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Abstract: The Yellow River Basin (YRB) plays a very important role in China’s economic and social
development and ecological security, so studying the spatiotemporal variation characteristics of net
primary productivity (NPP) and its influencing factors is of great significance for protecting the stable
development of its ecological environment. This article takes the YRB as the research area, based on
Moderate Resolution Imaging Spectroradiometer (MODIS) data, climate data, terrain data, land data,
social data, and the gravity recovery and climate experiment (GRACE) data. The spatiotemporal
evolution characteristics of vegetation NPP in the YRB from 2000 to 2022 were explored using
methods such as trend analysis, correlation analysis, and geographic detectors, and the correlation
characteristics of NPP with meteorological factors, social factors, and total water storage (TWS)
were evaluated. The results indicate that the NPP of vegetation in the YRB showed an increasing
trend (4.989 gC·m−2·a−1) from 2000 to 2022, with the most significant changes occurring in the
middle reaches of the YRB. The correlation coefficient indicates that temperature and accumulated
temperature have a significant positive impact on the change of NPP, while TWS has a significant
negative impact. In the study of the factors affecting vegetation NPP in the YRB, the most influential
factors are soil type (0.48), precipitation (0.46), and temperature (0.32). The strong correlation between
TWS and vegetation NPP in the YRB is about 39%, with a contribution rate of about 0.12, which is a
factor that cannot be ignored in studying vegetation NPP changes in the YRB.

Keywords: vegetation NPP; Yellow River Basin; total water storage; climate change; spatiotemporal
evolution

1. Introduction

Gross primary productivity (GPP) is known as the quantity of organic matter accumu-
lated by green plants per unit area over a specific period. NPP is the remainder obtained by
subtracting Autotrophic Respiration (RA) from GPP [1]. NPP serves as a vital parameter
for assessing changes in terrestrial ecosystems and evaluating their sustainability [2–4]. It
is one of the key indicators of the material foundation for ecosystem development [5,6]
and plays a significant role in ecosystem assessment processes [7–10]. Furthermore, it is
influenced by climate change [11–14].

The 75th United Nations General Assembly in 2020 pointed out the importance of
achieving carbon neutrality and reducing carbon emissions. Vegetation NPP is essential for
estimating carbon sources and sinks in terrestrial ecosystems and describing the processes
of carbon cycling and energy flow [15,16]. Over the past century, experts and scholars have
continuously conducted research on NPP estimation methods, spatiotemporal distribution,
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and influencing factors from various perspectives [17–19]. Significant progress has been
made in this field. Today, the relationship between terrestrial ecosystems and climate
change remains a focus of global change research [20–22]. Largely, work has been performed
to improve NPP models. Lieth [23,24] developed the Miami model, while Runing and
others introduced the BIOME-BGC model. Potter and his team [25] conducted studies
to enhance the CASA model. In 1995, Field and others [26] analyzed this model and
discussed its limitations and shortcomings. They made optimizations to address these
limitations. Chinese scholars have also conducted relevant research and proposed models
such as the Zhou Guangsheng-Zhang Xinshi and Zhu Zhihui models [27,28]. In the
progress of spatiotemporal evolution research, domestic and international scholars have
conducted extensive research on vegetation conditions using vegetation NPP data based
on different spatiotemporal scales; for example, in regions such as the western United
States [29], southeastern Tunisia [30], Japan [31], Greenland [32], the entire territory of
China [33], the eastern part of East China [34], the northwestern region [35], and the
Yangtze River Basin [36]. However, due to the influence of variations in vegetation’s
physiological characteristics, NPP exhibits significant spatiotemporal heterogeneity at
different regional scales [37], making it challenging to determine the driving mechanisms
behind spatiotemporal changes in NPP at the regional scale [38–40].

The ecological environment of the YRB deeply affects the economic and social devel-
opment of northern China and even the whole country. However, the ecological climate
of the YRB is complex, and many environmental problems have emerged in recent years.
Therefore, a comprehensive understanding of the spatiotemporal variation characteristics
of vegetation NPP in the YRB and an in-depth exploration of its influencing factors are of
great significance for China’s sustainable development.

In recent years, many scholars have studied the changes in the NPP in the YRB.
Zhang et al. [41] used MODIS NPP data products, along with a quantitative net ecosystem
productivity (NEP) estimation model, and systematically analyzed the ecological changes
in this region. Jiang et al. [42], using remote sensing data, MODIS NPP, and meteorological
data, studied the spatiotemporal transformation of NPP and Precipitation Use Efficiency
(PUE). Yang and Li [43] used fossil fuel carbon emission grid data and land use data and
studied the spatiotemporal heterogeneity and driving mechanisms of the Yellow River
Delta. Zhang and Liu [44] conducted studies on the spatiotemporal variation characteristics
of five urban agglomerations using spatial expansion measurements, centroid shifts, urban
primacy, and gravity models. Liu et al. [45] constructed ecological restoration evaluation
indicators, systematically analyzed the impact of climate and human activities on the
environment, and comprehensively evaluated the ecological restoration status and potential
of the upper reaches of the Yellow River. Tian et al. [46] used various analysis methods to
study the spatiotemporal variation characteristics of NPP in the YRB over the past 40 years
and quantified the impact of meteorological factors on it. Zhang et al. [47] quantitatively
assessed the relationship between changes in NPP and human activities and climate in the
high-altitude grasslands from 2000 to 2020. Xue et al. [48] analyzed the spatiotemporal
variation characteristics of NPP in the upstream region using the random forest method.
Wei et al. [49] studied the spatiotemporal variation of NPP based on adjusted ecological
parameter factors. Song et al. [50] assessed NPP changes in the Sanjiangyuan area from
2000 to 2019 using the Carnegie–Ames–Stanford Approach (CASA) model. Xuan and
Rao [51] studied the spatiotemporal variation characteristics and influencing factors of NPP
in the midstream region from 2000 to 2020. Chen et al. [52] studied variations in NPP in
parts of the Loess Plateau. Zhu et al. [53] combined RS and GIS methods to analyze the
ecological changes in the YRB. Hong et al. [54] studied the temporal and spatial variation
of vegetation NPP and its driving factors in Ningxia.

Regarding the driving mechanisms of NPP in the YRB, numerous scholars have sep-
arately studied the impacts of climate change [45–47,50,55–57], human activities [45,50,56,58–60],
vegetation types [48], and precipitation [42] on NPP. Zhang et al. [61] investigated the re-
sponse of NPP to soil pH and evaluated their impact on grassland ecosystems. Water plays
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an irreplaceable role in plant growth, and some scholars have researched the relationship
between water availability and changes in NPP in the YRB. Zhou et al. [62] used different
models to estimate NPP, soil retention, and water resources and analyzed the synergies
among ecosystems. Shao et al. [63] simulated NPP, water yield, grain production, soil
retention, and habitat quality. They assessed the spatial evolution of ecosystems and their
driving factors at the grid scale. But, in these research studies, water yield is the difference
between precipitation and evapotranspiration, which may introduce some errors in water
quantity estimation. The GRACE mission provides a novel measurement tool that allows
for the direct detection of changes in land water storage using satellite data [64–66]. In this
study, we replaced WY with TWS in order to more accurately quantify the relationship
between NPP and water.

In summary, although many scholars have conducted extensive research on vegetation
NPP in the YRB, the selection of influencing factors is not comprehensive enough, and
the use of water yield to study the mechanism of NPP changes is not accurate enough.
Therefore, to comprehensively analyze the spatiotemporal changes in vegetation NPP
in the YRB and systematically explore its mechanisms of change, this study is based on
MODIS17A3 data, climate data, societal data, and GRACE data. It employs methods such
as trend analysis, correlation analysis, and geographic detectors to analyze and explore
the spatiotemporal evolution of vegetation NPP in the YRB from 2000 to 2022 and its
influencing factors. The aim is to provide scientific references for the protection of the
ecological environment and sustainable development in the YRB.

2. Data and Method
2.1. Study Area

The Yellow River is the second longest river and plays an important role in the
ecosystem cycle in China. The landform in the region includes the Qinghai Tibet Plateau,
the Inner Mongolian Plateau, the Loess Plateau, and the Huang Huai Hai Plain. The
average altitude in the western region is over 4000 m, and the landforms are mostly
high-altitude forests. The elevation of the central region is mostly between 1000 and
2000 m, with mostly forested and grassland landforms. However, soil erosion has been
relatively severe throughout the year. The eastern region has a lower altitude and is mostly
characterized by alluvial plains. The YRB belongs to a temperate monsoon climate, with
significant seasonal climate changes and significant spatial differences (see Figure 1). It
is an important ecological regulation system in China. In recent years, China has taken a
series of environmental measures that have improved the ecosystem of the YRB [42,46,63].
Therefore, conducting a long-term assessment of the ecosystem in the YRB is extremely
important. Based on this, this article focuses on exploring the spatiotemporal evolution
characteristics and influencing factors of NPP in the YRB from 2000 to 2020.
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2.2. Data

This research used data that included NPP and multiple-factor data (Table 1) so we
can explore the impact of various factors on NPP to the greatest extent possible. To facilitate
the analysis, we categorize these factors into static and dynamic factors. Static factors
encompass geographical location, elevation, slope, and soil type. Dynamic factors include
meteorological factors (accumulated temperature, sunshine duration, temperature, and
precipitation), TWS, and human activities (population density, GDP, and land use).

Table 1. The data used in this paper.

Data Period Spatial
Resolution Website (Access Data: 30 December 2023)

NPP 2000–2022 500 m https://ladsweb.nascom.nasa.gov/

Static factors

Geographical location

1 km http://www.Gscloud.cnElevation
Slope

Soil type

Dynamic factors

Accumulated temperature

2000–2019 1 km http://data.cma.cn/dataSunshine duration
Temperature
Precipitation

TWS 2003–2019 0.25◦ http://data.tpdc.ac.cn/data
Land use

2000, 2005, 2010,
2015, 2019 1 km http://www.resdc.cnPopulation density

GDP

2.2.1. NPP

Remote sensing data is a crucial source of information for large-scale modeling and
geoscientific research, offering advantages such as wide coverage, high resolution, and
easy data acquisition. The vegetation NPP data is sourced from the MODIS17A3H dataset,
covering the period from 2000 to 2022. The spatial resolution is 500 m, and the temporal
resolution is 1 year. The valid value range is −3000 to 32700. First, the vegetation NPP data
was preprocessed using the MODIS Reprojection Tools (MRT) tool to perform mosaicking
and format conversion. Subsequently, ArcMap10.7 software was used to remove outliers
from the NPP data, resample it to a 1 km resolution, and project it to the Krasovsky
projection. At last, the processed NPP data was clipped to the study area.

2.2.2. Static Factors Data

Geographical location data, elevation data, and slope data can all be extracted using the
SRTM90m dataset, which is sourced from the Geospatial Data Cloud Platform. This data is a
joint measurement effort between NASA (National Aeronautics and Space Administration)
and the National Geospatial-Intelligence Agency (NGA) of the Department of Defense. The
spatial resolution is 90 m; we used ArcGIS to resample it to a 1 km resolution and project it
to the Krasovsky projection.

2.2.3. Dynamic Factors Data

1. Meteorological data

The meteorological data includes annual precipitation, annual mean temperature,
annual accumulated temperature, and annual sunshine data from approximately 94 surface
meteorological stations in the YRB. The data spans from 2000 to 2019, providing a total of
20 years’ worth of data. The Kriging interpolation method available in the Geostatistical
Analysis module of ArcGIS was utilized to generate this dataset. The resulting dataset has
a spatial resolution of 1 km.

https://ladsweb.nascom.nasa.gov/
http://www.Gscloud.cn
http://data.cma.cn/data
http://data.tpdc.ac.cn/data
http://www.resdc.cn
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2. TWS data

The TWS data is from the “China Regional Land Water Storage Change Dataset Based
on Precipitation Reconstruction (2002~2019), and the spatial resolution is 0.25◦. Since the
dataset contains some missing data for specific months that have not been interpolated,
certain data processing is required. Firstly, the data in the dataset was arranged in a time
series order according to their corresponding years and months. Months with complete
data for the 18-year period from 2002 to 2019 were identified, excluding data from 2003 as
it only has data from April onwards. The remaining excluded data includes monthly data
from the years 2011, 2012, 2014, and 2015. The selected 13-year water storage data includes
the same months of January, May, July, November, and December. Finally, since NPP data
is annual data, the monthly data for water storage for the 13 years was averaged on an
annual basis to obtain annual water storage data.

3. Human activity data

Population density and GDP are sourced from the Resource and Environment Science
and Data Center. The spatial resolution of the data is 1 km, and the temporal resolution is
1 year. The data is in the Krasovsky projection coordinate system. The required data covers
a period of 5 years (2000, 2005, 2010, 2015, and 2019). As there is a missing GDP data for
2020, the data from 2019 is used as a substitute. Land use data is also obtained from the
Resource and Environment Science and Data Center. The data is in the Krasovsky projection
coordinate system, with a spatial resolution of 30 m. ArcGIS was used to resample this data
to a 1 km resolution. This dataset is created from Landsat remote sensing images and has
been manually interpreted, providing a high level of data accuracy.

2.3. Method
2.3.1. Miami Model

The Miami model is based on reliable measured data of NPP for the five major
continents and matching data for annual mean precipitation and annual mean temperature.
It is simulated through the establishment of a net productivity model using the least squares
method. This model was originally designed and proposed by Lieth and is now widely
applied in the estimation of the potential NPP of vegetation. The functional expression of
this model is as follows:

NPPc = min{(1 + 3000
exp(1.315 − 0.119T)

), 3000[1 − exp(−0.000664P)]} (1)

where NPPc is the potential NPP (gC·m−2·a−1); T is the annual average temperature (◦C);
P is the annual precipitation(mm).

2.3.2. Trend Analysis

We use trend analysis to evaluate the intensity of vegetation NPP changes. This method
can help eliminate the effects of extreme weather conditions in specific years [67–69]. The
functional expression for this method is:

θslope =

n ×
n
∑

i=1
i × NPPi −

n
∑

i=1
i

n
∑

i=1
NPPi

n ×
n
∑

i=1
i2 −

(
n
∑

i=1
i
)2 (2)

where i represents the year; n is the number of years in the time series; NPPi is the NPP
for the ith year; and slope is the slope of the trend line, with positive or negative values
indicating improvement or degradation trends in vegetation NPP over time. The following
formula reveals the degree of vegetation NPP changes through the NPP change rate:

β =
θslope

NPPmean
× 100% (3)
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where β represents the vegetation NPP change rate and NPPmean is the mean vegetation NPP.

2.3.3. Stability Analysis

The coefficient of variation (CV) is a common indicator that reflects sample fluctuations.
Its value can reflect the stability of vegetation NPP in time series. The formula is as
follows [70]:

Cv =
1
x

√√√√√ n
∑

i=1
(xi − x)2

n − 1
(4)

where CV is the coefficient of variation. The smaller the value, the more stable the vegetation
NPP is in the time series. Xi is the NPP value of the i-th year; x is the average of NPP in
n years.

2.3.4. Geographical Detector

The Geographical Detector, which is proposed by Wang, is an analytical model used
to detect and utilize spatial variations [70]. The Geographical Detector model can reveal
the explanatory power of a certain factor on vegetation NPP [71]. The q-value represents
the degree of influence:

q = 1 −

L
∑

h=1
Nhσh

2

Nσ2 = 1 − SSW
SST

(5)

SSW =
L

∑
h=1

Nhσh
2 (6)

SST = Nσ2 (7)

where h = 1, . . ., L is the NPP influencing factors; Nh and N are the number of units in layer
h and the entire area, respectively; σh

2 is the variance of the class h; σ2 is the variance for
the entire region; SSW is the sum of variances within the layer; and SST is the total variance
of the entire region.

2.3.5. Transfer Matrix

A transfer matrix is used to reflect the transfer situation between NPPs of different
levels of vegetation [31]. The expression is:

Si,j =

S11 . . . S1n
...

. . .
...

Sn1 · · · Snn

 (8)

where S represents the transfer area (km2) of different levels; n represents different vegeta-
tion NPP levels; i, j represent the vegetation NPP levels in the initial period and the final
period, respectively; and Snn represents the area change of vegetation NPP levels from the
initial period to the final period (km2).

3. Results and Analysis

This section is divided into three parts, namely, the spatiotemporal distribution char-
acteristics of vegetation NPP, the static factors analysis, and the dynamic factors analysis.

3.1. Spatiotemporal Distribution Characteristics of Vegetation NPP in the Yellow River Basin

In this part, we separately counted the spatiotemporal changes of NPP and analyzed
the rate of change and stability.
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3.1.1. Spatiotemporal Changes in Vegetation NPP in the Yellow River Basin from 2000
to 2022

To investigate the overall spatial distribution of vegetation NPP in the YRB, we calcu-
lated the average spatial distribution of NPP from 2000 to 2022 (Figure 2a) and the area
proportions of different NPP categories (Figure 2b). The spatial distribution of vegetation
NPP in the YRB is highly uneven, showing significant variations. The specific character-
istics include the following: (1) Elevation variation—the vegetation NPP is lower in the
northwest region and increases towards the southeast. (2) Numerical range is large, from
0 to 1077 gC·m−2·a−1. According to statistics, the value of NPP is generally between 0 and
800 gC·m−2·a−1. Therefore, in order to analyze the changes in NPP in detail, we use the
equal interval classification method to divide NPP into five levels—low (<200 gC·m−2·a−1),
lower (200–400 gC·m−2·a−1), median (400–600 gC·m−2·a−1), higher (600–800 gC·m−2·a−1),
and high (>800 gC·m−2·a−1). (3) Area distribution—the low NPP area accounts for 31.59%
and is mainly found in western Sichuan and the northern regions of Gansu, Ningxia, and
Inner Mongolia. The lower NPP area accounts for 46.96% and is mainly located in Qinghai,
the northern part of the Loess Plateau, and the middle and lower reaches of the Yellow
River. The median NPP area accounts for 19.88% and is mainly found at the border of
Shaanxi, Shanxi, and Henan. The higher and higher NPP areas account for approximately
1.57% and are concentrated in the Guanzhong Plain, south of the Weihe River.
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Figure 2. Spatial Distribution of Vegetation NPP in YRB from 2000 to 2022 (NPP divided into five
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After understanding the average distribution of vegetation NPP in the YRB, we
analyzed the spatiotemporal changes in vegetation NPP from 2000 to 2022 (Figure 3). The
spatial map (Figure 3a) shows an overall increase in vegetation NPP in most regions of the
YRB, except for the western and northern areas, which exhibit a decrease in vegetation NPP.
The average annual time series of vegetation NPP in the YRB (Figure 3b) also indicates a
consistent annual increase since 2000. Table 2 provides statistics on the area proportions of
different NPP categories and the overall change ratio for 2000 and 2022, offering a more
precise representation of the characteristics of vegetation NPP changes. The results show
that the areas of low and lower NPP have decreased, particularly the low NPP area, which
has reduced by half, accounting for one-fourth of the entire Yellow River Basin area. The
median NPP area has increased by more than ten times, equivalent to about one-fourth of
the basin area. To more accurately assess the transitions between NPP categories over a
decade, we calculated the NPP transition matrices (Figure 4) and compiled spatial change
maps (Figure 5). From 2000 to 2010, approximately 59.75% of the areas maintained the
same category. Low NPP areas transitioned to lower NPP areas (about 20.09%), and lower
NPP areas changed to median NPP areas (about 15.44%), mainly in the southern part of the
middle Yellow River Basin. Transitions from median NPP to higher NPP areas accounted
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for about 1.32% and were concentrated in the plain areas along the southern bank of the
Weihe River. From 2010 to 2022, approximately 68.34% of the areas retained their NPP
categories, primarily in the entire northwest region of the YRB. Areas transitioning from
lower NPP to median NPP comprised about 17.45%, forming strip-like patterns along both
sides of the middle and lower reaches of the Yellow River. Transitions from median NPP
to higher NPP areas accounted for about 4.31%, mainly distributed in various tributary
regions in central Shaanxi, while transitions between other categories were relatively minor.
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Table 2. Summary of changes in area proportion of each level of vegetation NPP in YRB from 2000
to 2022.

NPP (gC·m−2·a−1) NPP Categories Area Ratio (2000) Area Ratio (2022) Area Ratio Change (2000–2022)

<200 Low 53.42% 27.98% −25.44%
200~400 Lower 41.62% 35.49% −6.13%
400~600 Median 2.60% 30.84% 28.24%
600~800 Higher 2.35% 5.59% 3.24%

>800 High 0.01% 0.10% 0.09%
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In summary, considering vegetation NPP as an indicator of ecological assessment, it
is evident that over the past two decades, areas with extreme degradation have signifi-
cantly decreased in the YRB. With the exception of the western Sichuan region and the
northern regions of Gansu, Ningxia, and Inner Mongolia, low NPP areas are transitioning
to lower NPP areas, lower NPP areas are transitioning to median NPP areas, and the
higher NPP areas continue to increase. This indicates substantial improvement in the
ecological environment.

3.1.2. Change Rate and Stability Analysis

To gain a more precise understanding of the NPP changes and to assess the ecological
changes in the region, we calculated the vegetation NPP change rates from 2000 to 2022
and classified them (Figure 6). According to the amplitude of change, classify them
evenly, including Substantial Decrease Zone (<−10), Moderate Decrease Zone (>−10, <0),
Moderate Increase Zone (>0, <10), Significant Increase Zone (>10, <20), High Increase Zone
(>20, <30), and Very High Increase Zone (>30). The results indicate that from 2000 to 2022,
areas with increased vegetation cover in the YRB accounted for 98.52% of the entire region.
Among these, the high increase zone covered 67.45% of the total area, primarily located
in the central part of the YRB and the Loess Plateau region. This suggests that these areas
have experienced the most significant ecological improvement. The moderately high and
moderate increase zones covered 25.24% of the total area and were mainly distributed
in the southern parts of Sichuan and Qinghai, indicating that high-altitude regions have
undergone some degree of ecological restoration.

The coefficient of variation is a measure used to assess the degree of variability in
data. In general, a larger coefficient of variation indicates greater variability in the data. To
evaluate the stability of vegetation NPP changes in the YRB, we introduced the coefficient
of variation (Figure 7). The coefficient of variation for vegetation NPP in the YRB ranged
from 0.04 to 1.42. According to statistics, the majority of NPP changes are concentrated
between 0.1 and 0.4. In order to analyze NPP changes in detail as much as possible, we
categorized it into five levels (<0.1, 0.1–0.2, 0.2–0.3, 0.3–0.4, and >0.4). Overall, across the
entire Yellow River Basin, there is an increasing trend in the coefficient of variation of
vegetation NPP from the outer regions towards the inner regions. This trend suggests that
vegetation NPP experiences more frequent and dramatic changes in the inner regions of
the YRB, particularly in the Loess Plateau in the central part.
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3.2. Static Factors Analysis on Vegetation NPP in the YRB

We analyzed the correlation between static factors (geographic location, elevation, and
slope) and changes in NPP separately.

3.2.1. Geographical Location Analysis on Vegetation NPP in the YRB

YRB covers a vast geographic area, and it is essential to analyze the impact of geo-
graphical location on vegetation NPP. This analysis involves categorizing the region based
on longitude (108◦ E and 111◦ E) and latitude (34.42◦ N and 36.5◦ N), as shown in Figure 8.

From Figure 8, we can see that NPP varies greatly in different geographical locations.
In the overall distribution, vegetation NPP tends to be higher in the southern part of the
YRB compared to the northern part and higher in the eastern regions compared to the
western regions. At the same latitude, with increasing longitude, vegetation NPP generally
follows a pattern of increase, decrease, and then increase again. When we move eastwards
into the heart of the Loess Plateau and the plain areas around the Wei River, NPP reaches
its maximum. Further eastward, NPP becomes more stable. On the other hand, at the same
longitude, there is an overall decreasing trend in vegetation NPP. This analysis provides
valuable insights into how geographical location impacts vegetation NPP within the YRB.
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Figure 8. Spatial map of vegetation NPP in typical longitude and latitude areas ((a) vegetation NPP
point value map from west to east along latitude 34.42◦ N; (b) vegetation NPP point value map from
west to east along latitude 36.5◦ N; (c) vegetation NPP point value map from south to north along
108◦ longitude; (d) vegetation NPP point value map along 111◦ longitude from south to north).

3.2.2. Altitude Analysis on Vegetation NPP in the YRB

YRB exhibits significant variations in elevation, ranging from 0 to 6199 m. It is es-
sential to analyze the impact of elevation on vegetation NPP within the YRB. To conduct
this analysis, we categorized elevations into five classes using equal intervals: low eleva-
tion (<1000 m), low-medium elevation (1000–2000 m), medium elevation (2000–3000 m),
medium-high elevation (3000~4000 m), and high elevation (>4000 m). Based on this classi-
fication method, we conducted a statistical analysis of vegetation NPP data, as shown in
Figure 9 and Table 3.
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Figure 9. Statistical map of elevation divisions and vegetation NPP in YRB ((a) spatial distribution
map of divisions according to altitude in YRB; (b) the proportion of NPP area divided by altitude
in YRB).

Table 3. NPP statistics of vegetation in different altitude zones.

Spatial (m) Spatial
Proportion (%)

Unit NPP
(gC·m−2·a−1)

RMS
(gC·m−2·a−1)

Unit NPP
Proportion (%)

Total NPP
(gC·m−2·a−1)

Total NPP
Proportion (%)

<1000 16.49% 344.37 122.68 23.96% 56.79 20.48%
1000~2000 53.01% 255.14 152.37 17.75% 135.25 48.78%
2000~3000 8.34% 327.68 148.4 22.80% 27.33 9.86%
3000~4000 11.88% 342.62 77.33 23.84% 40.70 14.68%

>4000 10.28% 167.55 75.94 11.66% 17.22 6.21%

The results indicate that the YRB’s low and low-medium elevation areas have the
largest proportion, accounting for 69.50%. These areas are primarily concentrated in the
middle and lower reaches of the Yellow River, while the upper reaches of the Yellow River
are generally at medium elevation and above. The unit NPP (NPP per unit area) is relatively
high in the low-elevation, medium-elevation, and medium-high-elevation regions, all
exceeding 20%. These areas are mainly found in the belt regions on both sides of the
middle and lower reaches of the Yellow River. This suggests that a combination of factors,
including climate and other conditions, favors plant growth in these regions. It is worth
noting that in the hinterland of the middle reaches of the YRB, which includes the Loess
Plateau, although the altitude is relatively low, the unit NPP is relatively low. But looking
at the total NPP, YRB’s vegetation NPP is mainly concentrated in the low and low-medium
elevation areas, primarily due to the larger area proportion these elevations occupy.

3.2.3. Slope Analysis on Vegetation NPP in the YRB

The terrain of the YRB is complex. In order to study the impact of terrain on vegetation
NPP, we use slope as an indicator and divide the slope into five levels on average based
on the magnitude of the slope values in the region. We then analyzed the NPP values
corresponding to these different slope categories, as shown in Figure 10 and Table 4. The
results reveal that the majority of the YRB’s regions have slopes of 6◦ or less (88.74%),
covering almost the entire basin except for mountainous areas in the western and southern
regions. A general trend is observed when considering unit NPP (NPP per unit area),
where higher slopes are associated with higher unit NPP. But, due to the distribution of
slope categories in the YRB, the total vegetation NPP is primarily concentrated in areas
with lower slopes (<6◦), accounting for 86.18% of the total NPP.
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Figure 10. Slope classification of YRB ((a) slope grading plan of YRB; (b) proportion of NPP with
different slope grades in YRB).

Table 4. NPP statistics of vegetation on different slopes.

Slope (◦) Slope
Proportion (%)

Unit NPP
(gC·m−2·a−1)

RMS
(gC·m−2·a−1)

Unit NPP
Proportion (%)

Total NPP
(gC·m−2·a−1)

Total NPP
Proportion (%)

<3 66.68% 250.46 138.1 15.49% 167.01 60.22%
3~6 22.06% 326.39 136.12 20.18% 72.00 25.96%
6~9 7.11% 334.43 146.67 20.68% 23.78 8.57%
9~12 2.71% 341.94 156.84 21.14% 9.27 3.34%
>12 1.45% 364.02 170.83 22.51% 5.28 1.90%

3.3. Dynamic Factors Analysis Analysis on Vegetation NPP in the YRB

In order to comprehensively analyze the relationship between dynamic factors and
NPP changes, we focused on the correlation between NPP and climate factors (accumulated
temperature, sunlight, precipitation, and temperature), as well as water reserves. In
addition, we selected nine factors for single-factor analysis with NPP.

3.3.1. Correlation Analysis on Vegetation NPP in the YRB

NPP in the YRB is closely related to climate factors, including accumulated temper-
ature, sunshine duration, precipitation, and temperature. Based on this foundation, we
also considered TWS in our analysis. We calculated the correlation coefficients between
these factors and NPP and then examined the area percentages for different scenarios (as
shown in Figures 11 and 12 and Table 5). We found the following relationships: The same
trend as the NPP of vegetation in the YRB is accumulated temperature, precipitation, and
temperature, while the opposite is sunshine and TWS.

Accumulated temperature is closely related to the development of organic organisms,
and it has a positive impact on NPP. It was found to be positively correlated with NPP
in 87% of the YRB. The impact of accumulated temperature is closely related to elevation,
with a significant influence in higher elevation areas, such as Qinghai, Sichuan, and the
southwestern part of Gansu. This suggests that accumulated temperature is an important
factor in NPP changes in high-elevation regions where external factors vary less.

NPP and sunshine duration are mostly negatively correlated (64%), particularly in
the central part of the YRB, including Gansu, Ningxia, and Shaanxi. Positive correlations
were mainly observed in areas adjacent to the middle and lower reaches of the Yellow
River. Comparison with the slope classification map indicates that the impact of sunshine
duration on NPP in the YRB is closely related to topography. Positive correlation areas are
mainly distributed in areas with smaller slopes.
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Figure 11. Spatial distribution and time series map of correlation analysis between vegetation NPP
and five factors in YRB. (a,c,e,g,i) are the spatial distribution map of correlation coefficients between
NPP and five factors (accumulated temperature, sunlight, precipitation, temperature, and TWS) in
YRB; (b,d,f,h,j) are the spatial distribution map of significance test between NPP and five factors in
YRB); the solid line represents the time series, and the dashed line represents the linear trend.
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Figure 12. The spatial distribution of vegetation NPP in YRB from 2003 to 2019.

NPP and precipitation are positively correlated in most regions (81%), predominantly
in the northern part of the YRB, such as Gansu, Ningxia, and Inner Mongolia, which are part
of the Loess Plateau. This indicates that precipitation is one of the main factors promoting
vegetation growth in these areas. Notably, along the Yellow River’s south bank in Henan,
the correlation between precipitation and NPP is low.

NPP and temperature exhibit a positive correlation in approximately 89% of the YRB,
with a significant impact in various provinces and regions, particularly in Qinghai and
Sichuan. A negative correlation was observed in about 11% of the area, with eastern Henan
showing the most significant negative correlation.

NPP and TWS are positively correlated in about 32% of the area, mainly in the western
part of the YRB, including Sichuan, Qinghai, Gansu, and the eastern part of Henan. The
negative correlation accounts for approximately 67% of the area, nearly twice the positive
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correlation area. This concentration is in the middle and lower reaches of the YRB, where
NPP growth is fastest.

Table 5. Summary table of correlation area proportion between vegetation NPP and five factors
in YRB.

Correlation
Coefficient

Correlation
Area Proportion

Accumulated
Temperature Sunshine Precipitation Air

Temperature TWS

−1~−0.8 Negative extremely strong 0% 0% 0% 0% 16%
−0.8~−0.6 Negative strong 0% 6% 0% 0% 19%
−0.6~−0.4 Negative moderate 1% 15% 1% 1% 13%
−0.4~−0.2 Negative weak 2% 20% 4% 2% 8%
−0.2~−0 Negative extremely weak 11% 23% 14% 9% 11%

0~0.2 Positive extremely weak 18% 17% 15% 13% 7%
0.2~0.4 Positive weak 32% 12% 18% 28% 9%
0.4~0.6 Positive moderate 20% 6% 25% 36% 10%
0.6~0.8 Positive strong 15% 1% 20% 12% 5%
0.8~1 Positive extremely strong 2% 0% 3% 0% 1%

Average proportion 31% 17% 35% 34% 39%
Significance proportion (>95%) 76.42% 85.75% 50.95% 87.21% 52.48%

Linear trend (npp:6.617) 16.874 −7.2665 2.9609 0.0721 −0.7512
Linear correlation coefficient with NPP 0.58 −0.27 0.45 0.55 −0.89

To quantitatively assess the mutual interactions between NPP and these five factors in
the YRB, we analyzed different levels of correlation, which provided an assessment of the
extent to which each factor affects NPP. Based on the results in Table 5, the importance of
these factors on NPP in the YRB, in descending order, is TWS, precipitation, temperature,
accumulated temperature, and sunshine duration. These factors exhibited high reliability
(over 95%), with areas exceeding 50%.

Through linear correlation analysis (in this linear trend analysis, incomplete data may
lead to certain errors in the results, which will be discussed in Part 4), it was found that
from the average change of 13 years, the same trend as the vegetation NPP in the YRB
is accumulated temperature, precipitation, and temperature, while the opposite trend is
sunshine and TWS. From the linear correlation coefficient, the strongest correlation with
vegetation NPP change is TWS, temperature, accumulated temperature, and precipitation.

Therefore, overall, changes in TWS cannot be overlooked in the assessment of factors
affecting NPP in the YRB.

3.3.2. Single Factor Analysis on Vegetation NPP in the YRB

In order to comprehensively analyze the contribution of various factors to the changes
in vegetation NPP in the YRB, based on the conclusions from earlier discussions, we selected
nine factors for comprehensive assessment. These factors include two climate-related
factors, temperature, and precipitation, as well as land water storage, population density,
GDP factors, two topographical factors, elevation and slope, and two land-related factors,
land use and soil type. Considering data availability and the need for a detailed analysis of
the impact of each factor, we used a geographic detector to calculate the contribution rates
for different factors for the years 2000, 2005, 2010, 2015, and 2020 to evaluate the influence
of different factors on NPP (as shown in Figure 13).

Looking at the five-year average contribution rates, soil type (0.48), precipitation (0.46),
and temperature (0.32) had the most significant impact on vegetation NPP in the YRB. The
next is land use (0.28), elevation (0.14), slope (0.12), and TWS (0.12), the added factor in this
study. This suggests that topographical factors also influence vegetation NPP, although
their impact is lower than climate and land factors. It also emphasizes the importance of
water storage when assessing changes in vegetation NPP in the YRB. Finally, the social
factors of GDP (0.02) and population density (0.01) had the least impact. This indicates
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that, at present, societal activities have minimal influence on the overall changes in NPP in
the YRB.
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4. Discussion
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gories. Notably, this study is the first to include water storage as a factor in the analysis of
the spatiotemporal changes in vegetation NPP in the YRB. The overall results indicate an in-
creasing trend in vegetation NPP, signifying an improvement in the ecological environment.
This conclusion has also been verified in relevant articles; NPP is increased in the up-
stream [47,50,54–56,61,62], in the total basin [28,46,63], in the middle reaches [51,57,58,71],
and in the downstream [43]. In our exploration of the influencing factors underlying
the changes in NPP in the YRB, we have reached conclusions similar to those of other
studies. The correlation analysis results indicate that precipitation [42,46,51,56,57,63] and
temperature [46,51,55,57] are the main factors affecting vegetation NPP. In addition, we
found that TWS is also one of the main factors affecting NPP changes. Among the nine
single-factor analyses, we also obtain the results that have been validated in other studies;
soil type [48], precipitation, and temperature have the most significant impact, followed by
land use [51,63,72], and then elevation [42,67], slope [42,62], and the newly added TWS fac-
tor, each with a five-year average contribution rate of 0.12. This highlights the importance
of the TWS factor when assessing changes in vegetation NPP in the YRB. But, this study
has a few points that need discussion.

In the analysis and conclusion of the NPP spatiotemporal changes, for the convenience
of analysis, we classified NPP levels and calculated the average distribution of each level
and the 23-year changes. Through the NPP mean map of the YRB for 23 years (2000–2020),
we found that the spatial distribution of vegetation NPP in the YRB is extremely uneven,
showing significant differences. In order to quantify the changes in vegetation NPP in the
YRB, we calculated the proportion of vegetation NPP areas at different levels in 2000 and
2022 and obtained the changes. Although we used values from the first and last years of the
study period, the overall changes from the beginning to the end can be obtained, but the
changes in the middle of the period were not accurately measured. After considering this
issue, we divided the research period into ten years (2000–2010, 2010–2022) and calculated
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the changing area of vegetation NPP at each level. The overall results showed that the
vegetation NPP in the YRB was transitioning from low to high levels. However, there are
significant differences in changes between the two ten-year periods, so it is necessary to
refine the research period of vegetation NPP in the YRB in the future. In order to gain a
more accurate understanding of the changes in vegetation NPP in the YRB, we calculated
the change rates of vegetation NPP at different levels from 2000 to 2022 in order to obtain
the changes in vegetation NPP in each region. Finally, we use the coefficient of variation to
value the severity of changes in vegetation NPP at each level so that we can evaluate the
stability of vegetation NPP.

We divided the factors into static and dynamic factors. Static factors include geo-
graphical location, altitude, and slope, while dynamic factors include climate factors, water
reserves, and human influence. Although this classification is more comprehensive than
previous analysis, it can be seen from this study that the two types of factors are closely
related. Factors like accumulated temperature and sunshine duration might be influenced
by elevation, which can further affect NPP. A more detailed examination of the interactions
between factors is essential for comprehensive analysis. Some existing studies have shown
a significant correlation between changes in water yield and changes in NPP, but in those
studies, water yield is the difference between precipitation and evapotranspiration, which
may introduce some errors in water quantity estimation [58,62,63,71]. It may be more ap-
propriate to use TWS as the water factor, which can affect NPP [67]. This study introduced
TWS as a factor affecting vegetation NPP in the YRB. While it has been identified as impor-
tant, there is still a need for further research to understand the complex processes involved
in how TWS is consumed by vegetation and the implications for hydrology and ecology.

Data Variety and Completeness: The dataset used in this study comprises a variety of
factors with differing time spans. The NPP data covers the years 2000–2022, but climate
data (such as accumulated temperature, sunshine duration, precipitation, and temperature)
is available only from 2000 to 2019. It should be noted that the water reserve data is
monthly, and in order to adjust to annual data, this article adopts the average method.
Due to the discontinuity of water storage data, although some scholars have proposed
using interpolation methods to fill in, this article has selected years as neatly as possible
(2003–2010, 2013, and 2016–2019) and averaged the total months of these 13 years (January,
May, July, November, and December) as annual water storage data. The correlation analysis
period is for these 13 years. This mismatch in data availability introduces potential errors,
and using monthly water storage data to create annual averages could impact the accuracy
of the results. When conducting single factor analysis, due to the fact that population
density data is from a five-year period (2000, 2005, 2010, 2015, 2020), in order to unify the
analysis, the four climate data (accumulated temperature, sunshine, precipitation, and
temperature), water storage data, GDP data, and land use data for 2020 were all replaced by
2019. Therefore, there may also be single-factor analysis errors caused by incomplete data.

In conclusion, this study provides valuable insights into the factors influencing vege-
tation NPP in the YRB. However, future research should focus on addressing the discussed
issues for a more accurate and comprehensive analysis.

5. Conclusions

In the study of spatiotemporal variation of vegetation NPP in the YRB, the spatial
distribution of vegetation NPP in the YRB is highly uneven and exhibits significant differ-
ences. The NPP is smaller in the northwestern regions and becomes larger as one moves
towards the southeastern areas. From 2000 to 2022, the YRB has shown an increasing trend
in vegetation NPP, with the most significant changes occurring in the middle reaches of the
basin. These changes are related to recent environmental protection policies, such as the
establishment of ecological conservation zones and reforestation efforts.

In the analysis of the factors affecting vegetation NPP in the YRB, we find that different
geographic locations, topography, and climate conditions have led to variations in vege-
tation NPP. In general, the southern parts of the YRB have higher NPP than the northern
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ones; the eastern areas have higher NPP than the western ones. Compared with the trend
of vegetation NPP in the YRB, there is a positive correlation with accumulated temperature,
precipitation, and temperature, while a negative correlation exists with sunshine duration
and TWS. In comparing contribution rates, we found that soil type, precipitation, and
temperature had the most substantial influence on vegetation NPP in the region.

We particularly found that TWS shows a negative correlation with vegetation NPP
in about 67% of the regions, which is nearly twice the area of positive correlation. This
is primarily concentrated in the middle and lower reaches of the YRB, the region where
vegetation NPP is increasing most rapidly. The reason for this negative correlation could
be that vegetation growth consumes a significant amount of TWS. Correlation statistics
indicate a strong relationship between changes in vegetation NPP and changes in TWS,
making it necessary to explore the impact of TWS on vegetation NPP.
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