics of vegetation activities are still poorly understood.
Therefore, a systematic assessment of environmental changes and their drivers in Kubuqi
is urgently needed.

Therefore, vegetation dynamics in the core regions of the Kubuqi Desert were exam-
ined, and their responses to climate change and human activities were quantified using
long-term remote-sensing datasets from 1986 to 2020. The aims of this study are: (1) to
characterize the spatiotemporal patterns of vegetation activity dynamic in the study area
and (2) to quantify the relative contribution of climate changes and human activities to
vegetation dynamics by using multiple linear regression and residuals trend methods. Our
results improved the understanding of the interactions among vegetation dynamics and
climate and ecological polices and provided references for environmental protection and
sustainable development in other ecologically fragile areas.

2. Materials and Methods
2.1. Study Area

The Kubuqi desert is located in the southwest of Inner Mongolia in China and is
also located on the northern Ordos Plateau and on the southern bank of the Yellow River.
The core region of the Kubuqi desert is located in the central and northern parts of the
Hangjin Banner, whose area is approximately 9.87 × 103 km2, accounting for 52.2% of
the whole area of the Hangjin Banner (Figure 1). The Hangjin Banner covers an area
about 1.89 × 104 km2 at elevations from about 1000 m to 1619 m. The elevation decreases
from southeast to northwest. The lowest regions are close to the south bank of the Yellow
River. The Hangjin Banner is part of the arid and semiarid regions of northwestern China,
which has a temperate continental climate that is dry, with little rain. The annual mean
temperature and annual cumulated precipitation in the region were 6.8 ◦C and 245 mm,
and the annual evaporation is 2720 mm [37]. Most of the precipitation was concentrated
in the summer, from June to August, with high interannual variability [38]. Because of
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the extremely arid climate, the environment of the Hangjin Bannar is very fragile and
easily suffers from desertification and sandstorms. The formidable nature environment
and inappropriate human activities (e.g., over-cultivation, grazing, and logging [39,40])
resulted in the serious degradation of the environment in the region from the 1980s to
the early 2000s, such as through soil erosion and desertification, grassland degradation,
and soil salinization. Recently, the environment of the area has also undergone complex
changes due to urban expansion, the development of mineral resources, and agriculture
and land-use changes [39].
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2.2. Data Sources and Preprocessing

The FVC is an important parameter for indicating environment quality and vegetation
changes. In this study, we analyzed the environment dynamic changes in the Hangjin
Banner using the time-series vegetation parameter of FVC from 1986 to 2020. We estimated
the FVC using the dimidiate pixel model with Equation (1), which can maximize the
vegetation information and reduce the influences of atmospheric, soil background, and
vegetation types [8,16].

FVC =
(NDVI − NDVIs)

(NDVIv − NDVIs)
(1)

where NDVIv and NDVIs are the NDVI values in the pure vegetation pixels and bare land
pixels, respectively. The range of FVC was assumed to 0–1. The upper and lower thresholds
of NDVI intercepted at the 95% and 5% percentile levels of the statistical distribution of all
NDVI values are viewed as NDVIv and NDVIs, respectively.

The FVC estimation relies on the remote-sensing data of the NDVI, which were
calculated from the 30 m-spatial-resolution Landsat images (TM, ETM+, and OLI) from
1986 to 2020. All of the above data were downloaded from the Google Earth Engine
(GEE) platform. GEE is a cloud-based integration platform that can process massive
amounts of data online efficiently [41,42]. In this study, we used GEE to calculate the NDVI
and FVC and for the preprocessing (e.g., de-clouding of Landsat data). The maximum
value composites (MVC) technique can eliminate the influences of cloud, snow, and other
factors [15]. It is widely used to characterize the status of vegetation growth throughout the
year. Therefore, the monthly NDVI time series were first composed based on the maximum
values of the monthly Landsat datasets, then the maximum values of the monthly NDVI
data during the growing season (i.e., from May to September) in each year were selected to
composite the annual NDVI data.

The in situ meteorological dataset from the Hangjin Banner was available from the
Climatic Data Center, National Meteorological Information Center, China Meteorological
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Administration (http://data.cma.cn/, accessed on 1 April 2022). Furthermore, 1 km
resolution of monthly mean temperature and monthly cumulated precipitation from 1986
to 2020 were obtained from (http://www.geodata.cn/, accessed on 1 April 2022) and were
spatially downscaled from Climatic Research Unit (CRU) and WorldClim datasets [43]. To
quantify the drivers of environment changes, the FVC data were also resampled to a 1 km
resolution. FVC indicates the environment qualities. Following the reference of [44], we
classified the FVC into five levels, i.e., very low coverage (0 ≤ FVC < 0.2), low coverage
(0.2 ≤ FVC < 0.4), medium coverage (0.4 ≤ FVC < 0.6), high coverage (0.6 ≤ FVC < 0.8),
and very high coverage (0.8 ≤ FVC < 1). Similar to the previous studies [45,46], the FVC
trends were classified into six types according to the FVC trend directions and statistical
significance: highly significant improvement (p < 0.01, trend > 0), slightly significant
improvement (0.01 < p < 0.05, trend > 0), insignificant improvement (p > 0.05, trend > 0),
insignificant degradation (p > 0.05, trend < 0), highly significant degradation (p < 0.01,
trend < 0), and slightly significant degradation (0.01 < p < 0.05, trend < 0).

2.3. Statistical Analysis
2.3.1. Trend Analysis of Vegetation Dynamics

The linear trend model was used to analyze the inter-annual variations of the vegeta-
tion dynamics from 1986 to 2020. The slope of the linear trend was calculated as follows:

SlopeFVC =
n ∑n

i=1(i × FVCi)− ∑n
i=1 i × ∑n

i=1 FVCi

n ∑n
i=1 i2 − (∑n

i=1 i)2 (2)

where SlopeFVC is the trend of the growing season FVC, n is the range of the time series,
i is the order of years from 1 to n, and FVCi is the growing season FVC for the ith year.
SlopeFVC > 0 indicated that the annual FVC showed an increasing trend during the study
period and vice versa. The F test was used to further evaluate the significance of the FVC
trends over times.

2.3.2. Drivers Analysis of Vegetation Dynamics

The partial correlation analysis method was used to decompose the relationship be-
tween FVC changes and climatic factors (i.e., growing season precipitation and temperature
in this study) by excluding the potential impacts of the other variables [47]. When analyzing
the correlation between variables x and y, the partial correlation coefficient between x and y
is performed while excluding the impacts from the remaining variable z. The exact partial
correlation coefficient was determined by Equation (3) [47].

rxy,z =
rxy − rxzryz√

(1 − rxz2)(1 − ryz2)
v (3)

where rxy,z is the partial correlation coefficient between x and y after excluding the effects
of z. rxy, rxz, and ryz are the correlation coefficients among the variables x, y, and z. The T
test was used to analyze the significance levels of the relationship between FVC and the
climatic factors.

2.3.3. Residual Analysis

It remains a challenge to separate the effect of anthropogenic and climatic factors on
vegetation changes. Herein, we used the residual analysis method (RAM) to quantify the
relative influences of climatic and human activities on FVC variations. The RAM assumes
that, without considering other indeterministic factors, the contribution of anthropogenic
factors can be identified as the residual between the observed values and the predicted
values of FVC [48]. Firstly, we predicted the relationship between FVC changes and
climatic variables using a multiple regression model (Equation (4)). Then, the residuals can

http://data.cma.cn/
http://www.geodata.cn/
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be indicated as the anthropogenic impact on vegetation (Equation (5)). The equations are
as follows:

FVCCI = a × TEM + b × PRE + c (4)

FVCHI = FVCobs − FVCCI (5)

where FVCCI is the predicted value based on multiple regression model between FVC and
climatic factors, TEM and PRE represent the annual average temperature and the annual
cumulated precipitation. a, b, and c are the coefficients of the regression model. FVCHI is the
residual representing human-induced FVC changes, and FVCobs is the observed FVC value
from remote-sensing images. When FVCHI equals 0, it means that anthropogenic activities
have no effect on the FVC. When FVCHI is greater than 0, it means that anthropogenic
activities have a positive effect on FVC and vice versa. The relative contributions of climatic
and anthropogenic impacts on vegetation dynamics were calculated following the approach
introduced in [48], which included six different scenarios (Table 1). Drivers of “only CI”
or “only HI” means those whose contribution rate was 100%, and “CI dominated” or “HI
dominated” represents those whose contribution rate was greater than 50%. These analyses
were conducted using MATLAB 2020b and ArcGIS 10.5 software.

Table 1. Scenarios for the relative contribution of climatic and anthropogenic impacts on vegetation
variations. Slopeobs, SlopeHI, and SlopeCI presented the slope of FVCobs, FVCHI, and FVCCI, respectively.
CI and HI represent FVC variation drivers induced by climate change and human activities, respectively.

Slopeobs Drivers
Drivers Division Contribution Rate (%)

SlopeCI SlopeHI CI AI

>0
CI & HI >0 >0 SlopeCI/Slopeobs SlopeHI/Slopeobs
CI >0 <0 100 0
HI <0 >0 0 100

<0
CI & HI <0 <0 SlopeCI/Slopeobs SlopeHI/Slopeobs
CI <0 >0 100 0
HI >0 <0 0 100

3. Results
3.1. Spatiotemporal Characteristics of Vegetation Dynamics

From 1986 to 2020, the annual averaged FVC in the Hangjin Banner showed an overall
significantly increasing trend at a rate of 0.0011 per year, with a correlation coefficient (R)
reaching 0.40 (p < 0.05) (Figure 2). In general, the averaged FVC increased from 0.291 in
1986 to 0.368 in 2020 and increased 26.5% during the last 35 years. The increased FVC trends
suggested vegetation greening in the study area. Specifically, according to the variation
trends of FVC during the study period, we observed a turning point in the FVC changes
that appeared in 2001 (Figure 2). The FVC variations appeared distinct trends before and
after 2001. The average annual FVC first showed an insignificantly slow degradation trend
(p > 0.05) from 1986 to 2001 and then a dramatic greening trend from 2001 to 2020 at the rate
of 0.0036 per year, with a significant correlation coefficient of 0.64 (p < 0.01). The vegetation
activities were clearly increased in 2001–2020, shown in Figure 2, which is three times
higher than the increase rate from 1986–2020.

The spatial distribution and statistics of the FVC in 1986, 2001, and 2020 are shown in
Figure 3 and Table 2. The very low FVC (FVC < 0.2) indicates the environment qualities
of the desertified land. The area proportions of very low FVC (where the core regions of
the desert were located) were 53.32% in 1986, 52.48% in 2001, and 30.17% in 2020, with a
decrease amount of 0.84% and 23.15% in 2001 and 2020, compared to the data in 1986 for
the whole region of the Hangjin Banner. For the other types of vegetation coverage, we also
found that there are no apparent increases in FVC, comparing the values in 2001 and 1986.
However, there are larger proportions of increased pixels of FVC in 2020 compared with in
1986. There are approximately 67.64% of the area of FVC greening in 2020 in comparison
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with FVC in 1986, while 29.24% of the area decreased and others were not changed between
the two periods.
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Figure 3. Spatial distribution patterns of FVC in the Hangjin Banner in 1986, 2001, and 2020. (a) FVC
in 1986; (b) FVC in 2001; (c) FVC in 2020; (d) difference of FVC between 2020 and 1986.

Meanwhile, we also observed an obviously spatial heterogeneity among different
regions in the study area. According to the distribution of low FVC, the desertification
regions were mainly located in the towns of Jiri Galantu, Huhe Mu, Balagou, and most parts
of Duguitra in 1986. There are only slight improvements in Yihe Usumu in 2001 (i.e., the
very low FVC in 2001 decreased by 8.06% in comparison with 1986), as well as certain parts
of Balagou that are close to Yihe Usumu in 2001, while the majority of the other regions in
the desert did not experience obvious changes. On the contrary, the FVC in most regions
of the study area showed clear improvements in 2020. The very low FVC areas decreased
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significantly in 2020 compared to the same regions in 1986. The decreased proportion of the
very low FVC areas ranged from 7.35% in Jiri Galantu to 57.40% in Balagou (Table 2). The
environment qualities were obviously improved in the core regions of the Kubuqi Desert
in 2020.

Table 2. The area proportions (%) of different FVC types in each town of the Hangjin Banner in 1986,
2001, and 2020. “2020–1986” represented the FVC differences between 2020 and 1986.

Year Coverage Jiri Galantu Sinai Balagon Huhe Mudu Duguitra Yihe Usumu Total
Region

1986

Very low 81.69 10.28 89.72 76.47 50.68 45.45 53.32
Low 6.89 19.60 7.26 10.20 18.60 37.21 20.32
Medium 2.23 26.45 0.51 3.01 14.18 13.03 11.84
High 1.58 22.58 0.31 1.91 6.59 2.92 6.40
Very high 7.61 21.08 2.21 8.41 9.95 1.38 8.12

2001

Very low 81.86 10.08 80.15 68.10 62.11 37.39 52.48
Low 5.06 27.47 11.07 13.51 19.38 31.39 20.47
Medium 2.72 36.63 3.55 4.09 7.87 20.09 14.26
High 1.51 16.05 1.07 1.80 3.21 7.45 5.82
Very high 8.86 9.78 4.15 12.50 7.43 3.68 6.98

2020

Very low 74.34 2.42 32.32 54.37 29.20 15.35 30.17
Low 11.26 18.14 51.13 24.95 29.57 47.86 31.78
Medium 4.39 44.04 11.02 6.15 21.33 28.24 22.15
High 1.80 25.04 1.08 3.07 10.76 4.26 8.37
Very high 8.20 10.36 4.46 11.45 9.15 4.29 7.52

2020–
1986

Very low −7.35 −7.87 −57.40 −22.10 −21.48 −30.09 −23.15
Low 4.37 −1.45 43.87 14.76 10.97 10.64 11.46
Medium 2.16 17.58 10.51 3.14 7.15 15.21 10.31
High 0.22 2.45 0.77 1.17 4.17 1.34 1.97
Very high 0.59 −10.72 2.25 3.04 −0.80 2.91 −0.59

The spatial distribution of the FVC variation trends from the entire period of 1986 to 2020
and of the periods before and after the breakpoint in 2001 are shown in Figure 4. The FVC
change rates were classified into six types, and the statistic results are shown in Table 3.
According to the distribution of the FVC trends in 1986–2020 (Figure 4a), there were only
slight differences between the distribution map of FVC trends with significant levels of
p < 0.05 and p < 0.01. Approximately 52.44% regions in the study area were greening, in
which 30.05% were significantly improved according to the trend analysis (Table 3). The
area proportion of the highly significantly improved pixels occupied 24.85% of the total area,
while the slightly significantly improved proportion was 5.2%. The significantly improved
areas were mainly distributed in the northern regions of the Hangjin Banner, which is the core
region of the Kubuqi Desert, especially in areas of Duguitra and around the south bank of the
Yellow River. Only 17.34% of regions were significantly degraded from 1986 to 2020. Similar
to the previous result, there were contrasting patterns for the change trends between the
period before 2001 and after 2001. Most regions (80.57%) in the study area were insignificantly
changed in 1986–2001 (Figure 4b). There were only 7.59% and 11.84% regions that were
significantly improved and degraded, respectively. However, in the 2001–2020 period,
the significantly improved area was 20.98%, in which 22.12% of the regions were highly
significantly improved, while the significantly degraded area was only 6.37%. Compared
to the previous stage, the significant improved regions were located in most regions of the
study area, mainly located in the towns of Duguitra and Yihe Usumu (Figure 4c).

Table 3. Statistic results of the FVC variation trend types (% of pixels).

Periods
Improvement

Insig-
Improved

Insig-
Degraded

Degradation

Highly
Significant

Slightly
Significant Sum Highly

Significant
Slightly

Significant Sum

1986–2020 24.85 5.20 30.05 22.39 30.22 10.10 7.24 17.34
1986–2001 4.35 3.24 7.59 34.54 46.03 5.89 5.95 11.84
2001–2020 22.12 7.86 29.98 34.63 29.02 3.30 3.08 6.37
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3.2. Relationships between Vegetation Dynamics and Climate Change

To determine the effects of climatic factors on vegetation variation, we first analyzed the
relationships between the spatial averaged FVC and the meteorological data that was averaged
from the in situ observations. From the whole study period, the annual cumulated precipita-
tion appeared to exhibit a non-significantly wetting trend, with 2.26 mm/yr (p = 0.09). The
periods before 2001 and after 2001 showed a non-significantly drying trend, with−1.19 mm/yr
(p = 0.77), and a non-significantly wetting trend, with 5.96 mm/yr (p = 0.57), respectively. As
shown in Figure 5a, the blue horizontal dotted line represented the average precipitation
(285.89 mm) during the whole study period. We found substantial interannual variability in
precipitation during the study period. The precipitation was continuously lower than the
multi-yearly averaged precipitation in 1996–2000. Moreover, the correlations between FVC
and precipitation were highly significant (p < 0.01), both in the whole period and the other two
contrasting periods, with correlation coefficients of 0.75, 0.63, and 0.80, respectively (Figure 5a).
The correlation coefficient after 2001 was stronger than that from before 2001.

Although there was a non-significant wetting trend for the interannual variations in
precipitation, the warming trends of the mean temperature were significant (p < 0.05), both
during the whole study period and the two distinct periods before and after 2001 (Figure 5b).
The mean temperature in the Hangjin Banner showed an overall warming trend at a rate of
0.06 ◦C/yr, while the warming rates before and after 2001 were 0.08 ◦C/yr and 0.09 ◦C/yr,
respectively. However, there was a weak correlation (p > 0.05) between temperature and
FVC during the whole period, as well as during the two contrasting periods.
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Figure 5. Interannual variation trends and correlations of climatic variables (i.e., cumulated precipi-
tation (a), mean temperature (b)) and FVC in the study area. Climatic variables were investigated
in the periods 1986–2018 (the whole period), 1986–2001 (before 2001), and 2001–2018 (after 2001).
The orange curve represents the FVC variation, while the blue bar and black curve represent the
annual cumulated precipitation and the annual mean temperature, respectively. The temperature
variations were linearly fitted with the red solid line, blue solid line, and black dotted line during the
three time periods. The level of statistical significance (p < 0.01) was labeled with “**”. The left sub
panel represented the correlations between annual precipitation and FVC, while the right sub panel
represented the change trends of annual mean temperature during the three study periods. Due to
the lack of in situ meteorological data in 2019 and 2020, we only analyzed the meteorological data
from 1986 to 2018.

As shown in Figure 6, the distribution patterns in annual averaged FVC were signifi-
cantly spatially correlated with temperature (correlation coefficient R = −0.35, p < 0.01) and
precipitation (R = 0.46, p < 0.01). The vegetation showed a greening trend from northwest
to southeast, ranging from very low vegetation coverage in Balagon, Huhe Mudu, and Jiri
Galantu, to medium vegetation coverage in Duguitra and Yihe Usumu, and to very high
vegetation coverage in Sinai. While the temperature decreased overall from the northwest
to the southeast, precipitation also showed an overall increased trend from the northwest
to the southeast of the study area. The distribution patterns suggested that the core region
of the desert with very low FVC was mainly correlated with very low precipitation and
hot air temperature, while the distribution of very high FVC may be associated with the
relatively sufficient precipitation and cool air temperature.
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To determine the spatial variations in how climatic factors affected the vegetation
variation, we further quantified the partial correlation analysis between temperature,
precipitation, and FVC during the whole study period and during the two contrasting
period of before 2001 and after 2001 (Figures 7–9). As shown in Figure 7, the positive pixels
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of the partial correlation coefficient between temperature and FVC occupied 49.4% of the
total area (Table 4). In the above regions, the significant areas (p < 0.05) accounted for
17.93% and were mainly distributed in areas of Duguitra and around the southern bank
of the Yellow River. The area of significantly negative correlations accounted for 14.15%
of the total area and was mainly distributed in the core regions of the Kubuqi Desert. The
positive partial correlation coefficient between precipitation and FVC was identified in
72.31% of the study area, and 28.77% of the area passed the significance test (p < 0.05),
mainly distributed in the southwestern region of the study area (i.e., Balagon and western
Yihe Usumu). The areas with significant negative correlation accounted for only 5.15% of
the total area and were mainly distributed in the core regions of the desert. Overall, the
area proportion of significant correlation coefficients between precipitation and FVC was
larger than that between temperature and FVC. However, the non-significant areas took up
67.92% and 66.09% of the total area, respectively, for temperature and precipitation, which
suggested both of them had relative little effect on the vegetation changes in most regions
of the study area.

Table 4. Area proportions (%) of a significant evaluation for the partial correlation between climate
factors (Tem: temperature and Pre: precipitation) and FVC.

Time
Partial Correlation between Tem and FVC Partial Correlation between Pre and FVC

Sig-
Positive

Insig-
Positive

Sig-
Negative

Insig-
Negative

Sig-
Positive

Insig-
Positive

Sig-
Negative

Insig-
Negative

1986–2020 17.93% 31.47% 14.15% 36.45% 28.77% 43.54% 5.15% 22.55%
1986–2001 5.97% 26.92% 13.57% 53.53% 18.92% 30.60% 12.51% 37.98%
2001–2020 3.19% 66.09% 0.56% 30.16% 20.02% 53.58% 2.44% 23.96%Remote Sens. 2022, 14, x FOR PEER REVIEW 12 of 22 
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To consider the temporal variations of the effects of climatic variables on vegetation
greening, we further explored the partial correlations between climatic factors and FVC
during periods before and after 2001 (Figures 8 and 9). Compared to the whole period,
the area proportions of the significantly positive partial correlation coefficient between
climatic factors and FVC were obviously less during the 1986–2001 and 2001–2020 peri-
ods (Table 4). The significantly positive proportions of the partial correlation coefficient
(p < 0.05) between temperature and FVC occupied only 5.97% and 3.19% of the total area
during the periods before and after 2001. In the former period, the significantly positive
areas were mainly distributed in the south of Duguitra, while the significantly positive
regions were distributed in the latter period. On the contrary, the area proportion of the
partial correlation coefficient with significantly negative values in the period before 2001
(i.e., 13.57%) were obviously greater than the significantly positively area after 2001 (less
than 1%). Moreover, the area proportions with strong partial correlations (p < 0.05) between
temperature and FVC in the later period were far less than those in the former period,
which suggested a decreased influence of temperature on FVC dynamics since 2001.

In general, the partial correlation coefficient between precipitation and FVC, with
significantly positive values (p < 0.05), was greater than that between temperature and FVC
in both periods, suggesting that a stronger influence of precipitation than temperature is
responsible for vegetation recovery. During the period before 2001, the area proportions
of the significantly positive correlation and significantly negative correlation were 18.92%
and 12.51% of the total area, respectively. In the period after 2001, the significant positive
correlation area (20.02%) was clearly greater than that of the significant negative correlation
(2.44%) between precipitation and FVC.

3.3. Relative Roles of Climate Change and Human Activities on Vegetation Dynamics

Both climate change and human activities are important factors affecting vegetation
dynamics. In our study, the anthropogenic activities also played an essential role in the
vegetation variations in the drylands of the Hangjin Banner. To investigate the poten-
tial influences of the two factors on vegetation dynamics, the relative contributions of
climate change and human activities during the whole period and periods before and
after 2001 were explored based on the results of the residual analysis (Figure 10). Among
different time periods, the distribution patterns of the relative contribution rates of the two
factors changed differently. For the relative contributions of climate change during the
whole study period (Figure 10a), the contribution rates over 60% were mainly distributed in
the core regions of the desert (i.e., in the central of Jiri Galantu and Duguitra) and northern
Balagon, and the low contribution rate (contributions less than 20%) regions were mainly
located to the southeast of Balagon. The distribution patterns of human activities induced
contributions reversed compared to those of climate change. We also observed contrasting
distribution patterns of the attributions of the two factors to vegetation variations during
periods before and after 2001. The high values of climate-induced contributions were
distributed in the northern and central regions of the Hangjin Banner, and the low values
of climatic contributions were located in the southern regions of the Hangjin Banner. While
only small proportions of high values of climatic contributions were mainly aggregated
around the northern Balagon region, the rest of the regions experienced very low contribu-
tions from climate change. The area proportions of human-activity-induced contributions
with high values occupied most regions of the study area; 11.09% and 15.48% proportions
of vegetation changes were completely attributed to climate change and to human activi-
ties, respectively, and about 73.43% pixels were affected by both anthropogenic activities
and climate change in the 1986–2020 period. There are about 25.33% and 19.69% pixels
completely attributed to climate and to human activities, respectively, in the period before
2001, while 6.48% and 33.28% pixels were completely affected by climate and by human
activities, respectively, during the last decades. The combined influenced areas of the two
factors were about 54.98% and 60.25% in the periods before and after 2001, respectively.
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Figure 10. Spatial distribution of the relative contributions of climate change and human activities on
FVC changes during 1986–2020, 1986–2001, and 2001–2020.

To compare the spatial patterns of the relative role of the climatic and anthropogenic
factors in FVC changes, the FVC variation trends and relative contributions were classified
into four types: CI-only, HI-only, CI-dominant, and HI-dominant. We defined a relative
contribution rate of greater than 50% and less than 100% as the dominant factor and those
equal to 100% as the only factor. A factor with a significantly positive contribution to
FVC changes indicates that the driver played a significant role in promoting vegetation
restoration and vice versa. Accordingly, the region was divided into six parts, as shown
in Figure 11. The distribution of the dominant factors showed apparent spatiotemporal
variability. Overall, climate change and anthropogenic activities contributed 42.15% and
57.85%, respectively, to the total vegetation variations in 1986–2020 (Table 5). The relative
contribution of climate and human activities also respectively accounted for 11.38% and
20.53% in significantly promoting vegetation greening and respectively accounted for 7.86%
and 6.68% in significantly restraining the vegetation improvement. In comparison, con-
trasting distribution patterns appeared during the periods before and after 2001. Climate
and human activities contributed 58.68% and 41.32%, respectively, to the overall vegetation
changes in the period before 2001, while in the period after 2001, the two factors respec-
tively contributed 13.22% and 86.79% to the total vegetation variations (Table 5). Notably,
vegetation improvements that passed the statistical significance were primarily attributed
to climatic factors (4.55% of the total pixels) in 1986–2001 (only 0.88% of the total pixels
were affected by anthropogenic activities) and completely attributed to anthropogenic
activities (36.09% of the whole pixels) in 2001–2020. This significantly greening vegetation
was mainly distributed around the core regions of the Kubuqi Desert. While the significant
degraded vegetation was also primarily affected by climate change (10.57% of the whole
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pixels) and human activities (4.40%) during the period before 2001, it has almost completely
come from anthropogenic activities (4.66% of the whole pixels) since 2001.
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Figure 11. Spatial distribution of the effects of climate change and human activities on FVC in
1986–2020, 1986–2001, and 2001–2020. Drivers of only-CI or -HI means those whose contribution was
100%, and CI or HI leading represents those whose contribution was greater than 50%.

Table 5. Area proportions (%) of the relative contribution of climatic and anthropogenic impacts on
vegetation variations. Drivers of only-CI or only-HI means those whose contribution rate was 100%,
and CI-dominated or HI-dominated represents those whose contribution was greater than 50%.

Contributions Drivers Contribution Rate
from 1986 to 2020

Contribution Rate
from 1986 to 2001

Contribution Rate
from 2001 to 2020

Significantly positive

Only CI 0.14% 0.31% 0%
Only HI 0.28% 0.10% 5.22%
CI dominated 11.24% 4.24% 0%
HI dominated 20.25% 0.78% 30.87%

Significantly negative

Only CI 0.19% 0.18% 0%
Only HI 0.10% 0% 0.81%
CI dominated 7.67% 10.39% 0.01%
HI dominated 6.58% 4.40% 3.85%

Insignificantly
Changed

Only CI 10.76% 24.84% 6.48%
Only HI 15.10% 19.59% 27.25%
CI dominated 12.15% 18.72% 6.73%
HI dominated 15.54% 16.45% 18.79%

Summary Total CI 42.15% 58.68% 13.22%
Total HI 57.85% 41.32% 86.79%
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4. Discussion
4.1. Facts of Ecological Restoration over the Kubuqi Desert during the Last Three Decades

In this study, the estimated annual mean FVC values of the entire study area in 1986–2020
were 0.29–0.40, with a mean value of 0.34, which was basically consistent with the FVC
mean value of 0.329 in the Pisha Sandstone area (the Hangjin Banner neighboring area)
in 2000–2019 based on MODIS-EVI data [22]. Additionally, the mean FVC value (0.36) of
the whole study area in 2019 was close to the mean FVC (0.35) of the Pisha Sandstone area
in the same period [22]. Therefore, the FVC estimations in our study were credible and
reasonable. In our study, the annual averaged FVC in the Hangjin Banner revealed an
overall significant greening trend in 1986–2020. This greening phenomenon was consistent
with the global greening that was reported in previous references [23,33,34]. Besides, our
study also illustrated that the greening trend displayed two distinct periods separated by a
turning point. The vegetation first experienced a slow variation pattern and then showed
a dramatic rising trend in the subsequent period. These distinct trends in vegetation
variation were similar to the other study that reported vegetation greening in Mu Us sand
land [21]. Through the long-term effects of ecological conservation, such as establishing
straw checkerboard barriers, artificial afforestation (Figure 12), etc., it has achieved great
success in promoting the restoration of the desertified environment in the Kubuqi Desert.

1 
 

 

Figure 12. Photos showing ecological restoration activities in the Kubuqi Desert: (a) planted shrubs
in the straw checkerboard barriers; (b) re-vegetated forestland.

4.2. Important Roles of Climatic Variables on Vegetation Variations in the Kubuqi Desert

The climate, including precipitation and temperature, have greatly influenced vege-
tation growth and ecological restoration. Recent studies showed a warming and wetting
trend in northwestern China [49]. In our study, the interannual changes of climate revealed
a significant warming and insignificant wetting trend (0.06 ◦C/yr, 2.26 mm/yr) over the
entire period. The warming and wetting climate trend in northern China was probably
attributed to the consequences of global warming [21]. Notably, there is a significant corre-
lation between precipitation and FVC, while correlation between temperature and FVC
was weak. Out studies also suggested that precipitation mainly positively correlated with
vegetation greening, while the temperature mainly negatively correlated with vegetation
greening. This result was reasonable since other study also supported the idea that slightly
increased precipitation could significantly promote vegetation growth in drylands [27].
Moreover, there are substantial interannual fluctuations in both temperature and precipita-
tion, with standard deviations of 0.83 ◦C and 72.76 mm, which significantly influenced the
variability in vegetation dynamics. We found distinct vegetation variation patterns before
and after the breakpoint in 2001. In the first stage, from 1986 to 2001, climate change played
a dominant role (58.68%) in vegetation changes. The large fluctuations of precipitation sig-
nificantly explained the vegetation dynamics in this stage. In particular, precipitation was
continuously lower than normal values in 1996–2000, suggesting that a continuous water
deficiency existed in these years. These drought conditions also induced a decreased trend
of vegetation in the first stage. Additionally, according to the residual analysis, most areas’
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vegetation dynamics cannot be well explained by the multiple linear regression model
fitted by precipitation and temperature, especially in 2001–2020. This result suggested
that other natural factors (e.g., radiation and evaporation) and anthropogenic factors may
played an important role in controlling the spatiotemporal variations in vegetation in the
study area.

4.3. Ecological Conservation Policies Dominated the Ecological Restoration over Kubuqi Desert

Besides the climatic factor forcing vegetation variations in dryland regions, human
activities such as grazing, afforestation, and urbanization can also strongly affect vegetation
dynamics [5,6,21]. Our study confirmed the significant greening of vegetation in the core
regions of the Kubuqi Desert, which were primarily attributed to human activities rather
than climate change, especially during the recent two decades. In general, the contributions
of climate change and anthropogenic activities to vegetation restoration in the whole
period were 42.15% and 57.85%, respectively. It is notable that the dominant role between
the two factors was quite distinct in periods before and after the turning point in 2001.
Climate change first led a dominant shift of 58.68% of the vegetation variation during the
early period before 2001, and then anthropogenic activities contributed a leading role of
86.79% in total vegetation variation since 2001. These contrasting roles of anthropogenic
activities around the turning point of 2001 were highly consistent with the history of the
implementation of combating desertification and ecological conservation policies in the
study area.

Due to the arid climate and improper human activities such as overgrazing and culti-
vation [50], the Hangjin Banner has suffered from continuous desertification in historical
periods. The land degradation seriously hindered the sustainable development of economic
society and the security of the eco-environment in the Kubuqi Desert. To improve the
fragile environment, the Hangjin Banner was selected as the key county for conserving the
eco-environment in 1998. As we summarized in Figure 13, during the last four decades, the
government has implemented a lot of ecological conservation policies and projects, such as
the TNSFP, the GGP, and NFPP. Although some policies were proposed before the 2000s,
such as the TNSFP, which began in 1978 and has been the largest afforestation project in
the world, was less effective than expected in some eco-fragile regions [35]. Our study
also confirmed that the unfavorable environment could not be improved effectively by
these early ecosystem restoration programs due to many factors, such as lower tempera-
ture, drier conditions, and atmospheric CO2 concentrations, compared to that in the new
century. Afforestation is difficult in these eco-fragile environments when ignoring natural
ecosystem characteristics in dryland regions. A study showed that the overall tree survival
rate during the afforestation project of TNSFP from 1949 to the early 2000s was only 15%
in the drylands of China [35] and was not effectively implemented to promote vegetation
deforestation in the early stage of the project. Therefore, the ecological policies had limited
effects on vegetation restoration in the stage before 2001. This condition was also revealed
by the insignificant changed area of the re-vegetated land cover (i.e., forestland and grass-
land) during the early stage. However, in recent decades, techniques of afforestation and
experiences combating desertification have significantly improved. Through planting
trees that are more suitable for arid climate in innovative ways, the tree survival rate has
significantly increased now. Due to the massive “greening” effort implemented by the
GGP and other similar projects since 2001, retiring and converting cropland policy and
combating the desertification activities was anticipated to result in a decrease in the amount
of remaining barren land and cropland, while leading to an increasing area of forestland
and grassland. Finally, these ecological conservation and restoration programs effectively
promoted vegetation recovery in the Kubuqi Desert. After several decades’ efforts jointed
by the government (including the local armed forces), companies (e.g., Elion Resource
Group Co., Ltd.), and local people, the Kubuqi Desert has been one of the most successful
examples of ecological restoration and combating desertification in China [32]. Based on
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the above analysis, we thus concluded that ecological policies played a leading role in
vegetation greening during recent decades.
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4.4. Uncertainties of the Study

The research results may have uncertainties due to the influences of the uncertainties
of climatic data, statistic method, and the study periods. In this study, we only selected
the main climatic factors (i.e., temperature and precipitation) to construct the multi-linear
regression model between vegetation dynamics and climatic variables. Although tempera-
ture and precipitation are two direct and significant factors widely selected as the driving
forces of vegetation dynamics [51], other climatic factors (such as wind, radiation, etc.) also
are important factors driving the variations of the vegetation growth [52]. In addition to
precipitation, soil moisture can also be used to represent the water availability [3], which is
commonly recognized as a primary force of vegetation growth. However, soil moisture
is often measured at different depths at different sites with large variability and is typi-
cally rarely provided by the ground meteorological stations. Moreover, its relative coarse
resolution also increased the uncertainties of soil moisture reanalysis dataset for analysis.
Therefore, the availability of more accurate climatic data with a fine resolution has limited
our understanding of the effects of different driving forces on vegetation dynamics. It is
necessary for us to further study how to quantify the contribution of human activities in a
more effective way.

5. Conclusions

This study quantitatively assessed the evolution processes and relative roles of climate
change and human activities on ecological restoration in the core regions of the Kubuqi
Desert from 1986 to 2020 based on long-term remote-sensed datasets. Our results revealed
that the ecological environment generally improved significantly in the core regions of
the Kubuqi Desert from 1986 to 2020, with a significant increasing rate of 0.0036/yr. Ap-
proximately 67.64% pixels of FVC in 2020 were increased in comparison with in 1986.
More specific, the increasing tend experienced two contrasting variation patterns that
were separated by the turning point in 2001. The vegetation first decreased slowly and
non-significantly before 2001, then increased dramatically since 2001, which was three
times higher than that in the entire period. The partial correlation results suggested that
the relationships between vegetation dynamics and precipitation were greater than that
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of temperature with large spatiotemporal variability. Both of the climatic factors cannot
well-explain the variations in vegetation, suggesting the importance of anthropogenic
activities. Moreover, residual analysis showed the relative role rates of the two factors
varying with different time periods. Overall, climate change and anthropogenic activities
contributed 42.15% and 57.85% to the total vegetation variations in 1986–2020, respec-
tively. The relative contribution of the climate and human activities also, respectively,
accounted for 11.38% and 20.53% of significantly promoting vegetation improvements
and respectively accounted for 7.86% and 6.68% of significantly restraining the vegetation
improvements. Similarly, the contributions of the two factors underwent two distinct pat-
terns during the periods before and after 2001. Climate and human activities respectively
accounted for 58.68% and 41.32% of the vegetation changes before 2001; after that time,
these contributions contributed 13.22% and 86.79% to the total vegetation variation. These
significant positive impacts of human activities on vegetation restoration were closely
related to the ecological policies, which remarkably accelerate the greening of the desert in
Kubuqi. These results highlighted the fact that human activities (mainly ecological polices)
played a dominant role in promoting vegetation greening in Kubuqi Desert. This study
emphasized that proper ecological polices could effectively improve the eco-environment
of the desertified regions and prevent the desertification processes in drylands. Our study
provided successful experiences with ecological conservation, which is useful for providing
references for other eco-fragile areas in balancing tradeoffs between ecological protections
and the sustainable development of human well-being.
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