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Abstract The “Grain for Green” Program (GGP), which combats and reverses the landscape-scale
habitat degradation by converting agricultural lands to forests and grasslands, was launched in 1999
in western China. An assessment of the extent to which the GGP has altered the vegetation cover
and ecological functions in these regions is much needed. The present study initially analyzed land use
and cover change of forests and grasslands over western China between 2000 and 2015. A variety of
satellite-based ecological indicators, including net primary productivity, normalized difference vegetation
index, leaf area index, carbon use efficiency, and water use efficiency, were used to reflect the
biophysical consequences of the GGP in western China. Results indicated that the spatial extent of
forests and grasslands increased by 13.97 x 10® and 11.13 x 10° km?, respectively, which were mainly
converted from deserts and croplands. The ecosystem functions of forests and grasslands showed an
asymmetric response in northwestern and southwestern China. The normalized difference vegetation
index and water use efficiency of forests, as well as the net primary productivity and water use
efficiency of grasslands, increased significantly over this period. The GGP also has led to an increase in
leaf area index and carbon use efficiency of forests and grasslands. The Loess Plateau and the Three
Rivers Source area represent the most effectively recovered regions in western China. Rising
precipitation rates have contributed to vegetation recovery to some extent, especially in northwestern
China, whereas the GGP was the prominent reason for the improvement of ecosystem functions across
the entire region of western China.

Plain Language Summary Land degradation has caused severe environmental problems in
many areas worldwide and severely restrains the sustainable development of numerous local economies.
Land degradation also undermines the livelihoods and food security of people, especially in the
economically underprivileged regions. Western China has experienced land degradation because of both its
geological location and climatic conditions. To combat and mitigate this situation, the Chinese government
implemented a series of national-scale ecological policies and programs during the late 1990s and early
2000s. Nearly 20 years have passed since the implementation of these projects. Therefore, it is appropriate to
comprehensively assess the biophysical consequences of these programs. The present study aims to evaluate
the extent to which the vegetation of western China recovered during the 2000-2015 period based on a
variety of remotely sensed data streams. Results indicated that the spatial extent of forests and grasslands
have expanded. The ecosystem functions of forests and grasslands showed an asymmetric response in the
southwest and northwest regions of western China. These findings may provide guidelines for government
agencies and policy makers involved in initiating adaptation strategies designed to adapt to climate change
and to manage vegetation production.

1. Introduction

Land degradation, defined as the long-term loss of ecosystem function and productivity caused by distur-
bances from which land cannot recover independent of human intervention, is a global issue that has
caused severe environmental problems (Bai et al., 2008; Barrow, 1991). Land degradation severely
restrains the sustainable development of many local economies and undermines the livelihood and food
security of people, especially in the economically underprivileged regions (Andersson et al., 2011; Le
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et al., 2016). An assessment by the United Nations Food and Agriculture Organization found that 6,140 X
10° ha of the world's land has been affected by degradation and 26% of this land is severely or very
severely degraded (Gibbs & Salmon, 2015). The various causes of land degradation include a drying cli-
mate, a rapid increase in human population, soil loss, deforestation, and unbalanced crop and livestock
stocking levels (Taddese, 2001). The geographic location of western China makes it relatively prone to
land degradation. Northwestern China is dominated by an arid and semiarid climate and includes nearly
90% of China's desertified land. The Loess Plateau, covered by an average depth of 100 m of loess soil, is
ranked as the most erodible area in the world (Sun et al., 2015; Zhang & Liu, 2005). In contrast, the cli-
mate in the southwest region of western China is relatively favorable for vegetation growth. However,
various geological formations, including the mountainous terrain and karst topography, make the
southwestern region sensitive to natural disturbance (Li, 2000). Combined with recent intense anthropo-
genic activity, the entire region of western China has experienced pressing environmental problems since
the 1980s.

To combat and mitigate the land degradation, the Chinese government implemented a series of national-
scale ecological policies and programs during the late 1990s and early 2000s, including the “Three-North
Shelter Forest Program,” the “Grain for Green Program” (GGP), and the “Grazing Withdrawal Program”
(Mu et al., 2013; Xiao, 2014). The GGP, which aims to produce an increase in vegetation cover by converting
croplands and grazing lands to woodlands and grasslands, is the most famous ecological project in human
history due to its massive scale, great cost, and potentially enormous impact (Moore et al., 2016; Wang
et al., 2007). Numerous studies have been conducted to evaluate the ecological effects of these restoration
programs since their implementation. Previous studies have demonstrated that the afforestation resulting
from these programs has greatly improved the carbon storage, biomass, and biodiversity in plants and soils
in treated areas (Deng et al., 2014, 2017; Zhao et al., 2013). The rapidly growing tree species planted during
afforestation contributed significantly to the increase in vegetation cover increase in most treated karst
regions (Brandt et al., 2018; Tong et al., 2017). The revegetation led to a decrease of soil erosion in the highly
erodible soils of the Loess Plateau, which helped to conserve the soil and water resources across the expan-
sive region (Xiao, 2014; Zhao et al., 2013). Hydrological processes, latent heat fluxes, and land surface albedo
have also been altered at regional scales by converting land use patterns from croplands to forests
(Xiao, 2014).

The development of remote sensing data provides an alternative method for quantifying the dynamics of
changes in vegetation structure and function at broad scales (Chen et al., 2015; Piao et al., 2005; Xiao,
2014; Zhou & Van Rompaey, 2009). The use of Moderate Resolution Imaging Spectroradiometer (MODIS)
data is among one of the most widely used observation methods for monitoring the continuous changes
in vegetation (Chen et al., 2015; Xiao, 2014; Yuan et al., 2014). Tong et al. (2017) used remote sensing data
to reveal that the leaf area index (LAI) and aboveground biomass of vegetation increased in southwestern
karst regions of China. The modeling results driven by remote sensing data indicated that net primary pro-
ductivity (NPP) of vegetation increased in midwestern China in the past decade (Liang et al., 2015). The
detection of vegetation trends using MODIS data provides a practical approach for assessing the effectiveness
of the Three-North Shelter Forest Program (L et al., 2015). However, there has been little evidence on the
dynamics of forests and grasslands cover and the subsequent ecological consequences induced by the GGP
across the entire region of western China. Nearly 20 years have passed since the implementation of the above
mentioned ecological programs. Therefore, it is timely to comprehensively assess the biophysical conse-
quences of these programs in western China.

The present study aims to (i) characterize the land use and cover change (LUCC) of forests and grasslands
in western China during the 2000-2015 period; (ii) quantify the characteristics of forests and grasslands
based on a variety of remotely sensed data streams, including the normalized difference vegetation index
(NDVI), net primary productivity (NPP), leaf area index (LAI), carbon use efficiency (CUE), and water
use efficiency (WUE); and (iii) calculate the correlations between these indicators and climatic variables,
namely, mean annual temperature (MAT), mean annual precipitation (MAP), and annual solar radiation,
to reflect how the functions of vegetation have been affected by environmental factors. The findings of
this study illustrate how the natural vegetation has been restored in western China and also provide
guidelines for government agencies and policy makers involved in initiating adaptation strategies to
respond to climate change and to manage vegetation production.
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2. Materials and Methods
2.1. Study Area

The area of western China covers nearly 6.70 x 10° km?, occupying about 70% of China's land area, and sup-
porting 28% of China's population (Figure 1). This region consists of six provinces (Shaanxi, Sichuan, Gansu,
Qinghai, Yunnan, and Guizhou), five autonomous regions (Ningxia Hui Autonomous Region, Inner
Mongolia Autonomous Region, Xinjiang Uygur Autonomous Region, Guangxi Zhuang Autonomous
Region, and Tibet Autonomous Region), and one municipality directly under the central government in
Beijing (Chongging).

Western China features a typical continental climate with MAT ranging from —5 to 23 °C and MAP from 30
to 1,800 mm (Liu & Lu, 2009). The northwestern and southwestern regions exhibit distinct climate condi-
tions with rich precipitation and vegetation resources in the southwest but less precipitation and high eva-
poration rates in the northwest (Brandt et al., 2018; Shi et al., 2007). In addition, the Qinghai-Tibetan Plateau
has its own unique type of climate (Ding & Dong, 2002). Croplands, forests, and grasslands dominate the
southwestern China, while grasslands and barren land dominate in northwestern China. Based on the land
use and land cover data in 2015, grasslands are the most widely distributed vegetation in western China,
covering 45.86% of the total land area. The areas of barrens/deserts, croplands, and forests account for
24.95%, 13.44%, and 14.94% of total area of western China, respectively.

2.2. Data Source and Processing

2.2.1. Climate Data

The meteorological data, including monthly average temperature, monthly precipitation, and monthly solar
radiation during the period 2000-2015 were used in this study. These data were obtained from the China
Meteorological Data Service Center (http://data.cma.cn/) and interpolated by using ANUSPLIN (version
4.2) to generate monthly data layers with a spatial resolution of 1,000 m. The spatial distribution of weather
stations in western China was shown in supporting information Figure S1.

2.2.2. Land Cover Data

The European Space Agency Climate Change Initiative Land Cover (ESA CCI-LC) maps (https://www.esa-
landcover-cci.org/) were used in the present study to generate the annual land cover map of western China
from 2000-2015. The new CCI-LC maps were established based on Advanced Very High Resolution
Radiometer (AVHRR), Systém Pour I'Observation de la Terre-VEGETATION (SPOT-VEG), the Medium
Resolution Imaging Spectrometer (MERIS), Project for On-Board Autonomy-Vegetation (PROBA-V), and
associated metadata. The overall weighted-area accuracy of the global CCI-LC map is of 71.7% (ESA,
2017). These data sets describe the global and consistent geographical distribution of global land cover at
a resolution of 300 m, which have been widely used in modeling land-surface and detecting the land
use/land cover change worldwide (Kuppel et al., 2017; Li et al., 2018; Yang et al., 2017). This data set includes
14 natural, five developed and mosaic, and three nonvegetated land classes (Bontemps et al., 2015; Duveiller
et al., 2018). In the present study, only the forests, grasslands, deserts, and croplands were assessed in mon-
itoring the land use and cover change in western China during the period 2000-2015.

2.2.3. NDVI, Gross Primary Productivity, NPP, LAI, and Evapotranspiration

The MODIS NDVI data (MOD13A3 V006) were used to reflect the vegetation greenness in western China
from 2000 to 2015. The MOD13A3 product, which consists of NDVI and enhanced vegetation index at
1.000-m spatial resolution, is generated by using a temporal compositing algorithm of 16-day MODIS out-
put based on a weighted average scheme intervals (http://www.ntsg.umt.edu/project/modis/default.php).
The NDVI, which is closely correlated with Fraction of Photosynthetically Active Radiation absorbed by
vegetation (FPAR), was used to capture the contrast between the visible-red and near-infrared reflectance
of vegetation canopies and photosynthetic activity (Liu et al., 2016; Xiao & Moody, 2004). This index has
been frequently used in detecting the vegetation recovery in western China (Chen et al., 2015; Feng
et al., 2016; Piao et al., 2005; Zhou & Van Rompaey, 2009). In the present study, the Savitzky-Golay
smoothing filter was employed to improve the quality of monthly NDVI time series images, then the
maximum value composites method was used to generate annual NDVI data from 2000 to 2015 in the
western China.

The MODIS gross primary productivity (GPP) and NPP (MOD17A3) were used in this study to demonstrate
the vegetation productivity of forests and grasslands (http://www.ntsg.umt.edu/project/modis/default.php).
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Figure 1. The elevation (a) and land use types (b) of western China in 2015.

The MOD17 algorithm is based on the original solar radiation use efficiency logic of Monteith, which
indicates that vegetation productivity under nonstressed conditions is linearly related to the amount of
absorbed photosynthetically active radiation (Monteith, 1972). The absorbed photosynthetically active
radiation was translated into an actual productivity estimate via a conversion efficiency parameter, &,
which is specified by the vegetation type and climate conditions (Running et al., 2004; Zhao et al., 2005,
2006). The ecosystem-scale CUE, the ratio of NPP to GPP, refers to the capacity of a certain ecosystem to
transfer carbon from the atmosphere to plants. It has been widely studied to evaluate the ability of
vegetation to fix carbon (Dillaway & Kruger, 2014; Gang et al., 2016; Y. Zhang, Yu, et al., 2014).

LAl is defined as one-sided green leaf area per unit of ground area for broadleaf canopies and as the projected
needle leaf area for coniferous canopies (Myneni et al., 2002). As one of the most important vegetation para-
meters used for modeling physical and biological processes, LAI is related to vegetation dynamics and their
effects on the global carbon cycle (Deng et al., 2006). In the present study, the GLOBMAP LAIv3 was used to
quantify the changes in vegetation LAI in western China during the 2000-2015 period (http://modis.cn/).
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This annual data set, extending from 1981 to 2017 with 0.08° spatial resolution (~7,000 m), was quantita-
tively fused by historical AVHRR NDVI data and MODIS land surface reflectance product (Deng et al.,
2006). The biome specified clumping index was included in the algorithm calculating the true LAI in
GLOBMAP LAI product (He et al., 2018; Liu et al., 2012). The results were validated by global field measure-
ments and fine-resolution LAI maps, and the long-term LAI could explain 71% of variability in the site-based
observations covering all major biomes (Liu et al., 2012). The GLOBMAP LAIv3 data set decreased the tem-
poral noise and root-mean-square error by more than 50% when compared with the AVHRR and MODIS
data (Liu et al., 2012). Detailed descriptions and evaluations of the algorithm are reported in the paper of
Liu et al. (2012).

WUE, the ratio of NPP to evapotranspiration (ET), was used in the present study to address the changes in
the water cycles of forests and grasslands. The newly improved version of MODIS ET product recalculates
the fraction of vegetation cover, soil heat flux, canopy water loss, soil evaporation, stomatal conductance,
aerodynamic resistance, and boundary layer resistance using meteorological data and remote sensing data
from MODIS (Mu et al., 2007, 2011).

The annual averaged values of NDVI, NPP, LAI, WUE, and CUE for grasslands and forests were plotted
against time separately to show their temporal dynamics between 2000 and 2015. The time series of these
annual averaged values were produced based on the land cover map for each year.

2.3. Methods

2.3.1. Mann-Kendall's Test

Mann-Kendall's test, a nonparametric method, was used to assess trends of climate factors (MAP, MAT, and
solar radiation) and ecological indicators (NDVI, NPP, LAI, WUE, and CUE). The Man-Kendall's test is
superior in detecting time sequential orders for it does not need the data series to be normally distributed.
It has been widely used in meteorology, ecology and agriculture research (Liu et al., 2016; Tessema et al.,
2011; Xu et al., 2004). The Man-Kendall's test statistics is calculated as

n-l n

S=3 % sgn(x—x;) 1)

i—1j=i+1

where S is the Mann-Kendal's test statistics; x; and x; are the sequential rainfall or temperature values in
years i and j (j > i) and n is the length of the time series. A negative S value represents a decreasing trend
and positive values indicate increasing trends. A test statistic is computed and compared with a critical value
at the significance level p = 0.1, 0.05, and 0.01 to decide whether the null hypothesis is accepted or rejected
(Kendall, 1948; Mann, 1945).

The Mann-Kendall's test of these indicators was calculated via raster.kendall using the “SpatialEco” package
implemented in the RStudio statistical software environment (RStudio Inc., Boston, MA, USA; Yue & Wang,
2002). The uncertainty level of ecological indicators was presented as the width of the confidence interval
(i.e., difference between the upper and lower bounds) at a 95% confidence level.

2.3.2. The Partial Correlation Analysis

In evaluating the relationship between climatic factors (MAT, MAP, and solar radiation) and ecological
indicators (NDVI, NPP, LAI, WUE, and CUE), the partial correlation analyses was conducted to exclude
the confounding effects of other variables. Partial correlation analysis is a widely applied statistical tool
to isolate the relationship between two variables from the confounding effects of many correlated vari-
ables (Beer et al., 2010; Peng et al., 2013). The Pearson correlation coefficient was firstly calculated
as follows:

3, (x-%) (=)
=— @

Iy
\/ El (xi—%)? 2 vi—y)*

=

where ry,, is the Pearson coefficient between x and y. x; is the value of each ecological indicator in the year i, y;
represents the value of climate factors in the year i. X is the mean value of ecological indicators over the 16
years, and yis the mean value of climate factors over the 16 years. n is the number of years, which is 16 in the
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Figure 2. The area dynamic of forest (a) and grassland (b).

present study. For the correlation analysis, all the ecological indicators were aggregated to a 1,000-m spatial
resolution to match that of meteorological data.

The partial correlation analysis was determined by the formula

N r123—T143"243
234 = 3
\/(1—"14,32) + (1-r243%)

where ry; 34 means the partial correlation coefficient between variable 1 and 2 when the variables 3 and 4 are
fixed. 7153, F14.3, 24,3, 14,3, and 1y, 3 means the partial correlation coefficient between first two variables
when the third variable is fixed.

3. Results
3.1. LUCC of Forests and Grasslands in Western China

The results showed that the total area of forests and grasslands both increased from 2000 to 2015 (p < 0.001;
Figure 2). The total area of forests increased by 13.97 x 10® km? over the study period, with 10.20 x 10° and
3.77 x 10° km? of the increase occurring in southwestern and northwestern China, respectively. The
grasslands area experienced a net increase of 11.13 x 10° km? in all of western China over the study period.
The grasslands area increased by 19.64 X 10® km? in northwestern region; however, it decreased by 8.51 X
10® km? in southwestern region. At the provincial level, the smallest and largest increases in forests
were observed in Qinghai and Yunnan, which increased by 0.05 x 10*> and 6.08 x 10° km? during the
2000-2015 period, respectively (Table 1). The only descending trend for forests area occurred in
Ningxia (0.02 x 10° km?). The smallest increase in the spatial extent of grasslands occurred in Ningxia
(0.26 x 10* km?) with the largest amount increase in Xinjiang (7.40 X 10° km?). A decreasing trend for grass-
lands was observed in six provinces, in which the smallest and largest decreases occurred in Chongqing (0.96
x 10° km?) and Yunnan (6.85 x 10° km?), respectively. Overall, the area of both forests and grasslands
increased only in Tibet, Gansu, Qinghai, Xinjiang, and Inner Mongolia.

Based on the land use and land cover data in 2000 and 2015, 22.81 x 10° km? of forests was converted from
other land uses, of which 91.88% was converted from grasslands (Figure 3). Meanwhile, 8.84 X 10° km? of
forests was transformed into other land uses, of which 71.15% was converted to grasslands. The area of newly
developed grasslands amounted to 63.27 x 10° km?, of which 81.46% were converted from deserts to grass-
lands. Meanwhile, the total area of grasslands lost was slightly less than the amount of newly developed
grasslands. About 52.14 X 10°> km® of grasslands was changed into other land use types (Table S1). The
conversion from grasslands to forests and croplands contributed 40.20% and 31.20% of the loss of original
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Table 1
The Area of Main Converted-Out and Newly Developed Land Use Types Between 2000 and 2015 for Each Province (Unit: X 1 0® km2)
Converted-out types Newly developed types

Region Provinces Croplands Grasslands Forests Deserts/barren Croplands Grasslands Forests

Northwest region Inner Mongolia 2.17 11.66 1.50 10.89 5.71 13.50 2.48
Shaanxi 2.31 1.49 0.20 0.07 0.26 0.45 1.21
Gansu 0.91 243 0.06 5.37 1.16 5.76 0.36
Qinghai 0.87 2.32 0.01 9.43 1.15 10.16 0.06
Ningxia 0.13 0.83 0.02 1.06 0.53 1.09 0.00
Xinjiang 1.97 10.36 0.63 26.61 15.36 17.77 2.08
Subtotal 8.35 29.08 242 53.43 24.16 48.73 6.19

Southwest region Guangxi 1.67 2.69 2.24 0.00 1.26 1.42 2.64
Chongging 1.04 0.99 0.10 0.00 0.10 0.03 1.24
Sichuan 2.34 4.09 1.21 0.04 1.59 1.24 3.06
Guizhou 0.45 1.24 0.61 0.00 0.68 0.16 0.83
Yunnan 1.34 8.41 1.87 0.00 0.64 1.55 7.95
Xizang 0.94 5.64 0.39 8.96 1.19 10.14 0.92
Subtotal 7.78 23.06 6.42 9.00 5.47 14.54 16.64

Total area in western China 16.13 52.14 8.84 6243 29.63 63.27 23.83

grassland, respectively. In summary, the distribution of forests and grasslands both expanded over the 16-
year period, with the expansion of forests occurring more extensively than grasslands.

Figure 3 also shows the spatial pattern of LUCC in western China. Geographically, the most obvious varia-
tion was the transition from deserts to grasslands, which stretched from the northern Inner Mongolia, span-
ning Gansu and Qinghai, and extended to Xinjiang. In northwestern China, the intense LUCC was often
represented by the transition from barren/deserts to grasslands, where a mosaic region of grasslands, forests,
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Figure 3. The spatial pattern of main land use changes in western China between 2000 and 2015. 12: grasslands — croplands; 21: croplands — grasslands; 23: grass-
lands — forests; 32: forests — grasslands; 52: barren/deserts — grasslands; 13: croplands — forests; 31: forest — croplands; 53: barren/deserts — forests. Numbers 22
and 33 denote the unchanged grasslands and forests, respectively. The map was generated based on the land cover data in 2000 and 2015.
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Figure 4. The temporal dynamics of NDVI, NPP, LAI, WUE, and CUE for forests and grasslands from 2000 to 2015. NDVI = normalized difference vegetation
index; NPP = net primary productivity; LAI = leaf area index; WUE = water use efficiency; CUE = carbon use efficiency.

and croplands had previously occurred. By contrast, the conversion between forests and grasslands charac-
terized in southwestern China. The areas with a transition from grasslands to forests were mainly scattered
in Yunnan, and northwestern Guangxi. Regions transferred from forests to grasslands were generally con-
centrated in central of Sichuan, and eastern Guangxi. The transition from croplands to grasslands mainly
occurred in central of Gansu, northern Shaanxi, and western Xinjiang. The conversion from croplands to
forests mainly concentrated in northeastern Sichuan, and northern Chongging.

3.2. Spatiotemporal Dynamics of NDVI, NPP, LAI, WUE, and CUE of Forests and Grasslands

The spatial and temporal dynamics of NDVI, NPP, LAI, WUE, and CUE of forests and grasslands in western,
northwestern, and southwestern China were evaluated (Figure 4). The NDVI of forests and grasslands
increased with a rate of 0.92% (p < 0.001) and 1.0% (p = 0.115) every 10 years over the past 16 years, respec-
tively. The NDVI of forests increased significantly in both of northwestern (p < 0.05) and southwestern
China (p < 0.01) during the 2000-2015 period. The temporal trend of averaged NDVI of grasslands exhibited
an overall asymmetric “M” shape, peaking in 2012, and bottoming out in 2001. The NDVI of grasslands in
northwestern China showed an overall increasing trend (p = 0.096), whereas NDVI decreased slightly
throughout the entire study period in southwestern China (p = 0.620). The mean NPP of forests and grass-
lands both showed an overall increasing trend with rates of 31.49 (p = 0.065) and 11.83 (p < 0.01) g C-m~>-10
year !, respectively. The mean NPP of grasslands increased faster in northwestern region (p < 0.05) than in
the southwest (p = 0.260). Similarly, the mean NPP of forests in northwestern region increased at a rate of
53.98 g C-m™~210 year ! (p = 0.079), which was higher than that in southwestern region (20.36 g C-m
72.10 year™'; p = 0.191). The LAI of grasslands increased with a rate of 1.13% every 10 years (p = 0.558)
in western China during the 2000-2015 period. The LAI of grassland showed an overall increasing trend
in northwestern region (2.02% every 10 years, p = 0.685). In contrast, the LAI of grassland in southwestern
region kept nearly steady with a slightly increase (0.08% every 10 years, p = 0.392). The LAI of forests in wes-
tern China increased at an average rate of 3.45% every 10 years (p = 0.392), and 1.47% (p = 0.620) and 6.51%
every 10 years (p < 0.05) in northwestern region and southwestern region, respectively. The WUE of both
grasslands and forests increased significantly during the entire study period, particularly with a vigorous
increase in the last five years. For grasslands, WUE increased at a rate of 0.0074 (p < 0.001), 0.0078 (p <
0.001), and 0.0069 (p < 0.05) g C~kg_1 H20~year_1 in the western, northwestern, and southwestern regions
of western China, respectively. The rate of increase of WUE of forests was higher than that of grasslands,
which was 0.022 (p < 0.01), 0.015 (p < 0.05), and 0.024 (p < 0.05) g C-kg™' H,0-year™" in the western, north-
western, and southwestern regions, respectively. The CUE of forests changed more dramatically than that of
grasslands. The CUE of grasslands in western China increased slightly with a rate of 0.23% every 10 years (p
= 0.300) over the past 16 years. The CUE of grasslands increased at a rate of 0.40% every 10 years in north-
western region (p = 0.392); however, it decreased by 0.05% every 10 years in southwestern region (p = 0.964).
For the forests, CUE increased at a rate of 0.61% every 10 years in western China (p = 0.685). The CUE of
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Figure 5. The spatial dynamics of NDVI, NPP, LAI, WUE, and CUE for forests and grasslands from 2000 to 2015. The plain bar indicates the frequency of grass-
lands, and the gridded bar represent the frequency of forests. NDVI = normalized difference vegetation index; NPP = net primary productivity; LAI = leaf area
index; WUE = water use efficiency; CUE = carbon use efficiency.

forests presented an overall increasing trend at a rate of 3.23% every 10 years (p = 0.260), whereas it
decreased significantly at a rate of 0.64% every 10 years in the southwest region (p < 0.05).

Spatially, regions of forests experiencing a significant increase in NDVI accounted for 21.25% of the total area
of forests, and 20.05% of grassland regions exhibited a significant increase in NDVI (Figure 5). These regions
were mainly concentrated in the Loess Plateau, southeastern Gansu, central of Qinghai, and in southern
Sichuan basin. The NPP increased significantly in 28.01% and 31.94% of the total area of forests and grass-
lands, respectively, over the 16-year study period, which spanned northern Inner Mongolia, Shaanxi,
Gansu, Qinghai, Sichuan, and Tibet. Regions exhibiting a significant increase in LAI accounted for 23.04%
of the total area of forests, and 11.18% of the total area of grasslands. These regions were mainly located
in Shaanxi, eastern Gansu, southern Sichuan Basin, and southwestern Yunnan. The spatial extent of regions
presenting a significant increase of WUE included up to 35.68% and 44.02% of the total area of forests and
grasslands, respectively. The spatial distributions of these regions showed a similar pattern to NPP and were
mainly located in northern Xinjiang and Inner Mongolia, Shaanxi-Gansu-Ningxia regions, and the Three-
River Source region. In contrast, 10.83% of forest CUE and 12.21% of grassland CUE increased significantly
over the 16-year period, which mainly occurred in eastern Inner Mongolia and in the Three-River
Source region. Uncertainty analysis indicated that all these indicators shared a generally similar pattern with
lower uncertainty in arid and semiarid regions in northwestern China, but relatively higher uncertainty in
humid regions in southwestern China, especially in eastern Inner Mongolia, Guizhou, Guangxi, and
Yunnan (Figure 6).

3.3. Correlations Between Climate Factors and NDVI, NPP, LAI, WUE, and CUE of Forests
and Grasslands

The correlations between climatic factors (temperature, precipitation, and solar radiation) and NDVI, NPP,
LAI, WUE, and CUE of forests and grasslands were identified to reflect how the ongoing climatic factors
affect these ecosystem functions (Figure 7). The results showed that, in principle, the precipitation was
the primary climatic factor that affected these indicators in western China. Specifically, regions presenting
a significantly positive correlation (at 95% and 99% confidence level) between grassland NDVI and precipita-
tion accounted for 22.06% of total grasslands, which were mainly located in eastern Inner Mongolia,
northern Loess Plateau, and central of Qinghai. In contrast, 2.97% and 3.34% of grassland regions showed
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Figure 6. The uncertainty level for changes of NDVI, NPP, LAI, WUE, and CUE from 2000 to 2015. The uncertainty level was presented as the width of the con-
fidence interval (i.e., differences between the upper and lower bounds) at 95% confidence level. NDVI = normalized difference vegetation index; NPP = net primary
productivity; LAI = leaf area index; WUE = water use efficiency; CUE = carbon use efficiency.

a significantly positive correlation (at 95% and 99% confidence level) between NDVI with temperature and
solar radiation, respectively. Similarly, regions showing a significantly positive correlation (at 95% and
99% confidence level) between grassland NPP and precipitation accounted for 23.70% of total grasslands.
Most of these regions were located in eastern Inner Mongolia, extending to Gansu and Qinghai. However,
only 4.46% and 4.45% of regions showed a significantly positive correlation (at 95% and 99% confidence level)
between grassland NPP and both temperature and solar radiation. Regions showing a significantly positive
correlation (at 95% and 99% confidence level) between grassland LAI with precipitation, temperature and
radiation accounted for 16.56%, 1.26% and 2.42% of the total grasslands, respectively; this indicates that pre-
cipitation was also the leading climatic factor affecting the LAI of grasslands. The proportion of regions pre-
senting a significantly positive correlation (at 95% and 99% confidence level) between grassland WUE and
solar radiation was 9.72%, which was higher than that with precipitation and temperature (2.74% vs.
6.96%, respectively). Regions that showed a significantly positive correlation (at 95% and 99% confidence
level) between grassland CUE with precipitation, temperature, and solar radiation took up to 5.12%,
4.64%, and 2.68% of total grasslands, respectively.

As for forests, precipitation was also the primary climatic factor affecting the functioning of forest ecosystems.
Regions showing a significantly correlation (at 95% and 99% confidence level) between precipitation with
NDVI, NPP, LAI, WUE, and CUE accounted for 12.15%, 23.75%, 11.73%, 26.00%, and 22.67% of the total forest
area, respectively. There regions were mainly concentrated in the Greater Khingan Mountains in Inner
Mongolia. Solar radiation was the second leading factor influencing these indicators. Regions presenting a sig-
nificantly correlation (at 95% and 99% confidence level) between solar radiation with NDVI, NPP, LAI, WUE,
and CUE accounted for 8.67%, 5.07%, 10.02%, 8.20%, and 9.90%, respectively. Meanwhile, regions showing a
significantly correlations (at 95% and 99% confidence level) between temperature with NDVI, NPP, LAI,
WUE, and CUE accounted for 7.14%, 6.70%, 6.21%, 7.64%, and 7.85% of the total forest land, respectively.

4. Discussion
4.1. Uncertainty of the Study

The land use and land cover types used in this study were derived from the ESA CCI product, which was
developed based on Envisat MERIS, AVHRR, SPOT-VGT and PROBA-V data. These land cover maps
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Figure 7. The spatial pattern of correlation coefficients between ecosystem functions (NDVI, NPP, LAI, WUE, and CUE) of forest and grassland with climate
factors (MAT, MAP, and SR). The plain bar indicates the frequency of grasslands, and the gridded bar represent the frequency of forests. ESN = extremely sig-
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= leaf area index; WUE = water use efficiency; CUE = carbon use efficiency; MAT = mean annual temperature; MA = mean annual precipitation; SR = solar

radiation.

have been validated against independent data including ground-based reference measurements and
alternative estimates from other projects and sensors. The validation results showed that the croplands,
forests, and grasslands all have accuracy values higher than 80%, whereas the classified area with
mosaic classes of natural vegetation are identified with the lowest user accuracy values (Bontemps
et al.,, 2015; ESA, 2017). The limitation of CCI maps lies in that not all changes between land use
classes are captured, such as the conversion between forest classes. In addition, the changes detection
methods need to allow the observation of a newly developed class during at least two consecutive years
(Bontemps et al., 2013; ESA, 2017). The number of valid observations over western China used in the
CCI-LC maps provides an indication of the classification reliability, which showed a higher level of relia-
bility in northwestern China and a relatively lower level of reliability in southwestern China (Figure S2).
In addition, the land use and land cover types in western China from multiple data sources were com-
pared (Figure S3). The results demonstrated that the land cover maps based on ESA CCI-LC product
showed higher consistency with the Landsat-based maps when compared with the MODIS data set,
especially in northwestern China. Larger discrepancies were found in the croplands and forests in
Guizhou and Guangxi, which were likely caused by the mosaic class of forests and croplands existing
in these regions. Nonetheless, the ESA CCI-LC products provide valuable consecutive annual land
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Table 2

Comparison of the Results of Present Study With Other Studies®

Region

Sources of results

LAI change

NDVI change

NPP change
(Unit: g C-m_z-year_l)

Loess Plateau

Three-River Source Region

Qinghai-Tibet Plateau

Others' results

This study
Others' results

0.110/year (2000-2013)°

(Xiao, 2014)

0.180/year
NA

0.080/10 years

(2000-2013;

Zhao et al., 2018)
0.052/10 years
0.012/10 years

(2000-2011; X. Liu,

99.12 (2000-2010;
Zhang et al., 2016)

70.75
59.37 (2005-2012;
Shao et al., 2017)

Zhang, et al., 2014)
This study 0.014/10 years 43.11

Others' results 0-0.050/year (2001-2014; 0.040/10 years 20.15 (2000-2012;
Gu et al., 2016) (1998-2012; Xu et al., 2016)
Pang et al., 2017)
This study 0.030/year 0.053/10 years 22.27

Note. NA = not available.

4The study period of present study is from 2000 to 2015. b(2000—2013) indicates that the study period is from 2000 to 2013.

use maps for evaluating the LUCC at regional and global scales with fine resolution and reliable
accuracy (Li et al., 2018).

The uncertainty presented in the MODIS data is mainly a result of the degradation of earth observing sensors
caused by being exposure to the solar and cosmic radiation (Lyapustin et al., 2014). In the present study, the
MODIS C6 version data were used to derive the vegetation NDVI and NPP in western China. The current C6
version data have been further improved to provide the most reliable MODIS record in modeling global
carbon and for the analysis of vegetation dynamics (Gang et al., 2018; Hilker et al., 2012). We compared
our simulated results of the Loess Plateau, Three-River Source region and the Qinghai-Tibetan Plateau with
the results of previous studies (Table 2). For the Loess Plateau, the increasing trends of LAI, NDVI, and NPP
found in the present study agreed well with the findings of previous studies. The possible causes of the
differences include the different data sources, models, and time periods. Zhang et al. (2016) simulated an
increasing trend of vegetation NPP by 99.12 g C-m™-year " in the Loess Plateau during 2000-2010 by using
the CASA model, which is higher than our results based on MODIS NPP. Similarly, simulated changes of
NDVI and NPP for Three-River Resource region and the Qinghai-Tibet Plateau were consistent with the
findings of other studies (Table 2), implying that the data set and methods used in the present study can
generally capture the changes of vegetation in western China.

4.2. LUCC of Forests and Grasslands in Western China

The evidence based on remote sensing data supports the concept that the ecosystem quality over western
China has substantially improved since the initiation of ecological restoration projects in the late 1990s.
For the period from 2000 to 2015, land conversion analysis shows that the area of forests and grasslands both
increased in western China. The most evident transition was the conversion from deserts/barren areas to
grasslands in Inner Mongolia, Gansu, Qinghai, and Xinjiang. Previous research has demonstrated that the
grasslands in Inner Mongolia experienced a net increase of 77,993 km?” caused by the conversion from
deserts and croplands to grasslands (Mu et al., 2013). The low and medium coverage rates of grasslands in
the Mu Us sandy regions expanded from 2000 to 2010 (Karnieli et al., 2014; Li et al., 2017).
Afforestation/reforestation and sowing of grasses are major techniques used in the GGP. According to year-
book data, the area of manual afforestation and newly enclosed forests obviously increased in western
China, particularly from 2000 to 2015 (Figure S4). Meanwhile, the areas of newly developed grasslands have
also expanded in recent years (Figure S5). Fencing and enclosures were adopted in regions where heavily
degraded grasslands were previously located, allowing the native grass species to become re-established,
colonize, and succeed (Liu et al., 2004). Rotation grazing and seasonal enclosures provide superior methods
of maintaining the grass community in slightly and moderately degraded regions (Gao & Liu, 2010).
Cultivated pastures with intensive agronomic activity, such as sowing, irrigating, and fertilizing, has also
been adopted in regions with variable terrain (Gang et al., 2018).
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Figure 8. The spatial and temporal dynamics of MAT (a), MAP (b), and SR (c) during the 2000-2015 period. MAT = mean annual temperature; MAP = mean
annual precipitation; SR = solar radiation. The green, blue, and red line represent the dynamic of averaged value in southwestern, northwestern, and western
China, respectively.

4.3. Effects of Climate Factors and Human's Interference on Vegetation Recovery

Variations in climate have also benefited the recovery of vegetation on the landscape of western China to
some extent. The spatial and temporal dynamics of MAT, MAP, and solar radiation during the 2000-2015
period are presented in Figure 8. MAT increased obviously in southwestern parts of the study area, such
as eastern Tibet, western Sichuan, and northern Yunnan (Figure 8a). Meanwhile, regions that experi-
enced increased MAP mainly located in Guangxi, Inner Mongolia, and Sichuan (Figure 8b). The temporal
trends of MAP and MAT indicated that western China experienced a generally warmer and wetter trend
from 2000-2015. In northwestern China, decreasing temperatures and increasing precipitation rates
would cause a lower surface evaporation potential and higher soil moisture, thereby contributing to the
growth of vegetation, such as in the Inner Mongolia, and Shaanxi-Gansu-Ningxia region. In contrast,
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solar radiation or temperature would play a dominant factor in controlling plant growth in the rainfall-
rich regions, such as southwestern China and on the Qinghai-Tibet Plateau (Piao et al., 2006; Sun &
Zhu, 2001). The relationships between climate factors and NDVI, NPP, LAI, WUE, and CUE of forests
and grasslands in northwestern and southwestern China were examined using statistical analysis, respec-
tively (Figures S6 and S7). For northwestern China, the precipitation was significantly related with NDVI
(p < 0.001), NPP (p < 0.01), and LAI (p < 0.01), implying that rising precipitation contribute to the
increasing trend of NDVI, NPP, and LAI over the 16-year period. However, there were no significant rela-
tionships between temperature, solar radiation with NDVI, NPP, LAI, WUE, and CUE in northwestern
China (Figure S6). For southwestern China, climate factors were not significantly related to with
NDVI, NPP, LAI, WUE, and CUE of forests and grasslands (Figure S7). The greening trend and improved
environment in southwestern China reflects the success of environmental restoration efforts, even under
unfavorable climatic conditions (Brandt et al., 2018).

The functioning of ecosystems in western China have improved since the implementation of the ecolo-
gical projects. An increasing trend in NDVI and NPP can be widely seen in the forest and grassland
regions, especially in the Yellow River Basin. Previous studies have reported that ecological restoration
efforts have caused an increase in the NDVI by more than 0.01 year™ " during the 2001-2010 period as a
results of ecological restoration in Yulin and Yan'an prefectures in Shaanxi (Sun et al., 2015). The aver-
age tree cover substantially increased with a relative increase of 41.0% in the Loess Plateau from 2000 to
2010, and, as a result, the region has changed function from being a net carbon source into a net car-
bon sink (Feng et al., 2013; Xiao, 2014). Similar trend of change in NDVI or NPP have also been
reported in Inner Mongolia (Mu et al., 2013; Zhang et al., 2015), Qinghai (L. Zhang, Guo, et al,,
2014; Zhao et al.,, 2015), and Xinjiang (Yang et al.,, 2014). The largely land conversion of croplands
and grasslands to forests under the GGP led to the increase of LAI (Xiao, 2014). The spatial and tem-
poral trends of LAI based on GLOBMAP LAI product were also compared with the results of the
Global Inventory Modeling and Mapping Studies (GIMMS) LAI v4.0 data set. The spatial pattern of
LAI dynamic generated by GIMMS LAI agreed well with that of MODIS-based result, which mainly
increased in Shaanxi-Gansu-Ningxia region, and the interwoven region of Guizhou, Gangxi, and
Yunnan (Figure S8). In addition, the increasing trends of LAI for forests and grasslands in western
China were also captured by the GIMMS LAI data set (Figure S8). The ET exhibited weak decreasing
trends in northwestern (p = 0.620) and southwestern China (p = 0.115) over the 16-year period, which
was caused by the meteorological factors as well as by the change of fractions of ET component, such as
the less evaporation from soil (He et al., 2018; Zhang et al., 2016; Figure S9). Combing with the rising
NPP, the WUE of grasslands and forests both increased over the 16-year period, which are beneficial
effects of the GGP. The previous study showed that the WUE in the Loess Plateau increased at a rate
of 0.027 g C/kg H,O during the period 2000-2010, which is higher than our simulation (0.020 g C/kg
H,0; Zhang et al., 2016). This is probably caused by the faster increasing trend of NPP simulated by
CASA model. Management activities, such as the reduction in grazing during
afforestation/reforestation, fencing of some areas, and grazing prohibition in general currently serve
as effective ways to increase vegetation biomass and reverse environment degradation. Furthermore,
the traditional method used to feed grazing animals has shifted from open grazing to the use of feedlots,
with the goal of preventing the excessive removal and loss of vegetation caused by unsustainable stock-
ing rates for livestock (Cheng et al., 1995).

The current research mainly focused on the aboveground biophysical characteristics of vegetation, and evi-
dences have demonstrated that the soil properties have also improved substantially during the process of
vegetation recovery (Deng et al., 2014, 2017; D. Liu, Chen, et al., 2014). The increased carbon sequestration
of vegetation compensates for the carbon loss caused by deforestation or land conversion (Brandt et al., 2018;
Tian et al., 2011). However, the monoculture plantations of the GGP have been criticized for providing poor
habitats for native species, and for being highly vulnerable to natural disturbances, such as drought, dis-
eases, and pests (Cao et al., 2011; Delang & Yuan, 2015). In addition, some researchers have warned that
the NPP of vegetation is approaching the limit of available and sustainable water resources in the currently
re-vegetated regions, and increased human demands for water resources complicates environmental con-
cerns in the Loess Plateau (Feng et al., 2016). Therefore, local socioeconomic related problems should not
be neglected (Brandt et al., 2018; Cao et al., 2011, 2017).
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5. Conclusions

An analysis of various remote sensing-based ecological indictors showed that the GGP has significantly
improved the functioning of forest and grassland ecosystems in western China. Despite a small decrease that
occurred in the spatial extent of grasslands in southwestern region, the total spatial extent of forests and
grasslands expanded from 2000 to 2015 in western China. The transition from deserts to grasslands in north-
western China was the prominent feature during the 16-year period analyzed here. During the study period,
grassland NPP and WUE, as well as forest NDVI and WUE, increased significantly. The LAI and CUE of for-
ests and grasslands also showed an overall increasing trend. These indicators showed asymmetric responses
in the southwest and northwest regions of western China. Despite the fact that increased precipitation has
beneficial effects for the vegetation recovery in some regions, the GGP was the dominant factor leading to
the improvement of ecosystem function in the entire regions of western China, especially in the Loess
Plateau and Three-River Source regions. Nonetheless, a reasonable planting strategy still needs to be devel-
oped to resolve socioeconomic and environmental sustainability issues as well as to balance the trade-off
between grain production and greening of the environment. Due to the limited data availability and method
constraints, only the changes of vegetation NDVI, NPP, LAI, WUE, and CUE during the period 2000-2015 in
western China were quantified. In addition, factors such as CO, concentrations and irrigated water supplies
were not considered in the present study, which also play important roles in the ecosystem functions
response. Longer-term of remote sensing monitoring coupled with land-atmosphere models are needed to
provide a more comprehensive picture of the net effects of the GGP in western China in further research.
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