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Abstract
This study obtained a vegetation NPP dataset for the Loess Plateau from 2000–
2018 using the CASA model and quantitatively analyzed the impacts of climate
change and human activities on vegetation NPP variation through correlation
and residual analysis methods. The results indicate: (1) Vegetation NPP on the
Loess Plateau from 2000–2018 exhibited a spatial pattern characterized by high
values in the southeast and low values in the northwest; approximately 86.86%
of the study area demonstrated an increasing trend in vegetation NPP, primarily
in the core zones of the Grain for Green Program; areas exhibiting a decreasing
trend accounted for 13.14%, mainly distributed in the arid northwestern regions.
(2) The contribution rates of climate change and human activities to vegetation
NPP variation were 48.78% and 51.22%, respectively, with pronounced spatial
heterogeneity. Vegetation dynamics in sparsely populated and relatively under-
developed regions were predominantly influenced by climate change, whereas
vegetation changes in densely populated and economically developed areas were
primarily driven by human activities. (3) As an arid and semi-arid region,
vegetation on the Loess Plateau exhibits relatively high sensitivity to climate
change. With increasingly frequent human activities, climate and human ac-
tivities jointly influence vegetation dynamics on the Loess Plateau. This study
enhances understanding of the impacts of climate change and human activities
on vegetation dynamics and provides a scientific basis for vegetation restoration
and high-quality development on the Loess Plateau.
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Abstract: This study employed the CASA model to generate a net primary
productivity (NPP) dataset for the Loess Plateau from 2000 to 2018. Using
correlation analysis and residual analysis, we quantitatively assessed the rela-
tive contributions of climate change and human activities to vegetation NPP
variation. The results revealed a spatial distribution pattern of NPP that was
high in the southeast and low in the northwest. Approximately 86.86% of the
study area exhibited an increasing NPP trend, primarily concentrated in the
core region of the Grain for Green Program, while 13.14% showed a decreasing
trend, mainly distributed in the arid northwestern region. The contribution
rates of climate change and human activities to vegetation NPP variation were
48.78% and 51.22%, respectively. Climate change dominated vegetation dy-
namics in sparsely populated and economically underdeveloped areas, whereas
human activities were the primary driver in densely populated regions with bet-
ter economic development. As an arid and semi-arid region, the Loess Plateau’
s vegetation demonstrates heightened sensitivity to climate change, with both
climate factors and human activities jointly influencing vegetation dynamics.
This study enhances understanding of how climate change and human activ-
ities affect vegetation dynamics and provides a scientific basis for vegetation
restoration and sustainable development in the Loess Plateau.
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1.1 Study Area Overview

The Loess Plateau (107°28�–111°15�E, 35°21�–39°34�N) is located in central
China, spanning seven provinces (autonomous regions): Inner Mongolia,
Ningxia, Shaanxi, Shanxi, Gansu, Henan, and Qinghai, with a total area of
approximately 64$×10^{4}$ km2. Characterized by high elevations in the west
and low elevations in the east, the region belongs to the arid and semi-arid
climate zone, with an annual average temperature of 4–14°C and precipitation
ranging from 200–800 mm. Due to its dry and rain-scarce climate, deeply gul-
lied topography, loose soil texture, and intensive human disturbance, the Loess
Plateau has become the most severely eroded area in China and the primary
source of sediment in the Yellow River Basin. To combat the deteriorating
ecological environment, large-scale ecological restoration programs such as the
Grain for Green Program were initiated in 1999. With the implementation of
these ecological protection projects, the region’s ecological environment has
shown significant improvement.
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1.2 Data Sources and Processing

This study utilized the CASA model developed by Zhu et al. and its model
plugin in the ENVI platform to estimate vegetation NPP for the study
area. The model requires several datasets: (1) Monthly vegetation index
data (SPOT-VEGETATION NDVI) from 2000–2018, obtained from the
Resource and Environmental Science and Data Center of the Chinese Academy
of Sciences (https://www.resdc.cn/); (2) Vegetation type data from the
GLC2000 global land cover project; (3) Monthly average temperature and
total precipitation station data from the China Meteorological Data Network
(http://data.cma.cn/); and (4) Solar radiation data from the National Tibetan
Plateau Scientific Data Center (https://data.tpdc.ac.cn/), specifically the
China Regional Surface Meteorological Elements Driven Dataset (1979–2018),
which was processed using ANUSPLIN for format conversion and preprocessing
to obtain monthly radiation data. DEM data were acquired from the Geospatial
Data Cloud (http://www.gscloud.cn). All datasets underwent preprocessing
including projection conversion, resampling to 1 km × 1 km resolution, and
clipping to the study area boundary, unified to the WGS_{1984}_{Albers}
coordinate system.

2.1 CASA Model

The CASA model estimates NPP using the following formula:

𝑁𝑃 𝑃(𝑥, 𝑡) = 𝐴𝑃𝐴𝑅(𝑥, 𝑡) × 𝜀(𝑥, 𝑡)

where 𝑁𝑃 𝑃 (𝑥, 𝑡) represents the net primary productivity of pixel 𝑥 in month 𝑡,
𝐴𝑃𝐴𝑅(𝑥, 𝑡) is the absorbed photosynthetically active radiation, and 𝜀(𝑥, 𝑡) is
the light use efficiency.

The absorbed photosynthetically active radiation is calculated as:

𝐴𝑃𝐴𝑅(𝑥, 𝑡) = 𝑆𝑂𝐿(𝑥, 𝑡) × 0.5 × 𝐹𝑃𝐴𝑅(𝑥, 𝑡)

where 𝑆𝑂𝐿(𝑥, 𝑡) is the total solar radiation at pixel 𝑥 in month 𝑡, and
𝐹𝑃𝐴𝑅(𝑥, 𝑡) is the fraction of absorbed photosynthetically active radiation by
the vegetation canopy.

The light use efficiency is determined by:

𝜀(𝑥, 𝑡) = 𝑇𝜀1(𝑥, 𝑡) × 𝑇𝜀2(𝑥, 𝑡) × 𝑊𝜀(𝑥, 𝑡) × 𝜀max

where 𝑇𝜀1(𝑥, 𝑡) and 𝑇𝜀2(𝑥, 𝑡) represent the reduction in net primary produc-
tivity due to plant physiological limitations under low and high temperature
conditions, 𝑊𝜀(𝑥, 𝑡) is the restriction of light use efficiency by water status, and
𝜀max is the maximum light use efficiency under ideal conditions.
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2.2 Interannual Variation Trend Analysis

We employed a simple linear regression model to calculate the vegetation NPP
trend:

slope = 𝑛 × ∑𝑛
𝑖=1 𝑖 × 𝑁𝑃𝑃𝑖 − ∑𝑛

𝑖=1 𝑖 ∑𝑛
𝑖=1 𝑁𝑃𝑃𝑖

𝑛 × ∑𝑛
𝑖=1 𝑖2 − (∑𝑛

𝑖=1 𝑖)2

where slope represents the trend rate of NPP change, 𝑖 is the time variable
(integer from 1 to 𝑛), and 𝑛 is the number of years in the study period. A
positive slope indicates an increasing trend, while a negative slope indicates
a decreasing trend; the larger the absolute value, the faster the change. The
significance of the trend was tested using F-test:

𝐹 = 𝑈
𝑄/(𝑛 − 2)

where 𝑈 is the regression sum of squares, 𝑄 is the error sum of squares, 𝑦𝑖
represents the actual NPP value in year 𝑖, and ̄𝑦 is the mean value.

2.3 Correlation Analysis

Correlation analysis reveals relationships between random variables at equiva-
lent status. This study analyzed the relationship between NPP and different
climate factors at the pixel level. The Pearson correlation coefficient was calcu-
lated as:

𝑅𝑥𝑦 = ∑𝑛
𝑖=1(𝑥𝑖 − ̄𝑥)(𝑦𝑖 − ̄𝑦)

√∑𝑛
𝑖=1(𝑥𝑖 − ̄𝑥)2 ∑𝑛

𝑖=1(𝑦𝑖 − ̄𝑦)2

where 𝑅𝑥𝑦 is the correlation coefficient, 𝑛 is the sample size, 𝑥𝑖 and 𝑦𝑖 are the
𝑖-th values of variables 𝑥 and 𝑦, and ̄𝑥 and ̄𝑦 are their respective means. The
correlation coefficient ranges from [−1, 1], with absolute values closer to 1 indi-
cating stronger correlation and values closer to 0 indicating weaker correlation.

2.4 Residual Analysis

In ecological studies, residual analysis quantifies the impacts of climate change
and human activities on vegetation variation by establishing regression models.
The analysis proceeds in two steps: (1) Using precipitation and temperature
time series as independent variables, we fitted a regression model to obtain
predicted NPP values (𝑁𝑃𝑃𝐶𝐶), representing the impact of climate change; (2)
The residual between observed NPP (𝑁𝑃𝑃𝑜𝑏𝑠) and predicted NPP represents
the impact of human activities (𝑁𝑃𝑃𝐻𝐴):
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𝑁𝑃𝑃𝐻𝐴 = 𝑁𝑃𝑃𝑜𝑏𝑠 − 𝑁𝑃𝑃𝐶𝐶

When 𝑁𝑃 𝑃𝐻𝐴 > 0, human activities have a positive impact on vegetation
NPP; when 𝑁𝑃𝑃𝐻𝐴 < 0, the impact is negative; and when 𝑁𝑃𝑃𝐻𝐴 = 0, there
is essentially no impact. The relative contribution rates were calculated as:

Climate Contribution = |slope(𝑁𝑃𝑃𝐶𝐶)|
|slope(𝑁𝑃𝑃𝐶𝐶)| + |slope(𝑁𝑃𝑃𝐻𝐴)| × 100%

Human Activity Contribution = |slope(𝑁𝑃𝑃𝐻𝐴)|
|slope(𝑁𝑃𝑃𝐶𝐶)| + |slope(𝑁𝑃𝑃𝐻𝐴)| × 100%

3.1 Spatiotemporal Variation of Vegetation NPP in the Loess Plateau

From 2000 to 2018, vegetation NPP in the Loess Plateau exhibited a spatial pat-
tern of high values in the south and east, and low values in the north and west.
High-value areas were mainly distributed in the Guanzhong region in the south
and Shanxi Province in the east, reaching maximum values of 350–500 g・m−2・
yr−1. Low-value areas were primarily located in Inner Mongolia Autonomous
Region in the northwest. The mean annual NPP showed considerable interan-
nual variation, ranging from 250–500 g・m−2・yr−1, with an overall fluctuating
upward trend of 6.32 g・m−2・yr−1. We classified NPP values into five inter-
vals: 0–250, 250–500, 500–750, and >750 g・m−2・yr−1. The 250–500 g・m−2・
yr−1 interval accounted for the largest area proportion (40.74–42.73%), though
this proportion showed a decreasing trend over time. The area proportion of
the 500–750 g・m−2・yr−1 interval ranged from 53% to 77%, indicating a slow
increase. The >750 g・m−2・yr−1 interval accounted for 6–14% of the area, also
showing a gradual upward trend.

The linear regression slope of NPP from 2000 to 2018 ranged from -39.44 to 36.55
g・m−2・yr−2. Areas with increasing trends accounted for 86.86% of the study
region, distributed across most of the Loess Plateau, with extremely significant
increases concentrated in northern Shaanxi (Yan’an, Yulin), the Lüliang Moun-
tains in Shanxi (Shuozhou, Xinzhou, Lüliang, Taiyuan), Guyuan in Ningxia, and
eastern Gansu (Linxia, Dingxi, Tianshui, Qingyang). Non-significant change
areas were mainly distributed in Inner Mongolia (Ordos, Hohhot, Ulanqab),
Jinzhong in Shanxi, Ningxia, Gansu (Baiyin, Lanzhou), and Qinghai Province.
Decreasing trend areas accounted for 13.14%, scattered in southeastern Henan,
the Guanzhong region of Shaanxi, and remote northwestern border areas.

3.2 Impact of Climate Change on Vegetation NPP

The correlation coefficient between annual average temperature and NPP was
0.415, with positive correlations covering 41.5% of the study area, mainly
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in Yulin (Shaanxi), western Shanxi (Lüliang, Taiyuan, Jinzhong, Xinzhou),
Ningxia, and Qinghai. Negative correlations accounted for 58.5%, primarily in
Ordos (Inner Mongolia), Shaanxi (Yan’an, Weinan), and Dingxi (Gansu). The
correlation coefficient between cumulative precipitation and NPP was 0.621,
with positive correlations dominating 93.79% of the region, particularly in
Shanxi, northern Shaanxi, Ningxia, and Qinghai. Negative correlations (6.21%)
were concentrated in the Guanzhong Plain and southern Henan. Overall, the
relationships between NPP and precipitation/temperature showed distinct
spatial heterogeneity and complementarity: areas positively correlated with
precipitation were often negatively correlated with temperature, and vice versa.

3.3 Impact of Human Activities on Vegetation NPP

Vegetation NPP variation results from the combined effects of climate change
and human activities. Based on precipitation and temperature, we first calcu-
lated predicted NPP values (𝑁𝑃𝑃𝐶𝐶), then derived the residual (𝑁𝑃𝑃𝐻𝐴) as
the impact of human activities. From 2000 to 2018, human activities showed a
decreasing trend (negative impact) in 15.75% of the region, mainly in northern
Inner Mongolia, the Guanzhong Plain, and parts of Henan. Human activities
demonstrated an increasing trend (positive impact) in 84.25% of the area, partic-
ularly pronounced in Yan’an and Yulin (northern Shaanxi). The overall impact
rate of human activities showed a fluctuating upward trend from negative to
positive values, indicating a shift from predominantly negative to positive influ-
ences. The negative impact was most notable in 2000–2005, during the initial
implementation of the Grain for Green Program when vegetation had not yet
established on converted farmland. After 2005, as vegetation recovered and
ecological conditions improved, human activities exerted increasingly positive
effects.

3.4 Relative Contribution Rates of Climate Change and Human Ac-
tivities

The relative contributions of climate change and human activities to NPP vari-
ation were 48.78% and 51.22%, respectively. Spatially, climate contribution
rates were classified into five intervals: 0–20%, 20–40%, 40–60%, 60–80%, and
80–100%. The 40–60% interval covered the largest area (38.85%), followed
by 20–40% (32.76%) and 60–80% (17.22%). High climate contribution rates
(60–100%) were concentrated in the Hetao Plain and northern/southern Shanxi.
Low contribution rates (0–20%) were scattered in southern Gansu, Shaanxi, and
Shanxi.

Human activity contribution rates showed a different pattern: the 20–60% inter-
val accounted for the largest area (45.89%), followed by 60–100% (38.85%) and 0–
20% (15.26%). High human activity contributions (60–100%) were found in cen-
tral Shanxi (Lüliang, Linfen), Shaanxi (Yan’an, Baoji), and Qingyang/Pingliang
in Gansu. Low contributions (0–20%) were sporadically distributed in border
areas.
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At the provincial scale, climate contribution rates increased from Gansu
(47.98%) < Shaanxi < Henan < Qinghai < Shanxi < Ningxia < Inner Mongolia
(64.4%). Human activity contributions were highest in Gansu (52.02%) and
Shaanxi (60.35%), and lowest in Inner Mongolia (35.6%). This pattern indicates
that climate change dominates vegetation dynamics in sparsely populated, less
developed provinces, while human activities are more influential in densely
populated, economically developed provinces.

4 Discussion

4.1 Temporal and Spatial Characteristics of Vegetation NPP From
2000 to 2018, vegetation NPP in the Loess Plateau showed large interannual
variation but an overall fluctuating upward trend. Following the implementa-
tion of the Grain for Green Program in 1999, with the Loess Plateau as a key
demonstration area, vegetation gradually recovered and ecological conditions im-
proved substantially, leading to increased NPP. Spatially, the pattern of high
NPP in the southeast and low NPP in the northwest reflects the region’s cli-
matic gradient. The increasing trend across 86.86% of the region, particularly
in northern Shaanxi and the Lüliang Mountains (the core Grain for Green area),
demonstrates the effectiveness of ecological restoration. The decreasing trend
in 13.14% of the region, mainly in the arid desert areas of the northwest, aligns
with findings from previous studies.

4.2 Mechanisms of Climate Change and Human Activity Impacts Cli-
mate change alters vegetation composition, distribution, and growth status as
plants adapt to new environmental conditions, particularly in arid and semi-
arid regions. Our residual analysis, using temperature and precipitation as key
climate factors, revealed that climate change and human activities jointly drove
NPP variation with contributions of 48.78% and 51.22%, respectively, consistent
with previous research. However, residual analysis has limitations. This study
only used temperature and precipitation to represent climate factors, whereas
other studies have incorporated solar radiation and more ecologically meaning-
ful climate indices. Future research should optimize climate factor selection
to improve model robustness. Additionally, human activities were treated as
a single factor without distinguishing between specific drivers such as urban
expansion versus ecological restoration. More detailed classification of human
activities would reduce uncertainty in attributing vegetation changes.

5 Conclusions

Based on CASA-modeled NPP data and integrated trend, correlation, and resid-
ual analyses, we quantified the impacts of climate change and human activities
on vegetation NPP in the Loess Plateau. The main conclusions are:

1) From 2000 to 2018, vegetation NPP exhibited a northwest-southeast gra-
dient (high in the southeast, low in the northwest) with an overall fluctu-
ating upward trend. Increasing trends dominated northern Shaanxi and
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the Lüliang Mountains (86.86% of the region), while decreasing trends
occurred primarily in the arid desert areas of the northwest (13.14%).

2) The relative contributions of climate change and human activities to NPP
variation were 48.78% and 51.22%, respectively. Climate change was the
dominant factor in the Hetao Plain and northern/southern Shanxi, while
human activities were dominant in central Shanxi, northern Shaanxi (Yan’
an), and parts of Gansu. At the provincial level, climate contributions
increased from Gansu to Inner Mongolia, whereas human activity contri-
butions were highest in Gansu and Shaanxi.

3) As an arid and semi-arid region, the Loess Plateau’s vegetation is highly
sensitive to climate change. With the large-scale implementation of the
Grain for Green Program, human activities have played an increasingly
important role in ecological improvement. This study only considered tem-
perature and precipitation as key climate factors and did not disaggregate
specific human activity types. Future research should address these lim-
itations to provide more robust scientific support for regional ecological
restoration and management.
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