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Abstract: Vegetation net primary productivity (NPP) is a crucial indicator for assessing the carbon
balance in terrestrial ecosystems. Qualitative and comparative research on the NPP influenced by
human activities, climate change, and their interactions remains insufficient. The Three-North Shelter
Forest Program (TNSFP), initiated in 1978, provides a valuable reference for such investigations.
This study employs an improved residual trend method to analyze the spatiotemporal patterns,
trends, and driving factors of vegetation NPP during the second phase of the Three-North Shelter
Forest Program (2001-2020), as well as TNSFP’s contribution to vegetation NPP. The results indicate
that (1) from 2001 to 2020, overall vegetation NPP exhibited a significant fluctuating upward trend
at a rate of 3.69 g C/m~2 annually; and (2) precipitation, accounting for 1.527 g C/m~2, had a
more significant impact on vegetation net productivity compared to temperature (0.002 g C/m~?2).
Climate factors (76%) significantly influenced vegetation NPP in the Three-North Shelter Forest
region more than human activities (24%). In the last decade (2011-2020), the climate contribution rate
decreased to 67%, while the human activity contribution rate increased by seven percentage points
compared to the previous decade (2001-2010); (3) during 2001-2020, TNSFP contributed 10.9% to the
total human activity contribution to vegetation net primary productivity, approximately 2.6% of the
overall contribution; (4) After the second phase of TNSFP was enacted, PM2.5 levels decreased by an
average of —0.57 ug/m~3/a~1. Concurrently, soil conservation improved from 6.57 t/km? in 2001 to
14.37 t/km? in 2020.

Keywords: human activities; climate change; land use and land cover (LULC); spatiotemporal
variability; RESTREND

1. Introduction

Global carbon emissions from agricultural, livestock, and industrial sectors are causing
widespread environmental challenges. Consequently, vegetation plays a crucial role in
mitigating these effects by absorbing carbon dioxide [1,2]. Vegetation NPP denotes the
aggregate organic matter generated by green plants via photosynthesis and carbon dioxide
absorption per unit area and time, subtracting the organic matter retained post-autotrophic
respiration [3,4]. It is a pivotal element in terrestrial ecosystems for gauging carbon se-
questration potential and evaluating ecosystem integrity [5-8]. Simultaneously, it serves as
one of the indicators reflecting ecosystem provisioning capacity. It has been established
as a core issue by the Global Change and Terrestrial Ecosystems (GCTE) and the Kyoto
Protocol [9,10].

At different regional scales, vegetation types exhibit spatiotemporal heterogeneity
in their sensitivity and response to driving factors. Due to the threats posed by global
warming, research on the impact of climate change on local vegetation has become one of
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the most prominent areas of study [11-14]. Most scholars primarily consider factors such as
temperature [15], precipitation [16], sunshine duration [17], and solar radiation [18] about
the impact on vegetation NPP. They conduct correlation analyses between these climate
factors and NPP, examining the extent and mechanisms of the spatiotemporal influence of
individual or multiple climate elements on vegetation NPP. Xu et al. (2024) investigated the
spatiotemporal variation of vegetation dynamics in East Africa from 2000 to 2020 and its
correlation with various factors. They found that precipitation had the most outstanding
positive contribution among all climate factors, while temperature had a significant negative
contribution. The average contributions of precipitation, temperature, and solar radiation
to the interannual variation of East African NPP were 2.02, —1.09, and 0.31 g C/ m2/a’1,
respectively [19]. Das et al. (2023) discovered that in India, due to climate warming, an
increase in temperature beyond the critical threshold led to a decline in photosynthesis,
while respiration remained relatively stable. From 2001 to 2019, Indian forests experienced a
6.19% decline in NPP despite a 6.75% rise in LAI, underscoring the influence of temperature
on NPP [20]. Fu et al. (2023) pointed out that aerosols affect vegetation NPP by boosting
diffuse radiation and modifying temperature and humidity [21].

Chinese scholars have also researched the connection between vegetation net pro-
ductivity and climate change. Zhou Aiping et al. (2014) employed a multi-layered linear
model to examine the characteristics of vegetation NPP changes in Guangxi spanning ten
years, from 2001 to 2010. Their findings suggested that temperature and precipitation
significantly affected vegetation NPP, surpassing the influence of sunshine hours [22]. Mu
et al., (2013) assessed the NPP of various vegetation types in Inner Mongolia, spanning a
period from 2001 to 2010. They investigated how different climatic factors influenced the
NPP of these vegetation types. Their findings indicated that temperature predominantly
constrained the NPP of forest vegetation, whereas precipitation played a primary role
in regulating the NPP of farmland, grassland, and desert vegetation [23]. Overall, these
studies strongly emphasize the importance of climate in vegetation NPP. However, the
specific impact mechanisms and the relative influence of different climate factors require
case-specific analysis [24].

Additionally, some scholars have researched human activities that contribute to alter-
ations in NPP [19,25]. When discussing the impact of anthropogenic factors on vegetation
NPP, most studies primarily focus on aspects such as land use [26], population density [27],
nighttime lights, and GDP [28]. Hao et al. (2023) employed a geodetector approach to study
the multifaceted effects and interactions among various variables influencing NPP in Henan
Province. They found that the impact of population density and GDP on vegetation NPP
was more significant than that of climatic factors such as precipitation [29]. In recent years,
societal policies such as ecological engineering have played an increasingly significant
role in influencing terrestrial vegetation [30]. Cai et al. (2023) employed the RF method
to identify the primary drivers of changes in NPP in China, attributing them mainly to
human activities, particularly afforestation and other ecological engineering endeavors [31].
Wenwen Li et al. (2023) discovered that implementing ecological projects such as the Grain
for Green Program had a significant role in the recent increase in NPP [32]. The construction
of the TNSFP, initiated in 1978 and currently in its second phase (2001-2020), has played
a pivotal role over the past 40 years. The project has achieved afforestation on an area of
26.47 million hectares, and the forest coverage in the region has reached 10.18%. Ji Ping et al.
(2022) estimated that during the second phase of the TNSFP (2001-2020), the average NPP
increased by 34.96%, from 235.49 ¢ C/m~2/a~! at the beginning to 317.82 g C/m~2/a"! at
the end of the second phase [33].

It is now widely acknowledged that climate changes, such as temperature and precipi-
tation, and human activities, such as ecological engineering and policy changes, collectively
influence vegetation dynamics. However, when these factors act on vegetation NPP, they
exhibit coupling effects. Therefore, quantifying the magnitude of the influence of a specific
factor is a critical focus in vegetation NPP research [34-38]. Currently, there are various
methods for quantitatively analyzing the magnitude of the impact of different influencing
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factors, with residual trend analysis being a more mainstream approach [39,40]. This ap-
proach establishes a correlation between vegetation and climatic factors to differentiate the
impacts of climate change and human interventions on vegetation [41].

However, this method still has some limitations. It considers all residuals as the
influence of human activities, neglecting the effects of other climatic factors on vegetation,
which greatly overestimates the impact of human activities on vegetation. Moreover, the
TNSEFP is located in the northern inland regions of China, mainly including provinces such
as Xinjiang, Inner Mongolia, and Qinghai, where the population density is relatively low
and climate fluctuations are significant. The frequency and intensity of extreme weather
events (such as droughts, high temperatures, cold waves, etc.) are higher, leading to many
climatic influencing factors in this region, making vegetation susceptible to climate change.
Therefore, it is crucial to reasonably separate the effects of climate change and human
activities in the TNSFP area.

The construction of the TNSFP involves various human activities, such as tree planting,
land protection, and farmland conversion, resulting in changes in LULC, such as the transi-
tion from bare land or cultivated land to forests or grasslands. In this study, we improved
the residual analysis method using multi-temporal LULC datasets. We distinguished areas
in the TNSFP region from 2001 to 2020 that were only affected by climate change (L) from
those simultaneously affected by both human activities and climatic factors (L.y). This
approach to distinguishing (L.) and (L., },) areas has reduced the uncertainty of human
activities” impacts on vegetation dynamics. It enables more accurate quantification of the
contributions of different human activities to vegetation NPP, including the Three-North
Shelterbelt ecological project, land use expansion for construction, cultivation, and other
human activities.

The objectives of this study are as follows: (1) Analyze the spatiotemporal patterns and
trends of vegetation NPP in the second phase of the TNSFP (2001-2020) and summarize
its driving factors using data such as MOD17A3HGE, meteorological data, and LULC.
(2) Utilize an improved residual trend analysis method to distinguish the impacts of climate
change and human activities on vegetation NPP, assess changes in impacts over the first
decade (2001-2010) and the subsequent decade (2011-2020), and calculate the contribution
rates of temperature and precipitation to vegetation NPP in the TNSFP area. (3) Divide
the Three—North Shelterbelt into regions and vegetation types, analyze the differentiation
of its impacts on four different functional zones (Northeast China-North China Plain
Region, Sandy Region, Northwest Desert Region, Loess Plateau Region) and four different
vegetation zones (Forest Vegetation Zone, Grassland Vegetation Zone, Desert Vegetation
Zone, Plateau Vegetation Zone), and quantify the regional differences in the implementation
of the Three-North Shelterbelt ecological project and its impact on different vegetation
NPP levels. (4) Analyze the differential impacts of the TNSFP on environmental quality
over the first decade (2001-2010) and the subsequent decade (2011-2020) using data such as
PM2.5 and soil conservation and quantify its environmental benefits. This study provides a
solid scientific basis for assessing and protecting ecosystem environmental quality and the
rational development and utilization of resources.

2. Materials and Methods
2.1. Research Area

The Three-North Shelter Forest Program region is situated between 73°26’ to 127°50/
E and 33°30’ to 50°12’ N, covering 13 provinces (autonomous regions, direct-administered
municipalities) in Northeast, Northwest, and North China, with a total area of 4.36 million
square kilometers [42]. The study region is defined by China’s eight significant deserts,
four extensive sandy regions, and vast stretches of barren land, constituting roughly 85%
of the country’s wind- and sand-affected land area. According to the Opinion on Further
Promoting the Construction of the Three-North Shelterbelt System issued by the General
Office of the State Council, the TNSFP is divided into four construction regions based on
different functional orientations. Firstly, there is the Sandy Region, which mainly refers
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to the semi-arid areas dominated by the four significant sandlands in northern North
China. Secondly, there is the Northwest Desert Region, mainly referring to the arid desert
areas west of the 200 mm annual precipitation line. Thirdly, there is the Loess Plateau
Region, which mainly refers to the natural distribution area of loess in Shaanxi, Gansu,
Ningxia, Shanxi, Inner Mongolia, and Qinghai. Fourth, there is the Northeast China—North
China Plain Region, including transitional mountainous areas and foothills between the
Sandy Region and the plains (Figure 1). Most of the study area encounters a temperate
continental climate and a temperate monsoon climate. Annual precipitation exhibits a
spatial distribution, decreasing from east to west and south to north. Surface runoff and
groundwater reserves are inadequate. The ecological environment in the research area is
highly fragile. The northwest desert region has high solar radiation and evaporation, with
generally poor and dry soil, low organic matter content, and severe desertification. Low
temperatures, strong winds, and abundant sand contribute to severe desertification in the
sandy region. In the Loess Plateau region, precipitation distribution is uneven, leading to
significant soil erosion [43—45].
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Figure 1. Location map of the study area.

To enhance the ecological environment, curb soil erosion, and combat the hazards
of sand and dust in the Three-North region, China initiated the TNSFP in 1978. The
afforestation plan for the entire project aims for a total area of 535 million hectares, spanning
a planned duration of 78 years and divided into three distinct phases. The first phase
covered the period from 1978 to 2000, the second covered 2001 to 2020, and the third was
slated for 2021 to 2050. Currently, the second phase of the project has been completed. With
the conclusion of the second phase, there has been a significant increase in vegetation cover
in the TNSFP region. It not only helps mitigate land desertification and desertification
processes but also enhances the efficiency of surface photosynthesis. Consequently, it
increases plant biomass and net primary productivity, maintains carbon balance, alleviates
climate change impacts, and protects the ecological environment [46,47]. The vegetation in
the TNSEFP area is categorized into forested, grassland, desert, and plateau vegetation zones
based on regional variations in vegetation distribution and topographic characteristics
(Figure 2).
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Figure 2. Vegetation Zonation of the Study Area.

2.2. Data Sources
2.2.1. Net Primary Productivity (NPP) Data

MOD17A3HGF V6 from NASA’s Terra MODIS NPP dataset was selected for this
study (https://ladsweb.modaps.eosdis.nasa.gov/) (accessed on 3 January 2024). The
MODIS NPP product, boasting a spatial resolution of 500 m and a temporal resolution of
1 year, stands among the most extensively utilized NPP datasets. It calculates vegetation
NPP by merging the BIOME-BGC model with the light use efficiency model and has
found application and validation in global and regional research endeavors. Through the
utilization of NASA'’s official MODIS Reprojection Tool (v4.1) software and the Python
programming language, various preprocessing steps were conducted on the NPP data of the
TNSFP Region, including stitching, clipping, reprojection, and removal of outliers (where
valid values of the dataset range from —3000 to 32,700), resulting in annual vegetation
NPP data for the TNSFP Region expressed in g C/m?. Due to differences in resolution
between temperature and precipitation grid images and NPP, the annual NPP images were
resampled to a uniform resolution of 1 km x 1 km.

2.2.2. Meteorological Data

The annual average temperature and precipitation data were obtained from the Na-
tional Earth Science Data Center (http://www.geodata.cn/) (accessed on 3 January 2024),
spanning the period from 2000 to 2020, with a spatial resolution of approximately 1 km
and a temporal resolution of annually. This dataset was downscaled in China using the
Delta spatial downscaling method based on global 0.5 °C climate data released by the CRU
and high-resolution global climate data released by WorldClim [48].

2.2.3. Land Use and Land Cover (LULC) Data

The LULC data for 2000, 2010, and 2020 were acquired from the Resource and Environ-
ment Science and Data Center of the Chinese Academy of Sciences (https://www.resdc.cn/
DOI/doi.aspx?DOIlid=54) (accessed on 3 January 2024). Following the GB/T21010-2017 [49]
classification standard, land types were categorized into cultivated land, woodland, grass-
land, water, construction land, and bare ground (Figure 3a,b). Utilizing multi-temporal
LULC datasets, improvements in residual analysis methods allow for a more precise as-
sessment of the effects of climate change and human activities on vegetation alterations
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by distinguishing between L. (Climate Change) and L., (Climate Change + Human Ac-
tivities). L. includes regions where a consistent land-use type has maintained vegetation
(grassland and woodland) from 2001 to 2020 without mutual conversion (Figure 3c). L.
encompasses both cultivated and non-vegetated areas (comprising water, constructed
land, and bare ground), along with zones where vegetation types (such as grassland and
woodland) have changed since 2001, illustrating the combined impact of climate change
and human activities (Figure 3d). The delineation method for L. and L., regions for the
periods 2001-2010 and 2011-2020 remains consistent with that of 2001-2020.
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Figure 3. (a) LULC in 2000; (b) LULC in 2020; (c) L., grassland and woodland unchanged from 2000
to 2020; (d) L., residue land use of the research area from 2000 to 2020.

2.2.4. Data Environmental Quality Data

The PM2.5 data were acquired from the China PM2.5 dataset available at the National
Tibetan Plateau Data Center (https://data.tpdc.ac.cn) (accessed on 4 January 2024). This
dataset employs artificial intelligence techniques to fill spatial gaps in the satellite MODIS
MAIAC AOD product. Combining ground-based observations, atmospheric reanalysis,
emission inventories, and other significant data sources generated seamless ground-level
PM2.5 data for the entire country from 2000 to the present. The dataset is in NC format,
featuring a spatial resolution of 1 km and a temporal resolution of one year. It underwent
conversion from NC format to Geo-Tiff format using the “make NetCDF raster layer” tool
in ArcGIS. Subsequently, the extract by mask tool was utilized to clip the data to the desired
study area, resulting in annual PM2.5 raster data for the Three-North region [50].
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The spatial distribution data of soil conservation in the Three-North region’s ecosys-
tems are sourced from the Science Data Bank (https://www.scidb.cn/detail?dataSetld=c5
61bab524b04a0ba93678abde74aa5a&version=V2) (accessed on 4 January 2024). This dataset
utilizes a variety of remote sensing, meteorological, geographical, and soil data within
the Three-North Engineering area. Combining GIS technology and the RUSLE model, it
estimates soil conservation to evaluate the soil conservation capacity in the study area. Data
quality control measures were implemented from both the source and model calculation
perspectives to ensure the objectivity and accuracy of the data. This approach provides
an intuitive assessment of the ecosystem’s soil conservation capacity in the Three-North
Engineering area from 2000 to 2020.

The water conservation data is derived from the National Earth System Science
Data Sharing Infrastructure, National Science and Technology Infrastructure of China
(http:/ /www.geodata.cn) (accessed on 4 January 2024), covering the period from 1990 to
2010 nationwide, with a resolution of 1000 m grid data. The water conservation dataset is
calculated based on interpolated precipitation data from 2419 national ground meteoro-
logical observation stations in China, NOAA /AVHRR 1 km 16-day maximum composite
NDVI data products, and MODIS 1 km 16-day maximum composite NDVI data products
to calculate vegetation coverage data. The data validation results are reliable and widely
applied [51].

2.3. Research Methods
2.3.1. Data Correlation Analysis

Correlation analysis was employed to investigate the response of vegetation net
primary productivity (NPP) to various meteorological factors such as temperature and
precipitation changes. The correlation between climatic factors and vegetation net primary
productivity was characterized using mathematical formulas.

i1 (Xi —%)(vi — )
1
\/Zl 1 xz_x \/Zz 1 }/z

In the formula, Ry, represents the correlation coefficient between two variables, x;
denotes the NPP for the i-th year, ¥ is the average NPP, y; represents the influencing factor
for the i-th year, and 7 is the average of the influencing factor.

2.3.2. Trend Analysis

The present study employs the linear regression method to analyze the spatial and
temporal trend characteristics of vegetation NPP data in the Three-North region. The
formula is as follows [52,53]:

nxyt,ixNPP,—Y", iy, NPP
nx Yy 2= (T i)

In the equation, 6gope represents the trend of NPP for each pixel from 2001 to 2020,

where i denotes the year (i =1, 2, 3. .., n), and NPP; denotes the average NPP for the i-th

year. gjope > 0 indicates an increasing trend of NPP during that period, while fgope <0
indicates a decreasing trend in NPP.

2

eslope =

2.3.3. Mann—Kendall Significance Test

This paper employs the Mann-Kendall significance test (M—K test) to assess the sig-
nificance of the vegetation NPP trend. It uses the statistical parameter Z to represent the
test results of the M—K test. The M—K test is applied to analyze the mutation of the time
series of vegetation NPP. This method is not constrained by the need for data distribution
to adhere to a particular form or pattern, and outliers within the samples do not impact
the analysis outcomes. Z is the standardized test statistic. When the absolute value of Z is
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more significant than 1.65, 1.96, and 2.58, it indicates that the trend has passed significance
tests with confidence levels of 90%, 95%, and 99%, respectively [54,55].

2.3.4. Residual Trend Analysis

Utilizing the residual trend analysis method to separate and quantify the influences of
climate change and human activities on vegetation NPP, the formula is as follows:

ONPP oT ONPP opP

In the equation: fope represents the overall trend of NPP; the study years are denoted

by the letter n; C(T) denotes the influence of temperature, while C(P) signifies the impact

of precipitation on vegetation NPP; azg# and algg P are the partial correlation coefficients

between vegetation NPP and T, P; ‘3—5 and ?TI;: represent the interannual variation rates of
T and P [32]. Other climate factors such as solar radiation, wind, and natural disasters
also impact vegetation net primary productivity, denoted as L.’s, while human activities’
influence on vegetation net primary productivity is denoted as L. },’s, including projects
like the TNSFP, urban land expansion (artificial greening), and cultivation. The formula for
calculating the second-order partial correlation coefficient is as follows:

ny,z - Rx)\,z X Ry/\,z

ny,zA =
\/(1 - Rgm) x (1 - Rim)

where Ryy,z) represents the second-order partial correlation coefficient between variables x
and y, after eliminating the influence of factors z and A; R, -, Ry ),z2r 2, and Ry are defined
similarly. The significance of the correlation between two variables is determined using
the ¢ test. The positive or negative contribution indicates the positive or negative effect of
the influencing factor on NPP, where a positive effect suggests that the influencing factor
promotes NPP increase, while a negative effect indicates that the influencing factor inhibits
NPP increase.

(4)

3. Results
3.1. Temporal and Spatial Variations in NPP within the TNSFP Area from 2001 to 2020

Figure 4a illustrates the interannual variation traits of vegetation NPP in the TNSFP
region from 2001 to 2020. The annual average NPP values in the Three-North region range
from 229.53 to 325.77 g C/m?, showing a significant fluctuating upward trend at a rate
of 3.69 g C/m? (p < 0.05). The highest NPP value occurred in 2018, while the lowest was
observed in 2001. Both L. and L. experienced a significant increase in NPP, reaching
249.26-351.34 g C/m? and 204.35-293.52 g C/m?, with growth rates of 3.9 and 3.43 g C/m?,
respectively (Figure 4b,c). The annual average NPP growth rate from 2001 to 2010 was
3.46 g C/m?, higher than the rate of 1.2 g C/m? from 2011 to 2020. Specifically, from 2001
to 2010, L.’s annual average NPP growth rate was 3.49 g C/m?, surpassing the rate of
1.99 g C/m? from 2011 to 2020. Similarly, L., exhibited an annual average NPP growth
rate of 3.44 g C/m? from 2001 to 2010, exceeding the rate of 2.03 g C/m? from 2011 to 2020.

From northeast to northwest, the average vegetation NPP of L, and L., ; shows a
gradual decrease trend from 2001 to 2020 (Figure 5a,b). The proportion of average veg-
etation NPP in L.}, during 2001-2020, ranging from 200-400 g C/m?, was highest at
53.6%, primarily distributed in the grassland and forest vegetation zones of the North-
east China-North China Plain region within L.,}. The average vegetation NPP of Lc
from 2001 to 2020, with a proportion between 200400 g C/m ™2, is 36%, and between
400-600 g C/m~2, it is 28.7%, mainly distributed in the forested vegetation zones and
grassland vegetation zones in the Northeast China-North China Plain and Loess Plateau
Region of L. The NPP values in the Northeast China-North China Plain Region of L., 1, are
significantly smaller than L., where the average annual vegetation NPP for L¢ in the North-
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east China—North China Plain Region is mainly concentrated between 400-800 g C/m 2,
while for Lc,y, it is mainly concentrated between 200-600 g C/m 2.
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Figure 4. (a) Average NPP trend curve from 2001 to 2020; (b) NPP variation trend curve of L. (climate
change) from 2001 to 2020; (c) NPP variation trend curve of L., (climate change + human activities)

from 2001 to 2020.
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Figure 5. (a) Annual average NPP of L. (climate change) from 2001 to 2020; (b) Annual average NPP
of L1, (climate change + human activities) from 2001 to 2020.

Analyzing the vegetation NPP trends in the TNSFP region over the past two decades,
this study categorizes the trends into six types based on trend analysis and significance
testing results: extremely significant decrease, moderately significant decrease, not signifi-
cantly decreased, not significantly increased, moderately significant increase, and highly
significant increase. Figure 6a,b show that from 2001 to 2020, the overall vegetation NPP in
the Three-North region shows an increasing trend, with an NPP slope ranging from —28.2
to 31 g C/m~2. The long-term fitted NPP slopes for L and L, are —28.2 to 31 g C/m~?2
and —27.6 t0 29.7 g C/m~2, respectively. L. and L.}, show increasing trends in 98% and
96% of the regions, primarily distributed in the Northeast China—North China Plain Region,
Loess Plateau Region, and Sandy Region. The decreasing trend areas account for 2% and
4% for Lc and L.y, mainly distributed in the Junggar Basin, southern Xinjiang Basin,
and the fixed sand control areas along the Hexi Corridor. Among the various vegetation
zones, the grassland vegetation zone has the highest proportion of increased trend area,
accounting for 98.8%. In contrast, the forest and desert vegetation zones have more rela-
tively minor proportions, at 88.6% and 90.5%, respectively. In each functional zone, the
Loess Plateau, Sandy, and Northwest Desert regions have a relatively higher proportion of
increasing trend areas, accounting for 98.8%, 98%, and 91.4%, respectively. In contrast, the
Northeast China—North China Plain region has a smaller proportion of increasing trend
areas, accounting for 87.2%. The extremely significant and significantly increasing regions
for L, account for 48.1% and 19.3%, respectively, while for L., these regions account for
47.8% and 16.2% (Figure 6¢,d).
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change + human activities) from 2001 to 2020; (c) Significance of NPP trend of L¢ (climate change)
from 2001 to 2020; (d) Significance of NPP trend of Lc, (climate change + human activities) from
2001 to 2020.

3.2. Impact of Climate Change on NPP within the TNSFP Area from 2001 to 2020

Previous studies have demonstrated that vegetation NPP growth is impacted by tem-
perature, precipitation, and other climatic factors. The average contributions of these
climate variables to changes in vegetation NPP in the study area from 2001 to 2020
were 1.529 g C/m™~2. Specifically, temperature and precipitation contributed mean val-
ues of 0.002 g C/m~2 and 1.527 g C/m~2, respectively (Figure 7a—c). During the initial
decade (2001-2010), the average climate-driven changes in vegetation NPP amounted to
0.798 g C/m~2. The mean contributions of temperature and precipitation to vegetation
NPP were 0.006 g C/m~2 and 0.792 g C/m 2, respectively (Figure Sla—c). In the subse-
quent decade (2011-2020), the average climate-induced changes in vegetation NPP were
0.646 g C/m~2 (Figure S1d-f).
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Figure 7. (a) Contribution of climate to NPP trends from 2001 to 2020; (b) Contribution of precipitation
to NPP trends from 2001 to 2020; (c) Contribution of temperature to NPP trends from 2001 to 2020;
(d) Contribution of other climate factors to NPP trends from 2001 to 2010; (e) Contribution of other
climate factors to NPP trends from 2011 to 2020; (f) Contribution of other climate factors to NPP
trends from 2001 to 2020.

The mean contributions of temperature and precipitation to vegetation NPP were
0.017 and 0.629 g C/m ™2, respectively. In the TNSFP Region, precipitation contributes
positively to NPP with a rate of 81.9%, primarily distributed in the Northeast China-North
China Plain Region, Sandy Region, and Loess Plateau Region. Regions with negative
contributions to NPP were in the Northwest Desert Region (18.1%), including the Tianshan
and Altai Mountains. Temperature contributed positively to NPP at a rate of 63.9%,
mainly in the northern part of the Loess Plateau and the northeastern part of the Qilian
Mountains. Regions with negative contributions to NPP were in the northeastern Da
Hinggan Mountains (36.1%). Climate change had the most significant positive contribution
rate to vegetation NPP in grassland vegetation zones, at 95.3%, while desert vegetation
zones had the lowest positive contribution rate, at 61%. The favorable contribution rates
were 81.7% for plateau vegetation zones and 79.2% for forested vegetation zones. In each
functional zone, the positive contribution rates of climate change to vegetation NPP in
the Sandy region, Loess Plateau region, Northeast China—North China Plain region, and
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Northwest Desert region are 99.2%, 87.3%, 78.3%, and 60.1%, respectively. Residuals
between climate factors and NPP represent the contributions of other climatic factors,
such as solar radiation, wind, and natural disasters. From 2001 to 2020, other climatic
factors accounted for 35% of the contribution, with climate overall contributing 76%; from
2001 to 2010, other climatic factors accounted for 51%, with climate overall contributing
74%; and from 2011 to 2020, other climatic factors accounted for 35%, with climate overall
contributing 67% (Figure 7d-f).

3.3. Influence of Human Activities on NPP within the TNSFP Area from 2001 to 2020

From 2001 to 2020, human activities contributed 24% to the NPP of the vegetation in
the TNSFP region. Among these, 75.8% of the study areas positively contributed to the NPP,
primarily in regions such as the Loess Plateau Region and Sandy Region (Figure 8c). The
plateau vegetation zones showed the highest positive contribution to vegetation NPP from
human activities, at 92.3%, while the forested vegetation zones exhibited the lowest positive
contribution, at 73.1%. The favorable contribution rates were 93.1% for grassland vegetation
zones and 82% for desert vegetation zones. In each functional zone, human activities
significantly positively contribute to vegetation NPP in the Loess Plateau and Northwest
Desert regions, accounting for 97.5% and 89.1%, respectively. The positive contribution
rate in the Sandy region is 77.2%. However, the positive contribution rate in the Northeast
China-North China Plain region is relatively small, at 51.4%. In the first decade (2001-2010),
human activities contributed 26% to the NPP of vegetation in the TNSFP Region, while
in the subsequent decade (2011-2020), the contribution of human activities to the NPP of
vegetation in the TNSFP Region increased to 33% (Figure 8a,b). Different human activities,
including cultivation, land expansion for construction, the TNSFP, and other activities,
had varying contributions to the NPP. From 2001 to 2020, large-scale cultivation (cropland)
directly and significantly impacted vegetation NPP, contributing 63.8%. Other human
activities also influenced vegetation growth, accounting for approximately 19.9% of the
overall vegetation growth in the study area. During the same period, TNSFP and land
expansion for construction (artificial greening) contributed approximately 10.9% and 5.4%,
respectively.
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Figure 8. (a) Contribution of human activities to NPP trends from 2001 to 2010; (b) Contribution of
human activities to NPP trends from 2011 to 2020; (c) Contribution of human activities to NPP trends
from 2001 to 2020.

3.4. Environmental Benefits of the TNSFP Area

In the TNSFP Region, PM2.5 levels ranging from 30 to 50 pg/m~3 accounted for
66.9% of the total area from 2001 to 2020, while PM2.5 levels exceeding 50 ng/ m~3 covered
20% of the total area, primarily distributed in the Northwest Desert Region. (Figure S2a).
The area exhibiting a decreasing trend in PM2.5 levels accounts for 95.6% of the entire
study area, primarily distributed in the Northeast China—North China Plain Region, Sandy
Region, and Loess Plateau Region. (Figure S52b). The maximum and minimum values of
PM2.5 from 2001 to 2020 were 48.65 ng/m ™2 and 32.91 ug/m~3, respectively (Figure S2c).
PM2.5 fluctuated, increasing from 46.79 ug/m~2 in 2001 to 47.88 pg/m~2 in 2014 and then
decreasing, reaching 34.6 pg/m~3 in 2020. Following the commencement of the second
phase of the TNSFP in 2001, PM2.5 exhibited minor fluctuations in the initial decade, with
negligible alteration (the PM2.5 growth rate from 2001 to 2010 was 0.14 pg/m~3/a~!). In
the subsequent decade, PM2.5 started to decline (the decrease rate of PM2.5 from 2011
to 2020 was —1.93 ug/m~3/a~!). The overall growth rate of PM2.5 from 2001 to 2020
decreased, with a rate of —0.57 pg/m~3/a~!, indicating an improvement in air quality.
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Figure S3 illustrates the spatial distribution and temporal trends of soil conservation
in the TNSFP area from 2001 to 2020, representing the soil conservation capacity of the
ecosystem in the TNSFP Region. In the TNSFP Region, soil conservation ranging from
0 to 20 t/km? covers 84.9% of the total area, while soil conservation exceeding 20 t/km?
occupies 15.1% of the total area, primarily distributed in the Loess Plateau Region. (Figure
S3a). The area exhibiting an increasing trend in soil conservation accounts for 89.2% of the
entire study area. (Figure S3b). Soil conservation increasing by 0-10 t/km? per unit area
covers 88.9% of the total area, primarily distributed in the Northeast China-North China
Plain Region and sandy region. The maximum and minimum values of soil conservation
quantity from 2001 to 2020 are 19.1 t/km? and 6.57 t/km?, respectively (Figure S3c). Since
the initiation of the second phase of the TNSFP in 2001, the soil conservation quantity in
the TNSFP area has increased, rising from 6.57 t/ km? in 2001 to 14.37 t/km? in 2020. The
growth rate of soil conservation in the first decade (2001-2010) was 0.36 t/km?/a~!, while
in the second decade (2011-2020), it slightly slowed to 0.24 t/km?/a~!, indicating a stable
overall upward trend in soil conservation.

The ecosystem service function of water conservation in the TNSFP region has been
enhanced, showing an upward trend. The spatial distribution and variation trend of the
mean water conservation from 2001 to 2010 are shown in Figure S4. Areas with an annual
average water conservation of over four m®km~2 accounted for 31.47% of the total area,
mainly distributed in the Northeast China—North China Plain Region and Loess Plateau
regions. The area with an increasing trend in water conservation accounted for 64.13% of
the entire study area. This is consistent with the findings of Shao et al. [56].

4. Discussion
4.1. The Influence of Climate Change on Vegetation NPP

In the TNSFP area, the spatial pattern of annual average vegetation NPP from 2001
to 2020 exhibits a gradual decrease from southeast to northwest. After implementing
the second phase of the TNSFP, 93.4% of the region exhibits an increasing trend, mainly
covering forested and grassland vegetation zones. These areas have relatively humid
climate conditions with sufficient precipitation and suitable temperatures. Forested vege-
tation zones efficiently convert solar energy into plant biomass through photosynthesis,
while grassland vegetation zones demonstrate rapid growth and regeneration capabilities.
Therefore, these regions exhibit rich and well-developed vegetation cover. The area where
vegetation NPP has decreased by 6.6% is mainly located in the northwest desert region,
primarily comprising deserts and barren lands. These areas experience dry and low rainfall
climates with relatively scarce water resources. Typically dominated by drought-resistant
and cold-resistant herbaceous plants, the growth rate of these plants is relatively slow,
with lower efficiency in utilizing light and moisture. This leads to reduced biodiversity,
characterized by a predominance of singular biological species, which is not conducive to
increased net primary productivity of vegetation. This observation aligns with the findings
of Xiaoqi Zhou and Chi Zhang's studies [57-59].

Climate change (76%) and human activities (24%) have both played a role in the
variation of vegetation NPP in the TNSFP region from 2001 to 2020. With the global
increase in temperature, the Earth’s surface receives more heat, leading to changes in
surface heat fields and temperatures. According to the Intergovernmental Panel on Climate
Change (IPCC) Sixth Assessment Report, during the period from 2011 to 2020, the global
surface temperature increased by 1.09 °C compared to pre-industrial levels (1850-1900), and
it is projected to exceed 1.5 °C shortly (2021-2040) [60,61]. Under the combined influence
of interannual precipitation variability and global warming, vegetation types, distribution,
and growth have changed to adapt to the new environment. This study focuses on the
impact of temperature, precipitation, and other climate factors on vegetation NPP in the
TNSFP region. The findings reveal that precipitation (1.527 g C/m~2) has a higher average
contribution to vegetation net primary productivity than temperature (0.002 g C/m™2).
This may be because the TNSFP region generally falls within arid and semi-arid areas,
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where water availability is a primary limiting factor for vegetation growth. Changes in
precipitation directly affect soil moisture availability, significantly influencing vegetation
growth. This aligns with the results of studies conducted by Guillermo Murray-Tortarolo
et al., Hyun-Cheul An et al., and Liu et al. [62-64].

In contrast, temperature variations may have a particular impact on biological growth,
but under conditions of insufficient water, the influence of temperature on vegetation is
relatively tiny. Over the long term, these climate factors have positively affected vegetation
NPP, but their impact exhibits spatial heterogeneity. In the eastern region, precipitation
significantly enhances vegetation growth, whereas in the western region, it hampers vegeta-
tion development. The main reasons for this are that the eastern region has lower elevation,
gentle slopes, higher temperatures, greater evaporation, and predominantly consists of
cultivated land (paddy fields). Crops in this region, such as rice and rapeseed, have high
water requirements, and precipitation primarily constrains vegetation growth.

In contrast, the western region, with higher elevation and dominated by alpine mead-
ows, experiences limitations in vegetation growth due to excessive precipitation, leading
to soil erosion in complex terrains. In the first decade of the second phase of the TNSFP,
precipitation contributed 0.792 g C/m~?2 to vegetation NPP, higher than the contribution of
0.646 g C/m~? in the subsequent decade (2011-2020). With the development of ecological
engineering, there is a gradual impact on vegetation’s utilization of water resources [65-67].

4.2. The Influence of Human Activities on Vegetation NPP

Compared to climatic factors, human activities are an external direct factor influencing
vegetation growth. Previous studies often did not adopt methods that differentiate between
the impacts of human activities and climate change, leading to a persistent overestimation
of the influence of human activities on vegetation changes. Utilizing multi-temporal land-
use data to separate the effects of climate change and human activities, the results reveal
spatiotemporal variations in human activity areas within the TNSFP region. In terms of
time, from 2001 to 2020, human activities contributed 24% to the NPP of vegetation in the
TNSFP Region. In the first decade (2001-2010), human activities contributed 26% to the NPP
of vegetation in the TNSFP area. In the subsequent decade (2011-2020), this contribution
increased to 33%, representing a 7% rise. This indicates the growing significance of the
TNSEFP in influencing vegetation dynamics.

Spatially, 24.2% of areas exhibit a negative impact from human activities on the NPP of
vegetation, predominantly situated in the economically developed and densely populated
Northeast China-North China Plain Region compared to the arid Northwest Desert Region.
In these areas, extensive land conversion from cultivation to construction land has occurred
to meet the needs of urban development, leading to ecological degradation. Human
activities exhibit a negative impact on vegetation NPP [68]. Different human activities
exert varying effects on vegetation NPP, with large-scale cultivation (cropland) having a
direct and significant impact, accounting for 63.8% of human activity contributions. When
agricultural management practices prioritize ecological conservation and sustainable land
management, the direct impact on vegetation can be reduced. Protective agricultural
measures such as afforestation, crop rotation, and soil conservation help decrease soil
erosion, maintain soil structure, and alleviate the negative impact on vegetation. The
contribution of construction land expansion (artificial greening) for construction purposes
is 5.4%. Since the inception of the second phase of the TNSFP in 2001, there has been a
gradual vegetation recovery and a notable enhancement in the ecological environment,
exemplified by the decline in PM2.5 levels and the augmentation of soil conservation
efforts [69-71].

4.3. Impact of Ecological Engineering on Vegetation NPP

The TNSFP area encompasses eight central deserts, four sandy regions, and vast
expanses of Gobi, accounting for approximately 85% of the national wind and sand erosion
land area. This region faces severe desertification, soil erosion, degradation of natural
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vegetation, low NPP, and unfavorable conditions for the carbon cycle within the ecosystem.
Implementing the second phase of TNSFP has increased vegetation density in the region,
increasing NPP. Between 2001 and 2020, the TNSFP contributed about 10.9% to human
activities, constituting 2.6% of the overall impact and contributing to the enhancement of
the ecological environment. The proportion of regions showing sustained improvement in
ecosystem restoration is 21.95%. In each functional zone, the Loess Plateau region, Sandy
region, and Northwest Desert region have the highest proportion of areas with increasing
vegetation NPP trends, and the impact of the second phase of the TNSFP on NPP in these
areas is most significant. These regions face severe soil erosion and desertification issues,
necessitating greater resource investment. Among them, the Northwest Desert region and
Sandy region are the focus and central parts of the TNSFP, including eight key project
areas such as the Horqin Sandy Land, Maowusu Sandy Land, Hulunbuir Sandy Land,
Ulan Buh Desert, Hexi Corridor, Xinjiang Oasis and its surrounding areas, valleys on the
northern slopes of the Tianshan Mountains, and the Qaidam Basin. These two regions
have low precipitation and high evaporation, making it difficult for afforestation to sur-
vive without irrigation in the Northwest Desert region. Moreover, the Sandy region has
low temperatures, strong winds, abundant sand, severe land desertification, and harsh
ecological environments, resulting in lower vegetation NPP. Therefore, in the construction
of the shelterbelt system, the Sandy region focuses on sand prevention and control, es-
tablishing windbreak and sand-fixing forest belts with reasonable combinations of trees,
shrubs, and grasses at the forefront of the desert, constructing large-scale shelterbelt belts in
towns, roads, and oases on the outskirts to prevent sand hazards, and building a complete
farmland shelterbelt system within the oasis. These measures can effectively slow down
the expansion of the desert, reduce erosion and damage to surrounding areas caused by
the desert, mitigate sand erosion, protect soil, improve soil fertility and structure, provide
a more suitable growth environment for vegetation, promote root growth and nutrient
absorption of vegetation, and thus increase vegetation NPP. In the Northwest Desert region,
the focus is on protecting natural desert vegetation, adopting comprehensive measures
mainly based on sealing and protection, establishing natural reserves composed of typical
desert ecosystems, protecting natural ecology, and constructing a desert oasis shelterbelt
system composed of desert shrubs. This approach can protect plant species diversity and
contribute to maintaining and promoting the stability and health of the local ecosystem. In
afforestation, the two regions mainly choose tree species such as North China larch, pine,
Chinese pine, fir, sea buckthorn, and oleaster. These tree species have advantages such as
high biomass production, developed root systems, salt and alkali resistance, tolerance to
barren conditions, strong adaptability to harsh climates such as wind and sand, and rapid
growth. They can form dense crowns quickly, provide more leaf area for photosynthesis,
and facilitate ecological restoration in the region [72].

The Loess Plateau region boasts abundant solar and thermal resources but receives
minimal and unevenly distributed rainfall, with heavy rainfalls concentrated mainly from
June to September. Additionally, factors such as steep slopes, deep valleys, and human
activities like cultivation and reclamation have exacerbated soil erosion and soil infertility
issues. With the growth in population and human activities, indiscriminate land reclama-
tion, excessive logging, overgrazing, and excessive excavation of grasslands have become
more prevalent. Consequently, forest resources have suffered severe damage, leading to
sparse forest vegetation, single vegetation types, and the disruption of vegetation structure
and function, all hindering the improvement of vegetation NPP. Moreover, historical prac-
tices of excessive logging without proper management of water-conserving forests have
resulted in soil moisture loss and aggravated soil erosion, leading to soil infertility and loss
of fertility, thus affecting the growth conditions of vegetation and subsequently impeding
the increase in NPP.

Furthermore, this has caused the annual discharge of a large amount of sediment
into the Yellow River from the Loess Plateau region, severely limiting the effectiveness of
water conservancy projects. Therefore, in the construction of protective forests in the Loess
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Plateau region, efforts are focused on establishing soil conservation forests on the edges of
terraces, hills, loess plateaus, and along riverbanks to effectively reduce soil erosion, protect
soil quality, and improve the ecological environment. Simultaneously, activities such as
sealing and transforming inefficient forests, afforestation of barren hills, and transformation
of secondary forests have been carried out to enhance forest stands’ quality and water
storage function, expand forest vegetation coverage, and promote ecosystem recovery
and stability. In afforestation, tree species such as Chinese pine, Pinus tabulaeformis,
Populus davidiana, Populus euphratica, Populus tomentosa, and Populus cathayana are
mainly selected, as they have demonstrated positive effects on soil conservation, water
conservation, and sand fixation. Their trunks and leaves effectively reduce soil erosion,
prevent soil erosion, protect land resources, provide a favorable ecological environment for
vegetation growth, and contribute to improving NPP.

The impact of the TNSFP Phase II on the Northeast China-North China Plain region is
relatively small. One reason is that the natural environment in the Northeast China—North
China Plain region is relatively stable. The Northeast Plain area in particular has the most
fertile soil among the TNSFP construction areas, with deep soil layers, high organic matter
content, developed agriculture and animal husbandry, and a traditional forestry production
base. Therefore, ecological engineering has a relatively small impact on this area. Another
reason is that construction in the Northeast China—North China Plain region focuses on
farmland shelterbelt forests. In the process of construction, in order to quickly establish the
shelterbelt forest system and maximize the protective benefits, fast-growing and adaptable
poplar trees were chosen as the afforestation species. For instance, the farmland shelterbelt
forests in the Northeast region are almost entirely composed of poplar trees, accounting
for as high as 98%. Due to the concentrated construction time of the farmland shelterbelt
forests on a large scale, there has not been the formation of a ladder structure of young,
middle-aged, near-mature, mature, and over-mature forests. The single tree species have
poor resistance, serious diseases, and pests, resulting in poor growth of trees and even
death. Limited by the lifespan of poplar trees, the period for renewal logging is relatively
short. There is a significant backlog in renewal, which has a considerable impact on the
quality and protective benefits of farmland shelterbelt forests.

Additionally, farmers have low enthusiasm for farmland shelterbelt forest construction.
Furthermore, the TNSFP has not yet considered special funds for renewing and transform-
ing farmland shelterbelt forests, exacerbating the severity of the problems with farmland
shelterbelt forests. In the future, the government should start by reforming the existing land
system, planning collective land specifically for farmland shelterbelt forest construction,
and establishing corresponding ecological compensation mechanisms. At the same time, it
should strengthen the construction of a comprehensive technological support system and
dynamic monitoring information management system for major ecological engineering
projects, enhance project management and technical personnel training, improve the rate
of achievement transformation and contribution, and promote the development of project
construction towards high quality and high standards [44,73].

Opverall, the second phase of the TNSFP has achieved remarkable results by employing
various methods such as afforestation, natural forest conservation, and aerial seeding
based on the ecological environment of different regions to promote the construction of
protective forests. The carbon sequestration per unit area in the TNSFP area increased
from 383.85 g C/m~2/a~! in 2001 to 518.04 g C/m~2/a~! in 2020, with a change rate of
34.96%. The substantial improvement in vegetation has significantly suppressed regional
soil erosion and improved air quality. Between 2001 and 2020, the soil conservation per
unit area in the TNSFP area rose from 6.57 t/km? to 14.37 t/km?. The overall growth rate
of PM2.5 from 2001 to 2020 showed a decreasing trend, with a rate of —0.57 pg/m=3/a"1,
indicating an improvement in air quality. The water conservation per unit area increased
from 27,200 m®.km~?a~! in 2001 to 39,700 m®> km2a~! in 2020, with a net increase of
12,500 m3.km~2a~!, representing a 45.96% enhancement in service capacity. The change
rate of water conservation per unit area for the first decade was 29.78%, while for the latter
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decade, it was 12.46%. Meanwhile, the windbreak and sand fixation per unit area exhibited
a trend of initially decreasing and then increasing, declining from 39.31 thm~2a~! in 2001
to 29.52 thm~2a~! in 2010 before rising to 49.12 thm~2a~! in 2020. The change rate of
windbreak and sand fixation per unit area for the first decade was —24.9%, while for the
latter decade, it was 66.4% [56]. This indicates that the TNSFP has improved environmental
quality and promoted sustainable land development.

China’s natural regional variations are pronounced, and there are significant dif-
ferences in the goals of different ecological engineering projects. The contribution of
ecological effectiveness driving factors varies spatially, both among different ecological
engineering areas and within the same engineering area across different regions. China
has implemented several ecological engineering projects alongside the TNSFP, including
the Beijing-Tianjin Sand Source Control Project (BTP) and the Grain for Green Project
(GFGP). Research indicates that in the BTP region, there is an overall fluctuating upward
trend in NPP, with an average growth rate of 2.21 g C/m~2/a~!. The rise in vegetation
cover varies between 0.19% and 21.06%, with an average yearly increase ranging from
0.1% to 4.08%. The variation in soil conservation ranges from —26.91% to 95.65%, with an
annual average change rate of —4.18%/a to —7.05%/a. Beijing in particular experienced an
85.18% increase, indicating that the BTP project has increased regional vegetation cover,
enhanced carbon sequestration capacity, and improved ecosystem stability. In the GFGP
region, vegetation cover increased by 3.675% to 31.01%, with an annual average increase of
0.37%/a to 1.63%/a. The Fraction of Vegetation Cover (FVC) in the project area increased
by 4.8% to 6.5% from 2000 to 2015 [74-76]. Ecological engineering has positively enhanced
NPP by providing favorable ecological conditions for ecosystems. Through methods such
as planting and introducing plant species, ecological engineering has effectively promoted
the recovery and expansion of vegetation cover. This habitat reconstruction provides abun-
dant living space for vegetation, creating favorable conditions for improving its NPP. The
formation of root structures and vegetation cover has effectively prevented soil erosion,
reduced the risk of natural disasters, and further ensured the sustainability of NPP.

5. Conclusions

This study employed an improved Residual Trend (RESTREND) analysis to inves-
tigate the spatiotemporal patterns and changing trends of vegetation NPP in the TNSFP
region after its second phase implementation (2001-2020) as well as the impacts of human
activities and climate change on vegetation NPP. By separating the effects of climate change
and human activities, it was found that during the second phase of TNSFP, climate factors
contributed 76% to the variability of TNSFP, while human activities contributed 24%. Cli-
mate change played a significant role in influencing vegetation NPP in the TNSFP region. In
previous studies, the impact of human activities on vegetation NPP has been overestimated,
but the contribution of human activities in the TNSFP region is increasing. Compared to
the first decade (2001-2010), the total contribution of human activities increased by seven
percentage points in the second decade (2011-2020). The TNSFP is playing an increasingly
important role.

However, TNSEFP still faces many challenges. For example, the project has not fully
considered the carrying capacity of water resources, resulting in a relatively low afforesta-
tion rate and a relatively low survival rate of planted trees. The tree species in farmland
shelterbelts are single, and pest and disease problems are severe, leading to an overall
decline in farmland shelterbelts. Issues such as over-reclamation, over-logging, and over-
grazing have emerged within the region, resulting in limited effectiveness in desertification
control. In future construction, efforts should be made to coordinate living, agricultural
production, and ecological water use, considering the carrying capacity of water resources
and aiming to improve water resource utilization efficiency. The objectives include promot-
ing the reasonable distribution of water resources, vigorously developing water-saving
and rain-fed forestry, emphasizing biodiversity and species diversity, adopting appropriate
measures based on local conditions, integrating trees, shrubs, and grasses, and achieving
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organic unity between natural restoration and artificial repair. It is necessary to consolidate
the terrestrial carbon sink capacity, establish a scientific management model for artificial
forest renewal and nurturing, improve stand quality, increase unit area stocking volume,
optimize stand age structure, conduct timely and rational thinning, and better realize the
oxygen release and carbon sequestration capabilities of plants. Severe measures should
be taken to prohibit indiscriminate felling, over-logging, and overgrazing, promote the
sustained and efficient growth of forest vegetation carbon reserves, and achieve high carbon
sink targets.
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Trends from 2010 to 2020; Figure S1f: Contribution of Temperature to NPP Trends from 2010 to
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Changes from 2001 to 2020; Figure S2c: Average PM2.5 Trend Curve from 2001 to 2020. Figure S3a:
Spatial Distribution of Mean Soil Conservation (SC) from 2001 to 2020; Figure S3b: Trend of Soil
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