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Accurately assessing regional ecological sustainability and responses to climate
change requires clarifying the spatiotemporal dynamics of Net Primary
Productivity (NPP), a fundamental and climate-sensitive indicator of ecosystem
structure and carbon sequestration. To clarify the spatiotemporal dynamics
of NPP under climate change and provide insights for regional ecosystem
management and policy formulation, this study employed trend and correlation
analysis methods to quantify the spatiotemporal variations in NPP and their
relationship with climate change in the Yihe River Basin (YRB), a typical warm
temperate monsoon basin in East China with complex topography and diverse
land use, based on MOD17A3HGF data and meteorological reanalysis datasets
during 2001 and 2023. The results indicate that: (1) NPP within the basin
exhibits fluctuating yet overall increasing trends, with declines predominantly
observed in urban and adjacent areas; (2) The multi-year average of annual
total NPP in the basin was 20.24 TgC, the multi-year average of annual
mean NPP was 403.75 gC/m?/a, and the spatial distribution showed significant
heterogeneity, with higher values in mountainous peripheral areas and lower
values in urbanized central zones; (3) Both temperature and precipitation within
the basin exhibit upward trends, with precipitation identified as the primary
climatic factor positively correlated with NPP, suggesting it may be the key
driver of NPP increase. This study confirms the dominant role of precipitation
in regulating NPP dynamics in warm temperate monsoon basins, providing a
scientific basis for climate adaptation and ecological management in the YRB
and similar regions globally.
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1 Introduction

Against the backdrop of global climate change, the average
global surface temperature has risen by approximately 1.1 °C
since the pre-industrial period, with frequent occurrences of
extreme climate events such as heatwaves, droughts, and heavy
precipitation, posing severe challenges to the stability and service
functions of terrestrial ecosystems (IPCC, 2021). As the largest
carbon pool and core component of the Earth system, terrestrial
ecosystems play a pivotal role in regulating global carbon cycling,
mitigating climate change, and maintaining biodiversity (FAO,
2023; IPCC, 2022). Understanding the response mechanisms of
terrestrial ecosystems to environmental variations has thus become
a core issue in global ecological research and climate governance.
Net Primary Productivity (NPP), defined as the organic carbon
accumulated by green plants through photosynthesis minus carbon
loss via autotrophic respiration, is not only a key indicator reflecting
terrestrial ecosystem structure integrity, carbon sequestration
capacity, and functional stability but also a critical link connecting
vegetation growth, carbon cycling, and climate regulation services
(Running et al.,, 2004; Field et al., 1998). It represents the net
carbon available for plant growth and energy flow across trophic
levels, serving as a fundamental basis for crucial ecosystem services
in terms of climate regulation, soil conservation, and biomass
production (Ma et al., 2024). Beyond ecological research, NPP
also quantifies the capacity of terrestrial ecosystems to serve as
carbon sinks, mitigating rising atmospheric CO, concentrations
(IPCC, 2021). The high sensitivity of NPP dynamics to both
climatic factors and human activities offers a critical perspective
for understanding the mechanisms by which ecosystems respond
to environmental change (Wang Y. et al., 2025; Zhao H. et al., 2025;
Long et al., 2024; Yuan et al., 2023; Chen et al., 2020; Wu et al,,
2014), it has become an essential metric for assessing ecosystem
health and resilience (Gu et al., 2025; Zhao H. et al., 2025; Han
et al., 2024), thereby providing a scientific basis for climate policy
and sustainable development strategies. Therefore, quantifying the
spatiotemporal dynamics of NPP and its driving mechanisms is not
only essential for improving the accuracy of global climate change
predictions but also provides a scientific basis for formulating
targeted climate adaptation strategies and sustainable development
policies at regional and global scales.

With the widespread application of ground-based observations,
ecological models, and remote sensing technologies in recent
decades, extensive monitoring and simulation studies on changes
in NPP have been conducted globally (Cong et al., 2025; Du
et al, 2025; Song et al, 2025; Zhu et al, 2023; Gang et al,
2017; Lin and Dugarsuren, 2015; Yan et al.,, 2015; Pachavo and
Murwira, 2014). These studies demonstrate that climatic factors
such as solar radiation, temperature, and precipitation, alongside
human activities including land use change and ecological policies,
collectively shape the spatiotemporal distribution patterns of NPP
across different ecosystems (Li et al., 2023; Gang et al., 2017).
At global and regional scales, most studies indicate an overall
increasing trend in terrestrial NPP in recent decades, albeit with
significant spatial heterogeneity. For instance, Tum et al. (2016)
estimated a global NPP increase at a rate of approximately
0.04 PgC/a, while regional analyses reveal variations driven by
climate variability, rising atmospheric CO, concentrations, and
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human land use activities. Across global regions, these regional
variations manifest as distinct patterns of NPP change and
underlying driving mechanisms, as documented in existing studies:
For instance, the average NPP of forests in Romania reaches
6.38 TC/ha/a, with nearly 99% of forested areas exhibiting
a significant positive trend, where temperature serves as the
primary climatic driver of this growth (Pravalie et al.,, 2023). In
contrast, forest and shrub vegetation in southwestern Australia,
a typical Mediterranean climate zone which shows a marked
decreasing NPP trend, primarily attributed to reduced annual
precipitation and increased frequency of extreme drought events
(Brouwers and Coops, 2016). Similarly, India’s NPP displays a slight
overall increasing trend with notable spatial heterogeneity, and
precipitation acts as the dominant controlling factor for NPP in
72% of the region (Bejagam and Sharma, 2022). Meanwhile, in
the savannas of Southern Africa, NPP is significantly positively
correlated with both shortwave radiation and precipitation, with
these two factors jointly driving variations in regional vegetation
productivity (Pachavo and Murwira, 2014). Additionally, in south-
central Chile, exotic tree plantations boast significantly higher
NPP-derived exergy due to intensive forest management, though
their expansion has concurrently caused ecological fragmentation
and biodiversity loss (Martinez et al., 2019).

In China, large-scale government-led ecological restoration
projects, such as the Natural Forest Protection Program (NFPP)
and the Grain-for-Green Program (GFGP), have significantly
enhanced vegetation coverage and productivity (Gong et al,
2023; Yang et al, 2014). For instance, Li et al. (2023) reported
a significant increasing trend in NPP across the Loess Plateau
between 2000 and 2020, with climate change and human
activities contributing approximately 62% and 38% of the increase,
respectively. Meanwhile, NPP dynamics in the Yangtze River Basin
show a strong correlation with precipitation patterns (Yang et al.,
2021). Similarly, Chen et al. (2020) found in their study of southern
China that afforestation significantly increased the Leaf Area
Index as well as NPP, though its longer-term sustainability faces
challenges from water constraints and biodiversity loss. Notably,
the effectiveness of these ecological projects exhibits significant
regional heterogeneity owing to diverse climatic conditions,
intensity of human intervention, and differences in vegetation
types. Furthermore, the beneficial effects of ecological restoration
are often partially offset by rapid urbanization and concomitant
socio-economic development, particularly in highly developed
regions like the Yangtze River Delta (Wu et al.,, 2014) as well as
the Beijing-Tianjin-Hebei region (Zhang et al., 2024). Work by
these authors highlights that assessing regional NPP dynamics is
indispensable for contextualizing its role under global change.

Therefore, accurately assessing regional NPP dynamics is
crucial for understanding ecosystem responses and adaptations
under global change. Against this context, delving into the driving
mechanisms behind the spatiotemporal dynamics of NPP is
particularly important. Research indicates that, constrained by
local climatic conditions, different ecosystem types exhibit varying
NPP responses to climate change (Gang et al.,, 2017). In water-
limited ecosystems, such as arid regions, semi-arid grasslands
and the Loess Plateau, precipitation is the primary factor driving
interannual variability in NPP (Zhou et al., 2025; Xu et al., 2024;
Yan et al, 2016). Conversely, in temperature-limited systems,
including the Qinghai-Tibet Plateau and boreal coniferous forests,
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thermal conditions, particularly growing season temperatures,
constitute the primary constraints on vegetation growth (Liang
et al., 2024; Tang et al., 2024). Additionally, rising atmospheric
CO, concentrations enhance photosynthesis through the CO,
fertilization effect, contributing significantly to the global NPP
increase, such as Hu et al. (2024) estimated this effect accounts
for approximately 32% of the observed change. However, complex
interactions exist among these climatic drivers; for example,
warming may prolong the growing season in cold regions while
potentially exacerbating water stress in arid areas (Wang F. et al,,
2025; Xue et al., 2023).

Advances in observation technology, particularly the
widespread application of remote sensing products such as
the MODIS NPP datasets, has greatly facilitated large-scale,
long-term monitoring of vegetation dynamics (Liu et al., 2025;
Tang et al., 2024; Wang et al., 2023; Xi et al., 2023; Zhu et al., 2023).
Coupled with high-resolution meteorological reanalysis data,
these datasets enable robust spatiotemporal analysis and driving
mechanism identification. For instance, studies based on remote
sensing techniques in the Yellow River Basin (Wang et al., 2024;
Chen et al., 2023), the Heihe River Basin (Yan et al., 2016), and
the Three-North Shelter Forest Program Area (Gong et al., 2023),
have not only revealed the spatiotemporal dynamics of NPP but
also successfully identified the corresponding impacts of climate
change as well as human activities to its variations, highlighting
the importance of water resource availabilities in arid and semi-
arid regions, which alongside the significance of temperature or
radiation for the humid areas. Beyond remote sensing techniques,
other advanced statistical methods including geographical detector,
residual trend analysis, and machine learning algorithms have also
played a crucial role in identifying dominant factors and their
interactions (Wang et al., 2023; Xue et al., 2023).

River basins, serving as integrated hydrological and ecological
units, provide an ideal scale for comprehensively understanding
ecosystem dynamics. While studies on major Chinese river basins,
notably the Yellow (Chen et al.,, 2023) and Yangtze Rivers (Yang
et al, 2021), have revealed distinct NPP patterns and driver-
response relationships, research on medium-scale basins like the
Yihe River Basin (YRB) remains relatively scarce, representing a
critical gap in regional carbon cycle studies. The YRB, the largest
tributary of the Huaihe River system, is located in southeastern
Shandong Province, East China, and represents a typical temperate
monsoon climate zone. As an important ecological barrier and
agricultural production base in East China, the YRB faces the
dual pressures of climate change and intensive human activities.
Specifically, the spatiotemporal dynamics of NPP in the YRB and
its response mechanisms to climate change remain unclear, limiting
the scientific formulation of regional ecological management
policies. Addressing this issue is necessarily for coordinating
ecological conservation and socio-economic development in the
basin and similar temperate monsoon regions.

Therefore, in order to deepen understanding of carbon
cycling processes, providing scientific basis for regional ecological
restoration and climate change adaptation, the present study
quantified the spatiotemporal dynamics of NPP in the YRB under
climate change, utilizing MOD17A3HGF NPP data alongside high-
resolution meteorological reanalysis datasets spanning 2001-2023.
Specific objectives include: (1) quantifying the temporal evolution
trends and spatial distribution patterns of NPP; (2) revealing the

Frontiers in Forests and Global Change

10.3389/ffgc.2025.1743125

impact of climate change on variations in NPP; and (3) proposing
targeted ecological management strategies and climate adaptation
recommendations for the basin based on research findings.

2 Materials and methods

2.1 Study area

The YRB constitutes a critical ecosystem within the temperate
monsoon climate zone of East China (Figure 1). Geographically,
the Yihe river originates in the mountainous Yimeng region of
south-central Shandong Province, flowing southward into Jiangsu
Province before discharging into the Yellow Sea. This study defines
the catchment area upstream of the Linyi Hydrological Station
as the study area, encompassing a total area of approximately
10,462 km?2. Administratively, it includes most of Yiyuan (YY),
Yishui (YS), Mengyin (MY), Yi'nan (YN), Pingyi (PY), and Fei (FX)
counties, along with parts of Lanshan (LS) District.

The basin’s topography is complex and varied, predominantly
characterized by hills and mountains, with a general slope dipping
from the northwest to the southeast. Climatically, it exhibits a
typical temperate monsoon climate with distinct seasons, abundant
sunshine, and highly uneven precipitation distribution. The annual
precipitation averages between 700 and 900 mm, with 65%-70%
concentrated during June and September as intense, episodic
extreme rainfall events (Liu, 2020). Conversely, winters are dry,
and spring frequently experiences drought conditions, leading
to significant interannual runoff variability. To manage water
resources, major reservoirs such as the Bashan Dam and Andi
Dam have been constructed within the basin. In terms of land
use (Figure 2), cropland predominates, accounting for over 62%
of the basin, while urban construction land and forested land
constitute 17% and 12%, respectively (Qiao et al., 2025). Over the
past two decades, urban expansion has steadily reduced cropland
proportion, accompanied by increased impervious surfaces that
adversely affect ecological and hydrological processes (Yang and Li,
2024). The basin’s vegetation types include agricultural ecosystems
(winter wheat, maize, peanuts) and deciduous broadleaf forests,
with mountainous areas renowned for fruits such as apples,
peaches, and chestnuts (LBS, 2024).

Ecologically, the basin exhibits marked spatial heterogeneity:
upstream mountainous regions boast relatively high vegetation
coverage and rich biodiversity, protected within areas like the
Yimeng Mountain National Geopark and the Lu Mountain
Provincial Nature Reserve. In contrast, midstream and downstream
areas suffer from lower vegetation coverage, exacerbated by
increasing pressures from agricultural and industrial activities,
which have led to significant water pollution (Li, 2025).
Consequently, despite its cultural and economic value, the basin
faces multiple ecological challenges, including water scarcity,
uneven water distribution, water pollution, soil erosion, and
ecological degradation, rendering its ecosystem relatively fragile
(Qiao et al, 2024). This combination of climatic sensitivity,
pronounced human influence, and spatial ecological variability
makes the YRB a region of critical importance for investigating
the spatiotemporal dynamics of climate change impacts on
NPP.
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FIGURE 1
Geographical location and overview of the Yihe River Basin (YRB)

2.2 Data

2.2.1 NPP data

The annual mean NPP data employed in this study originates
from the MOD17A3HGF Version 6 product from the NASA
MODIS datasets (Running and Zhao, 2019). This dataset provides
global annual NPP estimates at a spatial resolution of 500 meters,
representing the net amount of carbon sequestered by vegetation
after accounting for respiratory losses. The data span the period
from 2001 to 2023 and are projected using the WGS_1984_Albers
coordinate system. Each pixel’s NPP value is scaled by 0.0001 to
obtain actual units, and quality control (QC) bands are included to
filter unreliable pixels due to cloud contamination or sensor errors.
The MODI17A3HGF product addresses known issues in cloud-
related inaccuracies in LAI-FPAR inputs and is widely validated for
ecological studies (Hu et al., 2024; Running and Zhao, 2019).

2.2.2 Meteorological reanalysis data

Meteorological reanalysis data, including reanalyzed monthly
mean temperature (T,) and monthly precipitation (Pre), were
accessed at the National Tibetan Plateau Data Center (Peng, 2020,
2019). This dataset, developed by Peng et al. (2019), offers high-
resolution 1,000 m gridded data for China, with temperature and
precipitation data accuracy of 0.1 °C and 0.1 mm, respectively.
The data span from 1901 to 2024 and were generated through
a delta spatial downscaling approach, integrating CRU global
climate data and WorldClim high-resolution datasets, validated
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against observed temperature and precipitation from nearly 500
independent standard meteorological stations across China. Stored
in NETCDF format (*.nc), this dataset is widely recognized for
its applicability in climate-change-related research due to its long-
term coverage and spatial consistency.

2.2.3 Data preprocessing

To ensure spatial consistency, the NPP data and meteorological
reanalysis data were projected to one uniformly coordinate system
of the WGS_1984_Albers. The meteorological reanalysis data,
originally at a 1,000 m resolution, were downscaled to 500 m
using bilinear interpolation-based resampling method to match
the spatial resolution of the NPP data. Monthly temperature
and precipitation values were aggregated to annual means and
totals, respectively, to match the temporal resolution of NPP. Both
datasets were clipped to the spatial extent of the YRB using a
boundary shapefile and converted into the GeoTIFF format for
compatibility with GIS software, enabling pixel-level analysis of
correlations between NPP and climatic factors.

2.3 Methods

2.3.1 Trend analysis
In studies quantifying the evolutionary characteristics of
variables over time, trend analysis serves as a fundamental
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FIGURE 2
Current land use types in the Yihe River Basin (YRB).

methodological approach, as it can effectively capture their long-
term temporal dynamics. To quantify the long-term temporal
dynamics of NPP, temperature, and precipitation, the non-
parametric Sen’s slope estimator was employed (Jagadeesh and
Agrawal, 2015; Sen, 1968). This method is robust for environmental
data analysis, as it is resistant to outliers and does not assume
a specific data distribution—common challenges in hydrological
and climatic time series (Xu, 2024). The core principle involves
calculating the median of all possible pairwise slopes between
sequential measurements in the time series. For each pair of time
points i and j (j > i), the slope was computed as Equation 1:

X - Xi

— 1)
j—i

Here, x denotes variables of interest (annual total NPP, annual
mean NPP, annual mean temperature, or annual precipitation). The
median of these slopes, known as Sen’s slope (f), indicates both the
direction and magnitude of the trend (Equation 2):

. X;—X; .
B:Medlan(j_.)1<z<]<n (2)
where a positive f§ value corresponds to an increasing trend, while
a negative value indicates a decreasing trend. In addition, the
magnitude of £ directly quantifies the annual rate of change (e.g.,
gC/m?/a/a for NPP, °C/a for temperature, mm/a for precipitation).
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This method is widely recognized in hydrometeorological
trend studies for its reliability in handling non-normal data
and missing values, providing a clearer understanding of long-
term environmental changes without being skewed by short-term
anomalies or noise.

2.3.2 Correlation analysis

As correlation analysis can measure the relationship between
two interested variables, it can to some extent explain the influence
of climate change on variation in regional NPP. Therefore, the
well-known Pearson correlation coefficient (r) was employed
to quantify the linear relationship between NPP and climatic
factors (Xu, 2024), investigating the driving mechanisms behind
NPP fluctuations. The coeflicient r is defined as the product of
the covariance between two variables divided by their standard
deviations, calculated as Equation 3:

n

> (6 -X) (1=

i=1
Ty =
3w 5 -7
i=1 i=1

Where the % and y represent the mean values of NPP and
the climatic factor (temperature or precipitation), respectively,

3)

and ry, quantifies the degree of their linear correlation (ranging
from —1 to +1).

The statistical significance of each correlation was tested at
p < 0.05 to ensure observed relationships were not due to
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TABLE 1 Categories and definitions of the correlations between net
primary productivity (NPP) and climatic factors.

Categories r P-value |
Highly significant positive r>0 P <0.01
correlation
Significant positive correlation P <0.05
Non-significant positive correlation P> 0.05
Non-significant negative correlation r<0 P> 0.05
Significant negative correlation P <0.05
Highly significant negative P <0.01
correlation

FIGURE 3

Temporal evolution of annual total net primary productivity (NPP) in

the Yihe River Basin (YRB) between 2001 and 2023.

random chance. To facilitate spatial visualization, correlations were
categorized into six groups based on the sign of r and its statistical
significance (Chen et al., 2023; Yang et al., 2021), as presented in
Table 1.

3 Results
3.1 Spatiotemporal dynamics of NPP

3.1.1 Temporal evolution of NPP

Statistical results for the annual total and annual mean NPP
within the YRB from 2001 to 2023 are presented in Figures 3, 4,
respectively. During this time period, the annual total NPP in the
basin fluctuated between 16.27 and 23.61 TgC, with a multi-year
average of 20.24 TgC. The lowest value occurred in 2002, while
the peak was observed in 2020. Temporally, the total annual NPP
in 10 years (including 2001-2003, 2005-2006, 2009-2011, 2013,
and 2017) fell below the multi-year average, whereas it exceeded
the average level in the remaining 13 years (including 2004, 2007~
2008, 2012, 2014-2016, and 2018-2023). Overall, the annual total
NPP exhibited a fluctuating yet increasing trend, accumulating a
net increase of approximately 5.96 TgC over the 23-year period
(Figure 3).

The annual mean NPP also exhibited a clear increasing trend
with fluctuations (Figure 4). Over the past two decades, the
annual mean NPP ranged between 324.65 and 471.11 gC/m?/a,
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FIGURE 4

Temporal evolution of annual mean net primary productivity (NPP)
in the Yihe River Basin (YRB) between 2001 and 2023.

with a multi-year average of 403.75 gC/m?/a and a range of
146.46 gC/m?/a. Moreover, the years in which the highest and
lowest annual mean NPP occurred aligned with those for annual
total NPP. Specifically, the year 2002 recorded the lowest annual
mean NPP, 79.10 gC/m?/a less than the long-term averages,
whereas the highest annual mean NPP in 2020, 67.36 gC/m?/a
more than the long-term averages. The temporal evolution of
annual mean NPP in the YRB can be segmented into three stages
of significant increase: a continuous increase from 2002 to 2004,
during which the annual mean NPP increased from 324.65 to
404.01 gC/mZ/a, a stepwise increase from 2005 to 2008, where
the annual mean NPP rose from 353.96 to 434.21 gC/mZ/a, and
a fluctuating upward phase from 2009 to 2021, during which
the annual mean NPP fluctuated and increased from 364.14
to 471.11 gC/m?/a. The synchrony trends in both annual total
and mean NPP collectively confirm a general improvement in
vegetation productivity within the YRB, indicating a progressive
recovery of the terrestrial ecosystem.

3.1.2 Spatial distribution of NPP

To clearly investigate the spatial variation for annual mean
NPP in the YRB, and referring to the NPP classification standard
for temperate basins in China (Ma et al., 2024), the multi-year
average of annual mean NPP was categorized into five classes: Low
NPP (0-150 gC/m?/a), Moderately low NPP (150-300 gC/m?/a),
Medium NPP (300-450 gC/m?/a), Moderately high NPP (450-
600 gC/m?/a), and High NPP (>600 gC/m?/a).

The spatial distribution of multi-year average annual mean
NPP across the YRB displayed significant regional heterogeneity,
with higher values in mountainous peripheral areas and lower
values in urbanized central zones (Figure 5). Low NPP zones were
predominantly located in southern Lanshan District. Medium NPP
areas were widely distributed, especially throughout Yishui County,
Pingyi County, and central Mengyin County. High NPP values
were mainly observed in southern Yiyuan County, eastern Yinan
County, and northeastern parts of Pingyi and Fei Counties.

To further explore the spatiotemporal dynamics of NPP across
the YRB, a comparative assessment of annual mean NPP from five
representative years (2001, 2006, 2011, 2016, 2021) was conducted
to further explore spatiotemporal dynamics (Figure 6). These years
were selected to cover the entire study period and correspond to key
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FIGURE 5

2023.

Spatial distribution patterns of multi-year average annual mean net primary productivity (NPP) across the Yihe River Basin (YRB) between 2001 and

stages of ecological projects (e.g., GFGP) in the basin, facilitating
analysis of long-term NPP change trends. Between 2001 and 2006,
NPP values were mostly concentrated within the medium range,
with a noticeable decline in the moderately low category and a
marked expansion of moderately high values, particularly in eastern
and southern Yi'nan County and central Yiyuan County. From
2006 to 2011, medium-level NPP continued to dominate; however,
2011 was characterized by generally lower productivity, falling
below the multi-year average, along with a pronounced reduction
in moderately high NPP areas. During 2011-2016, the predominant
NPP range shifted to 300-600 gC/m?/a. A substantial transition
from medium to moderately high values occurred, especially in
Yiyuan County and central Mengyin County. By 2021, a significant
increase in NPP was observed, with values largely falling between
450 and 600 gC/m?/a and a notable expansion of areas exceeding
600 gC/m?/a, sporadically distributed across low mountainous
regions at the southern and central parts of the basin. Taken
together, despite strong spatial variability throughout the study
period, NPP demonstrated an overall increasing trend between
2001 and 2023.

3.1.3 Spatiotemporal trends in NPP

To assess the spatial distribution patterns of interannual
variations in NPP, the Sen’s slope estimator method was employed
in a pixel-scale analysis to quantify interannual trends in NPP
across the YRB between 2001 and 2023. As illustrated in Figure 7,
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the slope range for NPP variation within the entire basin spans
from —10.84 to 15.71 gC/m?/a/a, with an average value of
4.75 gC/m?/a/a. Overall, positive slope values were prevalent across
most areas, which indicates a widespread increase in NPP and
vegetation productivity. The majority of the basin area exhibited
positive slope values, suggesting a widespread increasing trend in
vegetation productivity.

This widespread enhancement of NPP could be attributed
to climate change as well as human activities, representing the
combined effects of these factors. Specifically, rising temperatures
and increased precipitation have boosted vegetation productivity
within terrestrial ecosystems, while ecological conservation
measures in the form of afforestation and other vegetation
restoration projects have effectively promoted increased vegetation
cover and improved ecosystem conditions. In contrast, negative
slopes were predominantly observed in southern Lanshan District,
eastern parts of Yishui and Yinan Counties, northern Yiyuan
County, and northeastern Pingyi County. This degradation may
be linked to human activities, particularly urban expansion, land
development and agricultural intensification, which have led to
reduced vegetation cover and increased ecological pressure. In
general, the observed significant increase in NPP throughout the
basin indicates not only a boost in vegetation productivity but also
an improvement in overall ecological health, resulting from the
confluence of climatic changes and proactive human management,
typically the implementation of ecological restoration projects.
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FIGURE 6

Spatial distribution patterns of annual mean net primary productivity (NPP) at five representative years across the Yihe River Basin (YRB).

FIGURE 7

Spatial distribution patterns of annual mean net primary productivity (NPP) trends across the Yihe River Basin (YRB) between 2001 and 2023. (a)
Trend magnitude of the annual mean NPP. (b) Trend test of annual mean NPP at 95% confidence level.

3.2 Spatiotemporal variations of climatic
factors

3.2.1 Temporal variations of climatic factors

Based on meteorological data analysis, Figure 8 illustrates
the interannual variation characteristics of the annual mean
temperature and annual precipitation within the YRB. As presented

on Figure 8a, the annual mean temperature across the entire basin
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fluctuates between 12.77 °C and 14.51 °C, at a long-term average of
13.68 °C. Notably, the lowest annual mean temperature recorded
was 12.77 °C in 2012, while the highest reached 14.51 °C in
2023. Overall, the annual mean temperature exhibits fluctuating
yet statistically significant warming trends, with an annual increase
rate of 0.04 °C. Furthermore, the analysis of temperature anomalies
(Figure 8c) indicates that the annual mean temperature over

the past decade has consistently exceeded the long-term average,
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FIGURE 8

Interannual variation and anomalies in annual mean temperature (Ta) and annual precipitation (Pre) in the Yihe River Basin (YRB) between 2001 and
2023. (a) Annual mean temperature. (b) Annual precipitation. (c) Temperature anomalies. (d) Percentage of precipitation anomalies.

corroborating a persistent and intensifying warming trend in the
YRB.

Different from interannual temperature variations, as depicted
by Figure 8b, annual precipitation exhibits significant variability,
fluctuating from 495.11 to 1114.76 mm, with a long-term
average of 816.6 mm. The year 2002 marked the minimum
precipitation at 495.11 mm, whereas 2021 recorded the maximum
at 111476 mm. The temporal evolution of precipitation can
be divided into several distinct stages: a sharp decline occurred
between 2003 and 2006, followed by a continued decreasing
trend during 2007-2010. The period from 2011 to 2017
was characterized by relative stability with minor fluctuations.
A noticeable reduction in precipitation occurred between 2018
and 2019, followed by a steady increase until 2021, and then a
pronounced decrease was observed from 2022 to 2023. Despite
these fluctuations, the overall trend in precipitation showed
only slight variability without a dominant monotonic direction
(Figure 8d), reflecting the complex interplay of regional climatic
drivers and monsoonal influences. The interannual variation in
precipitation stands in sharp contrast to the significant warming
trend of annual mean temperature, further highlighting the
asynchronous changes in hydrothermal conditions within the
basin.

3.2.2 Spatial variations of climatic factors

Based on a pixel-scale spatial analysis for the study period
2001-2023, Figure 9 illustrates the spatial distribution patterns
of the mean annual temperature as well as the mean annual
precipitation in the YRB during the study period. Overall, the two
climatic factors exhibit distinct spatial heterogeneity. As observed
in Figure 9a, with the exception of the central Mengshan mountains
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and its adjacent regions, the multi-year average temperature across
the entire basin displays a gradual decrease from southwest toward
northeast, with higher temperatures predominantly observed in
Pingyi County, Fei County and Lanshan District. In contrast, lower
temperatures are predominantly found in northern Yiyuan County,
northern Yishui County, and central Mengyin County.

Regarding precipitation, Figure 9b reveals significant spatial
heterogeneity in the mean annual precipitation within the basin,
exhibiting a general trend of gradual decrease from eastern toward
western of the basin, with the Mengshan mountains and its adjacent
regions where with higher precipitation due to high altitude. This
distribution is influenced by the temperate monsoon climate and
topographic factors of the region. The southeastern monsoon
carries moist air from the ocean, which encounters the eastern part
of the basin first. Here, topographic uplift enhances condensation
and rainfall. Conversely, the northwestern areas lie on the leeward
side of these monsoon winds, experiencing a rain shadow effect
accompanied by f6hn winds, which reduce the potential for heavy
precipitation. As a result, northwestern sections of the basin receive
comparatively less precipitation.

3.3 Patterns of NPP response to climate
change

3.3.1 Response of NPP to temperature variations
To clearly quantify the response of NPP to temperature
variations between 2001 and 2023 in the YRB, a pixel-based
correlation analysis based on Pearson correlation coefficient was
conducted. Figure 10a displays the spatial distribution pattern
of the correlation coefficient between annual mean NPP and
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FIGURE 9

Spatial distribution patterns of the two primary climatic factors across the Yihe River Basin (YRB) between 2001 and 2023. (a) Mean annual

temperature. (b) Mean annual precipitation.

temperature, with values in the range of —0.63 to 0.86 and an
average of 0.46, indicating an overall weak to moderate positive
correlation. Spatially, the NPP in areas accounting for 97% of the
basin exhibits a positive correlation with temperature. For clearer
interpretation, the significance of the correlation was classified
into six levels (Figure 10b). The statistical breakdown reveals
that 39% of the basin exhibits an highly significant positive
correlation, predominantly located in Pingyi, Fei, Yi'nan, and
Yishui counties; 38% shows a significant positive correlation,
primarily concentrated in southern Yi'nan and northern Yishui,
with some scattered distribution in Pingyi, Fei, and Yi'nan; and
20% demonstrates a non-significant positive correlation, primarily
found in northern Yiyuan, southern Yishui, and northern Yi’nan,
with minor areas in Pingyi and Mengyin. In contrast, only 3%
of the basin displays a negative correlation with temperature, of
which 2.3% is non-significantly negative correlation. These areas
are spread across Lanshan District, the eastern parts of Yinan and
Yishui, the northern part of Pingyi, and certain northern sections
of Yiyuan.

3.3.2 Response of NPP to precipitation variations
Similar to temperature, pixel-based correlation analysis was
employed to quantify the relationship between precipitation and
NPP in the YRB between 2001 and 2023. As presented in Figure 11a,
the r between precipitation and NPP varied in the range between
—0.28 and 0.84, in which the average value was 0.45. Statistical
analysis at the pixel scale revealed that NPP and precipitation are
positively correlated across 99.2% of the basin area. Specifically, as
illustrated in Figure 11b, a highly significant positive correlation
was identified across 25.5% of the total basin area, with its core
distribution in Yishui County, extending into the south-central
regions of Pingyi County and the northwestern part of Mengyin
County. A significant positive correlation constituted 48.3% of
the basin, exhibiting a widespread pattern across Pingyi, Yiyuan,
Yi’nan, and Yishui counties. Meanwhile, a non-significant positive
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correlation made up 25.4%, found predominantly in Lanshan
District. In contrast, negative correlations were minimal only for
0.8%, located mostly in Lanshan District with sporadic occurrences
in Fei, Yi’nan, and Mengyin counties.

4 Discussion

4.1 Spatiotemporal dynamics of NPP and
its driving forces

The overall fluctuating increasing trend of NPP in the YRB
from 2001 to 2023 aligns with the vegetation recovery trends
observed in many regions of China implementing ecological
restoration projects, such as the Loess Plateau (Li et al., 2023) and
the Yellow River Basin (Chen et al., 2023), reflecting a dual driving
mechanism of favorable climatic conditions and localized human
interventions. This pattern of increasing NPP is widely observed.
For instance, a recent global study of marsh wetlands across
diverse climatic zones also reported a significant increasing trend
in NPP from 2000 to 2022, particularly in regions like the northern
highlands of Brazil and South Africa (Zhang J. et al, 2025).
Furthermore, research on global terrestrial ecosystems indicates a
clear latitudinal pattern in NPP changes, with mid-to-high latitude
temperate and cold-temperate zones (to which the YRB belongs)
showing a significant increasing trend, which contrasts with the
non-significant or even decreasing trends observed in some tropical
and subtropical regions (Xu et al., 2023).

Notably, this temperate zone NPP increase is consistent with
findings from Romanias forests, where 99% of forested areas
showed positive NPP trends driven by warming temperatures
(Pravalie et al.,, 2023), though the YRB’s monsoon climate adds
precipitation as a key co-driver. From the temporal perspective,
the increasing trend of NPP is closely related to the overall upward
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FIGURE 10

coefficients with six levels.

Spatial distribution patterns of the correlation and significance between annual mean temperature and net primary productivity (NPP) across the
Yihe River Basin (YRB) between 2001 and 2023. (a) Pearson correlation coefficients. (b) Statistical significance test of the Pearson correlation

FIGURE 11

levels.

Spatial distribution patterns of the correlation and significance between Precipitation and net primary productivity (NPP) across the Yihe River Basin
(YRB) between 2001 and 2023. (a) Pearson correlation coefficients. (b) Statistical significance test of the Pearson correlation coefficients with six

trends of temperature and precipitation in the basin. The annual
mean temperature increased at a rate of 0.04 °C/a, and moderate
warming extends the vegetation growing season and enhances
photosynthetic enzyme activity, while the increasing precipitation
alleviates seasonal drought stress that limits vegetation growth.
This hydrothermal synergy is distinct from arid regions like
northeastern Iran, where NPP is constrained by soil salinity and
limited precipitation despite temperature increases (Gholami et al.,
2025), highlighting the importance of balanced precipitation in
monsoon-influenced basins. Spatially, NPP exhibits a distinct
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pattern of “higher in mountainous peripheral areas and lower in
urbanized central zones,” which is jointly regulated by topography,
land use types, and human activity intensity. High NPP values
are concentrated in hilly and forested areas such as southern
Yiyuan County and eastern Yiman County, where long-term
afforestation initiatives have significantly improved vegetation
coverage, a pattern also observed in the Eastern Indian Himalayan
region, where progressive land use changes (e.g., degraded
forests to agroforestry) enhanced NPP and carbon sequestration
(Kurmi et al., 2025). Medium NPP areas are distributed in

frontiersin.org


https://doi.org/10.3389/ffgc.2025.1743125
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/

Lietal.

agricultural plains dominated by wheat-maize rotation systems,
with stable productivity supported by sufficient water and fertilizer
inputs, similar to the agricultural regions of Pakistan’s temperate
ecoregions where moderate elevation and adequate precipitation
sustain consistent crop productivity (Mehmood et al., 2024). Low
NPP zones are mainly located in highly urbanized southern
Lanshan District, where extensive impervious surfaces and reduced
vegetation coverage lead to low carbon sequestration capacity,
which is a common phenomenon in rapidly urbanizing regions
globally, such as the Central Plains urban agglomeration where
urban expansion directly caused NPP declines of 130.84 gC/m?/a
(Mu et al,, 2023) and the Niger River Basin where urbanization
and agricultural expansion drove widespread NPP reduction
(Chukwuka et al., 2023).

The spatial trend of NPP further confirms the heterogeneous
impact of human activities: most areas show a positive increasing
trend (average Sen’s slope of 4.75 gC/m?/a), attributed to climate
warming, increased precipitation, and ecological restoration
projects such as afforestation (Gong et al, 2023). In contrast,
negative trends in NPP are concentrated in areas with intense urban
expansion and intensive agricultural development, indicating that
excessive human disturbance suppresses vegetation productivity
(Wu et al,, 2014). This is consistent with findings in the western
Himalayas, where Sharma et al. (2022) observed a significant
decline in NPP in urbanized core areas due to construction land
encroaching on forest and cropland, while a slight increasing trend
in NPP was observed in remote mountainous areas attributed to
temperature rise promoting vegetation growth.

4.2 Mechanisms of climate factors
regulating NPP

Correlation analysis confirms that climate factors (temperature
and precipitation) play key roles in regulating NPP dynamics in the
YRB, with precipitation as the dominant climatic driver, which is
consistent with findings from other monsoon climate regions (Yang
etal., 2021).

Precipitation is positively correlated with NPP across 99.2% of
the basin area, with an average Pearson correlation coefficient of
0.45. The YRB has a typical temperate monsoon climate, with 65%—
70% of annual precipitation concentrated in the summer, which is
highly synchronized with the peak growing season of vegetation.
Sufficient summer precipitation provides abundant soil moisture
for photosynthesis, directly promoting biomass accumulation. This
precipitation-dominant pattern contrasts with temperature-limited
regions such as the Tibetan Plateau (Zheng et al., 2020) and
Romania’s forests (Pravilie et al., 2023), where warming is the
primary driver of NPP increase, and arid regions like southwestern
Australia where reduced precipitation led to significant NPP
declines (Brouwers and Coops, 2016). However, localized negative
correlations between precipitation and NPP were observed in
highly urbanized areas such as Lanshan District. This abnormal
phenomenon is mainly due to surface impermeabilization caused
by urbanization: a large number of concrete and asphalt surfaces
prevent precipitation from infiltrating into the soil, limiting water
availability for vegetation roots even with increased precipitation.
Additionally, the Urban Heat Island (UHI) Effect intensifies
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evapotranspiration, exacerbating vegetation moisture stress and
offsetting the positive impact of precipitation (Wu et al., 2014),
and this is a similar pattern reported in Chinese cities where urban
heat islands reduced vegetation productivity despite adequate
precipitation (Zhao Y. et al., 2025).

Beyond the positive effects of precipitation, temperature
also provides a critical influence, particularly in regulation of
spring phenological greening and autumn senescence, with similar
findings reported in other temperate monsoon regions (Tang et al.,
2024; Yuan et al,, 2023). Temperature exhibits an overall weak to
moderate positive correlation with NPP, with 97% of the basin
showing a positive correlation. For the temperate monsoon climate
of the YRB, moderate warming enhances photosynthetic efficiency
and extends the growing season, especially in agricultural and forest
ecosystems (Liu et al., 2015). Highly significant positive correlations
between temperature and NPP are mainly distributed in Pingyi, Fei,
Yi’nan, and Yishui counties, where increased temperature in the
growing season accelerates crop and tree growth, which consistent
with observations in Pakistan’s temperate ecoregions where
moderate temperature increases promoted vegetation productivity
in mid-altitude areas (Mehmood et al., 2024). In contrast, negative
correlations are limited to 3% of the basin area, mostly in urbanized
regions. The UHI Effect in these areas leads to abnormally high
temperatures, inducing stomatal closure in plants to reduce water
loss, thereby suppressing photosynthesis and resulting in lower
NPP (Zhang et al.,, 2024), and this is a common mechanism also
observed in humid high-productivity cities where extreme urban
warming outweighs precipitation benefits (Zhao Y. et al., 2025).

Notably, complex interactions exist between temperature and
precipitation: in years with both high temperature and sufficient
precipitation, the synergistic effect of hydrothermal conditions
maximizes vegetation productivity; however, in years with high
temperature and insufficient precipitation, warming exacerbates
water stress, leading to reduced NPP. This non-linear interaction
reflects the complexity of NPP responses to climate change in
the YRB, similar to the interactive effects of temperature and
precipitation observed in arid regions like the Chad Lake and Aral
Sea basins (Igboeli et al., 2025), where climate variability amplified
the impacts of human activities on NPP.

4.3 Impacts of human activities on NPP
spatial heterogeneity

Human activities, particularly land use changes associated with
afforestation, urbanization, and agricultural development, have
exerted complex and spatially heterogeneous impacts on NPP,
reflecting the specific socio-economic development context of the
basin (Zhang et al., 2024; Ge et al., 2021; Wu et al., 2014).

Afforestation under national ecological restoration projects,
such as the GFPP, has significantly promoted NPP increase in
mountainous areas of the YRB. Since the 1950s, continuous
afforestation initiatives have reversed historical vegetation
degradation, and the expansion of forest land has directly
enhanced regional carbon sequestration capacity. From 2000
to 2020, the afforestation area in the YRB increased by 6.3%
(Yang and Li, 2024), which is consistent with the high NPP

values observed in hilly forested areas. This finding aligns
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with studies on the Loess Plateau, where ecological restoration
projects have significantly improved vegetation productivity (Li
et al,, 2023), and global examples like Pakistan’s “Billion Tree
Afforestation Project” which drove positive NPP trends in 72.44%
of temperate ecoregions (Mehmood et al., 2024). However, the
YRB’s afforestation success contrasts with south-central Chile,
where exotic tree plantation expansion increased NPP but
caused ecological fragmentation and biodiversity loss (Martinez
et al,, 2019), highlighting the importance of prioritizing native
species, a strategy also emphasized in the YRBs management
recommendations.

Urbanization, in contrast, has a suppressive effect on NPP.
Over the past two decades, urban construction land in the YRB
increased by 12.5%, while cropland decreased by 8.2% (Yang and
Li, 2024). The expansion of impervious surfaces and reduced
vegetation coverage in urban areas directly reduce NPP, and the
UHI effect further exacerbates thermal and water stress on residual
vegetation (Wu et al., 2014). This explains why low NPP zones are
concentrated in highly urbanized southern Lanshan District and
why negative NPP trends are observed in areas with intense urban
expansion. Globally, similar urbanization-driven NPP losses have
been reported in the Central Plains urban agglomeration (Mu et al.,
2023), the Yangtze River Delta (Wu et al., 2014), and the Niger
River Basin (Chukwuka et al., 2023), with direct NPP loss from land
conversion ranging from 130 to 247 gC/m/?/a in densely urbanized
regions. Notably, the YRB’s urban NPP decline is less severe than
in megacities like Beijing-Tianjin-Hebei (Zhang et al., 2024) and
Changsha-Zhuzhou-Xiangtan (Zhang C. et al.,, 2025), possibly due
to earlier-stage urbanization and relatively more retained green
space.

Agricultural activities show a dual impact on NPP. The YRB
is an important agricultural production zone, with cropland
accounting for over 62% of the basin area (Qiao et al.,, 2025;
Yang and Li, 2024). The stable agricultural management mode
(wheat-maize rotation system) and sufficient water and fertilizer
input ensure moderate vegetation productivity, making agricultural
plains the main distribution area of medium NPP. This aligns
with findings from India’s agricultural regions, where irrigation and
fertilizer use drove NPP increases in northern and northwestern
areas (Bejagam and Sharma, 2022). However, intensive agricultural
development may lead to soil degradation in the long term,
and seasonal crop replacement limits further improvement of
NPP compared with forest ecosystems (Chen et al., 2020), a
constraint also observed in the Eastern Indian Himalayan region
where monoculture plantations had lower NPP than agroforestry
systems (Kurmi et al., 2025). Additionally, irrigation measures in
agricultural areas can alleviate the negative impact of irregular
monsoon rainfall on NPP, which is consistent with findings in other
agriculture-dependent monsoon regions (Yang et al.,, 2021) and
arid agricultural zones where irrigation mitigates climate variability
impacts (Igboeli et al., 2025).

It should be noted that the impact of human activities on
NPP is more complex and difficult to quantify than that of
climate factors. While climate drivers exhibit relatively clear linear
or non-linear relationships with NPP, human activities involve
multifaceted socio-economic processes, policy interventions, and
land management practices that often operate at different spatial
and temporal scales. This complexity poses challenges for
accurately disentangling human versus climate contributions to
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NPP changes, a limitation that future research should address
through more integrated modeling approaches such as residual
trend analysis (Ge et al, 2021) geographical detector models
(Gholami et al., 2025), which methods successfully applied in global
studies to separate anthropogenic and climatic impacts.

4.4 Ecological management strategies
and climate adaptation
recommendations

Targeted ecological management and climate adaptation
strategies for the YRB are developed based on the spatiotemporal
dynamics of NPP and its response to climate change. Under future
climate scenarios, temperature is projected to continue rising and
precipitation is likely to increase further in the region, which
will exacerbate the impacts of climate change on NPP dynamics.
Given that human activities such as urbanization have slowed and
ecological restoration projects have reached a stable phase in the
basin, climate change will become an increasingly dominant factor
influencing vegetation productivity, and this trend also predicted
for global temperate regions (Huang et al., 2024).

Given the dominant role of precipitation in NPP regulation,
water resource management should be optimized: scientific
reservoir operation (e.g., Bashan Dam and Andi Dam) and spring
irrigation systems should be implemented to alleviate drought
stress in agricultural areas, particularly in the western rain shadow
region where precipitation is relatively low. This strategy is
consistent with water management practices in arid and semi-
arid basins like the Niger River Basin (Chukwuka et al., 2023)
and the Aral Sea Basin (Igboeli et al., 2025), where improved
water allocation mitigated NPP losses from climate variability.
For the Urbanization Control Zone (southern Lanshan District,
eastern Yishui and Yi'nan Counties), sponge city projects and
urban green space expansion are recommended, with priority
given to drought-resistant and heat-tolerant native plant species
to reduce impervious surfaces, mitigate the UHI Effect, enhance
rainwater infiltration, and thus promote NPP recovery in urban
areas. Similar urban greening strategies have been effective in
reducing NPP losses in Chinese cities (Zhao H. et al., 2025) and
the western Himalayas (Sharma et al., 2022), where native species
outperformed exotic plants in adapting to urban microclimates.
The Mountain Ecological Restoration Zone (southern Yiyuan,
eastern Yi'nan, northeastern Pingyi and Fei Counties) should
continue afforestation initiatives while prioritizing native tree
species to improve ecosystem stability and avoid excessive water
consumption, ensuring the sustainability of carbon sink capacity
without exacerbating water stress in dry years. This can a
lesson learned from south-central Chile where exotic plantations
caused long-term ecological degradation (Martinez et al., 2019),
thus ensuring the sustainability of carbon sink capacity without
exacerbating water stress in dry years. In the Agricultural
Stability Zone, water-saving irrigation technologies (e.g., drip
irrigation) and adaptive crop rotation systems aligned with
precipitation patterns should be promoted to balance agricultural
productivity and ecological protection, reducing the vulnerability
of NPP to monsoon variability. This approach is supported by
successful practices in Pakistan’s temperate agricultural regions
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(Mehmood et al., 2024) and the Eastern Indian Himalayas (Kurmi
etal,, 2025), where diversified cropping systems enhanced NPP and
carbon sequestration. These strategies integrate the dual influences
of climate change and human activities, providing actionable
guidance for enhancing the YRB’s ecosystem resilience and
supporting sustainable development in warm temperate monsoon
medium-sized basins worldwide.

4.5 Research limitations and future
directions

Despite the robust methodology and datasets used, this study
has certain limitations that need to be addressed in future research.
The MOD17A3HGF product may still contain uncertainties related
to cloud cover during the monsoon season and the algorithm’s
ability to capture rapid vegetation changes (Running et al., 2004).
Future studies could integrate ground-based observations and
employ advanced methods such as the CASA model optimized
for monsoon climate parameters to improve the accuracy of NPP
estimation (Cai et al., 2025; Wang F. et al., 2025; Ma et al., 2023;
Yang et al., 2021; Liu et al., 2015) or machine learning-based NPP
estimation (Pravalie et al., 2023; Yi and Wu, 2023) to improve the
accuracy of NPP estimation.

In addition, this study mainly focused on temperature and
precipitation, while other factors such as soil properties, solar
radiation, and the CO, fertilization effect were not considered.
For instance, Hu et al. (2024) estimated that the CO, fertilization
effect accounts for approximately 32% of the global NPP
increase, and future research should incorporate these factors to
comprehensively reveal the driving mechanism of NPP dynamics,
a gap also highlighted in global NPP studies (Huang et al., 2024).
Additionally, the impact of extreme climate events (such as extreme
precipitation and heatwaves) on NPP was not analyzed in depth.
Given the pronounced seasonality of precipitation in the YRB and
the increasing frequency of extreme climate events under global
change, future research should focus on the response of NPP
to extreme events to improve the climate adaptation capacity of
the basin (IPCC, 2021), a priority also identified in studies of
Mediterranean climate regions (Brouwers and Coops, 2016) and
arid basins (Igboeli et al., 2025).

Moreover, this study did not quantitatively separate the relative
contributions of climate change and human activities to NPP
variations. While human activities were discussed qualitatively,
their specific contribution weights remain unclear. Future studies
should apply attribution analysis methods such as residual trend
analysis (Ge et al., 2021) or geographical detector models (Gholami
et al., 2025) to disentangle the individual and interactive effects of
climate and human drivers, providing a clearer scientific basis for
targeted management interventions.

5 Conclusion

This study quantified the spatiotemporal dynamics of NPP
in the YRB from 2001 to 2023 using MOD17A3HGF data and
meteorological reanalysis datasets, employing Sen’s slope estimator
and Pearson correlation analysis to clarify trends and climate
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responses. The key findings are: (1) NPP exhibited an overall
fluctuating increasing trend, with annual total NPP averaging
20.24 TgC and annual mean NPP averaging 403.75 gC/m?/a,
segmented into three significant growth stages; (2) Spatially,
NPP was heterogeneous-high in mountainous peripheries, low
in urban centers; (3) Both temperature and precipitation showed
upward trends, with precipitation as the primary climatic factor
positively correlated with NPP, while temperature exhibited weak
positive correlations and negative correlations concentrated in
urban areas; (4) Human activities shaped spatial heterogeneity,
with three management zones (Urbanization Control, Agricultural
Stability, Mountain Ecological Restoration) identified to guide
targeted action. This study clarifies the response mechanism of
NPP to climate change, and provides scientific support for regional
ecological restoration and climate adaptation.
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