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Abstract: The Han River Basin, a critical water conservation and ecological barrier in Hubei Province,
is intricately associated with the United Nations Sustainable Development Goals (SDGs). Research
results show that vegetation cover changes are affected by multiple factors, and understanding the
influences of climate change and human activities on vegetation is imperative for achieving sustain-
able development in the basin. Through quantitative assessment of vegetation changes in diverse
landform regions, implementing adaptive ecological construction and environmental protection
will foster the sustainable development of ecological civilization in the Han River Basin. This study
utilizes MODIS13Q1 data and employs diverse analytical methods to investigate the characteristics
of vegetation change and the interrelationships between climate change, meteorological factors, and
vegetation cover in various geomorphological areas of the Han River Basin from 2000 to 2020. The
results showed that (1) throughout the entire study period, the NDVI of the six types of geomorpho-
logical divisions in the Han River Basin exhibited a fluctuating upward trend, with the changes in
the low-altitude hilly geomorphic regions being particularly noteworthy. (2) Within the study area,
approximately 92.67% of vegetation coverage displayed an increasing trend, while 7.33% showed
degradation, predominantly in plains and platforms. Notably, the area of continuous improvement
(31.16%) outweighed the area of continuous degradation (3.05%), with low and middle-relief moun-
tain areas demonstrating the most robust growth and sustainability. (3) Human agriculture activities
and urbanization processes have emerged as the primary driving force behind vegetation changes in
the Han River Basin. The responses of vegetation to climate change and human activities exhibited
significant variations across diverse geomorphological regions. In areas characterized by vegetation
improvement, the contribution rate of human activities to NDVI changes in different vegetation
types surpassed 70%, with plain areas displaying the highest contribution rate at a remarkable 90%.
In contrast, the plain and platform regions of the vegetation degradation area were significantly
influenced by climate change. In future watershed ecological environment management, it is essential
to not only recognize the dominant role of human activities in promoting the growth of mountain
vegetation NDVI but also address the impact of climate change on the degradation of vegetation
NDVI in plains and platforms. A comprehensive understanding of these factors is crucial for devising
effective strategies to ensure sustainable development and ecological balance in the Han River Basin.

Keywords: sustainable development goals; Han River Basin; geomorphic zoning; vegetation coverage

1. Introduction

Vegetation, being a crucial component of terrestrial ecosystems, plays a pivotal role
in global soil conservation, climate regulation, hydrological processes, carbon cycling,
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and ecosystem stabilization. Its dynamic characteristics not only reflect the state of ter-
restrial ecosystems but also serve as a sensitive indicator of how ecosystems respond to
climate change and human activities, providing insights into the overall ecological environ-
ment [1–5]. The alterations in vegetation’s spatial and temporal patterns have far-reaching
implications, transforming not only regional landscape patterns and functions but also
influencing ecosystem structures [6]. A large number of studies have shown that vege-
tation cover changes are affected by multiple factors, mainly climate change and human
activities [5,7,8]. Scholars have turned their attention to the crucial topics of vegetation
change and its dynamic response to climate fluctuations and human interventions [5,9].
Conducting long-term dynamic monitoring of vegetation growth and transformations,
alongside quantitatively assessing the impacts of climate-related factors and human activi-
ties on the evolution of terrestrial ecosystems, holds paramount importance. In most areas
of China, an increase in temperature will promote an increase in vegetation coverage; an
appropriate increase in precipitation can also promote vegetation development [10]. These
phenomena serve as pivotal indicators for gauging trends in ecological environmental
changes, providing essential guidance for scientific planning and decision-making in the
comprehensive management of regional ecological environments [11,12].

The 2030 Agenda for Sustainable Development was formally adopted during the
United Nations Sustainable Development Summit in September 2015, comprising 17 global
sustainable development goals and 169 specific targets that encompass social, economic,
and environmental dimensions. Among the myriad of critical goals outlined in the agenda,
there is a particular emphasis on understanding and mitigating the impacts of climate
change and human activities on vegetation dynamics. Sustainable Development Goals 13
(SDGs13) and 15 (SDGs15) hold pivotal importance in this realm. This goal urges global
cooperation in halting deforestation, restoring degraded lands, conserving biodiversity, and
combating desertification and land degradation. As a result, research focused on vegetation
change within the context of SDGs13 and SDGs15 is gaining increasing attention from
scholars and policymakers alike. Understanding how climate change and human activities
impact vegetation dynamics is crucial for guiding informed decisions, implementing
effective mitigation strategies, and devising sustainable land use practices [13,14]. By
comprehensively analyzing the changes in vegetation patterns, researchers can assess the
health and resilience of terrestrial ecosystems, and evaluate the progress towards meeting
the objectives set by SDGs13 and SDGs15.

Compared with traditional data, remote sensing big data have advantages such as
lower acquisition costs, extended time series, comprehensive spatial coverage, and objec-
tive outcomes [14–16]. Long-term remote sensing data with high temporal and spatial
resolution have become the primary data source for studying vegetation change due to
the continuous development of remote sensing technology [17]. Extracting the multiscale
features from high spatial resolution images is one major application area that researchers
are working on, especially in remotely sensed applications [18]. Among various vegetation
indices, the normalized difference vegetation index (NDVI) is considered the best indicator
for reflecting vegetation growth status. MODIS NDVI has higher spatial resolution and
widespread scholarly usage [19,20]. In recent years, many scholars at home and abroad
have conducted in-depth research on the spatiotemporal variation of surface vegetation
and its driving factors at different temporal and spatial scales based on long-term NDVI
datasets [21–23]. The results showed that vegetation growth was closely related to climatic
conditions, and the response of NDVI to climate had large spatial differences in different
regions. Insufficient precipitation in arid and semi-arid regions became the key condition
restricting vegetation growth. In humid areas, the increase in precipitation leads to a
decrease in air temperature which inhibits the growth of vegetation [24,25]. The impact
of temperature on vegetation will also vary with different regions. In high latitudes and
mountainous areas, the continuous increase in temperature can prolong the growth period
of vegetation and promote the growth of vegetation. However, in low- and middle-latitude,
arid, and semi-arid regions, rising temperatures will aggravate drought and inhibit vegeta-
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tion growth [26–28]. In addition to climate change, human activities also have a significant
impact on vegetation changes. With the rapid economic development, urban expansion,
and the increase in agricultural activity intensity, vegetation growth space is encroached
upon, leading to a series of environmental problems such as land degradation, desertifi-
cation, and soil erosion [29,30]. Since the 1990s, the state has successively implemented a
series of ecological construction projects such as returning farmland to forest (grassland),
natural forest protection, and soil and water conservation, which has increased vegetation
coverage [31].

The spatiotemporal heterogeneity and complexity of vegetation dynamics are further
exacerbated by the temporal and spatial differences in climate change and human activities,
along with their interactions [32]. While dynamic responses of vegetation to climate change
and human activities have been extensively studied on various scales [32–34], most studies
tend to focus on vegetation change and its response to precipitation and temperature,
neglecting the effects of other meteorological variables, such as radiation, humidity, and
wind speed [35–38]. Since the impact of human activities is difficult to quantify, most stud-
ies on human activities use qualitative descriptions [33,35,39–42]. Academic research on
vegetation cover has primarily centered around the intertwined impacts of climate change
and human activities. Despite significant advancements in this area, the driving mechanism
behind vegetation dynamics remains unclear. Consequently, there is a growing need to
quantitatively assess the influence of climate change and human activities on vegetation
growth, which represents a novel research focus. Moreover, there is still a requirement for
further exploration regarding the relative contribution rates of various factors to vegeta-
tion change. Thus, investigating the relative importance of different drivers in shaping
vegetation dynamics remains an important area for future exploration [38,40,42,43]. Land-
forms play a crucial role in shaping the dynamics of natural elements, including climate
and vegetation, at various scales. Consequently, they exert a significant influence on the
differentiation of the natural environment. Furthermore, the distinct interplay between
human activities and climate change results in notable spatial variations in vegetation
across different types of landforms [44–46].

Consequently, the primary objective of this study is to shed light on the spatiotem-
poral dynamics of vegetation in the Han River Basin and comprehensively examine its
response to both climate change and human activities. This analysis can facilitate the
implementation of tailored ecological construction and environmental protection measures
that align with the specific landform conditions within the basin. The Han River Basin
holds crucial importance as an essential ecological security barrier, water conservation
area, and biodiversity protection zone in the country. Moreover, it is a critical water source
for the South-to-North Water Diversion Middle Route Project, further emphasizing its
ecological significance [4]. Existing research on NDVI in the Han River Basin has primarily
concentrated on exploring the impact of meteorological factors, such as temperature and
precipitation [47–49]. However, there has been limited investigation into the influence of
diverse landforms, climate change, and human activities on vegetation dynamics in the
region [50–52]. Given these critical aspects, further research and collaborative efforts are
required to devise effective strategies for sustaining the delicate balance between natural
ecosystems and human activities, ensuring harmonious coexistence and promoting the
well-being of both the environment and society.

2. Materials and Methods
2.1. Study Area

The Han River originates at the southern foot of the Qinling Mountains in Shaanxi
Province and traverses through Shaanxi and Hubei Provinces before merging with the
Yangtze River at the Dragon King Temple in Hankou, Wuhan. Being the largest tributary
of the Yangtze, the Han River boasts a total length of 1577 km, and covers an extensive area
of approximately 159,000 square miles. Its geographical coordinates range from 106◦15′E
to 114◦20′E longitude and 30◦10′N to 34◦20′N latitude. The Han River Basin experiences
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a subtropical monsoon climate, with an average annual precipitation of 804 mm and an
annual average temperature ranging between 12 and 16 ◦C. The region’s geomorphology
is intricate, characterized by significant topographic variations. The southeastern part
predominantly comprises plains and platforms, while the northwestern section features a
distribution of mountains and hills [53]. Since 1999, the Han River Basin has implemented
a range of ecological construction projects, including initiatives like returning farmland to
forest and grass, natural forest protection, and soil and water conservation. As a result of
these efforts, the ecological environment of the Han River Basin has witnessed significant
improvements. However, despite these positive developments, the middle and lower
reaches of the basin have experienced rapid urbanization, which has led to increased
fragility in the ecological environment of certain areas.

2.2. Data Sources

The NDVI data utilized in this research were sourced from the MOD13Q1 NDVI
dataset, a part of the land products provided by NASA (https://ladsweb.modaps.eosdis.
nasa.gov/, accessed on 28 June 2023). This dataset originates from the MODIS sensor
aboard the Terra satellite, featuring a spatial resolution of 250 m and a temporal resolution
of 16 days. The study period spans from February 2000 to December 2020. For data
processing, the MODIS Reprojection Tools software was employed to conduct batch format
conversion, projection conversion, and stitching procedures, along with other necessary
correction processes. Additionally, data pixel reliability datasets were integrated, and
the NDVI time series were subjected to Maximum Value Composite analysis to mitigate
interference from clouds, atmosphere, and solar altitude angles. The monthly NDVI data
were then synthesized using ENVI 5.1 software. To create the vegetation growth season
NDVI dataset for the Han River Basin between 2000 and 2020, vegetation NDVI data from
April to October was synthesized following the meteorological division standards. This
approach ensures a comprehensive and accurate representation of vegetation dynamics
within the region during the specified time frame.

The meteorological data used in this study were obtained from the daily value dataset
provided by the China Meteorological Data Service Center (https://data.cma.cn/, accessed
on 5 March 2023). Initially, data from 92 meteorological stations (Figure 1b) within and
around the study area were selected. Subsequently, the daily data were aggregated into
monthly data, encompassing five key factors: temperature, precipitation, relative humidity,
wind speed, and sunshine. For spatial interpolation, the thin plate smoothing spline
(TPS) method from Anusplin 4.2 was employed, yielding a spatial resolution of 250 m.
This interpolation technique utilizes the digital elevation model (DEM) as a covariate,
effectively accounting for the variations in temperature and precipitation associated with
altitude gradients. As a result, the TPS approach ensures higher accuracy and smoother
interpolations [54]. Moreover, irradiance data were calculated based on solar climate
data, following the solar energy assessment method. This enabled the assessment of solar
irradiance, a crucial factor in understanding the impact of solar energy on the study area.

The geomorphological divisions utilized in this study are derived from the 1:1,000,000
Chinese geomorphological map compiled by the Institute of Geographic Sciences and
Natural Resources Research, Chinese Academy of Sciences in 2011 [55,56]. The distribution
data of the geomorphic types are sourced from the “Geomorphic Atlas of the People’s
Republic of China (1:1 million)”, which subdivides the region into 26 categories based on
altitude, degree of relief, and genetic types. For this research, these data were merged,
reclassified, and ultimately grouped into six distinct landform types (Table 1): plains,
terraced platforms, hills, low-relief mountains (LRM), middle-relief mountains (MRM), and
high-relief mountains (HRM). The types distribution is shown in Figure 1c. The information
regarding landform types is obtained from the Resource and Environmental Science and
Data Center of the Chinese Academy of Sciences (http://www.resdc.cn/, accessed on
28 June 2023). The delineation of the Han River Basin boundary is derived from the Yangtze

https://ladsweb.modaps.eosdis.nasa.gov/
https://ladsweb.modaps.eosdis.nasa.gov/
https://data.cma.cn/
http://www.resdc.cn/
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River Basin 1:250,000 three-level watershed classification data set provided by the National
Earth System Science Data Center (http://www.geodata.cn/, accessed on 28 June 2023).
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Table 1. Classification of the basic terrestrial geomorphologic types of the study area.

Altitude Relief Low Altitude
(<1000 m)

Middle Altitude
(1000–3500 m)

High Altitude
(3500–5000 m)

Plain (<30 m) Low-altitude plain Middle-altitude plain — —

Platform (>30 m) Low-altitude platform Middle-altitude platform — —

Hill (<200 m) Low-altitude hill Middle-altitude hill — —

Low-relief mountain
(200–500 m) Low-relief low-altitude mountain Low-relief middle-altitude

mountain — —

Middle-relief mountain
(500–1000 m)

Middle-relief low-altitude
mountain

Middle-relief middle-altitude
mountain — —

High-relief mountain
(1000–2500 m) — — High-relief middle-altitude

mountain — —

Notes: “—” no geomorphologic type represented in the study area.

2.3. Methodology
2.3.1. Theil–Sen Trend Analysis and Mann–Kendall Significance Test

The Theil–Sen trend analysis method is a non-parametric statistical trend analysis
method that is not affected by outliers, and does not require data to obey a normal dis-
tribution. It is often used to analyze the changing trend of long-term series data such as
meteorology, hydrology, and vegetation NDVI [57]. By calculating the slope between two
groups of data in the series, and taking the median of the slopes of all groups as the overall
trend of the time series, it is gradually applied to the long-term analysis of vegetation [58].

β = median
( xi − xj

i− j

)
, ∀j > i (1)

http://www.geodata.cn/
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where median is the median function; xi and xj are sequence data; i and j are time series
data. If β > 0, it means that the time series shows an upward trend; otherwise, the time
series shows a downward trend.

In this paper, the Mann–Kendall method can be used to test whether the trend is
significant [59,60], and the calculation formula is as follows:

S =
n−1

∑
i

n

∑
j=i+1

sgn
(
xj − xi

)
(2)

sgn
(
xj − xi

)
=


+1, xj − xi > 0
0, xj − xi = 0
−1, xj − xi < 0

(3)

Zc =


S−1√
Var(S)

, i f S > 0

0, i f S = 0
S+1√
Var(S)

, i f S < 0
(4)

where S is the test statistic; Zc is the standardized test statistic; xi and xj are time series
data; n is the number of sequence samples.

Var(S) =
n(n− 1)(2n + 5)

18
(5)

Combined with the trend represented by the β value, the significance of the NDVI
change trend was compared with the significance index, and the significance levels P0.01
and P0.05 were selected as the critical values, which were comprehensively divided into
6 levels, as shown in Table 2:

Table 2. Trend analysis grading standards.

Trend of NDVI β Zc Trend of NDVI β Zc

Highly significant
reduction β < 0 |Zc| > 2.58 No significant

increase β ≥ 0 0 > |Zc| > 1.96

Significant
reduction β < 0 1.96 > |Zc| ≥ 2.58 Significant

increase β ≥ 0 1.96 > |Zc| ≥ 2.58

No significant
reduction β < 0 0 > |Zc| > 1.96 Highly significant

increase β ≥ 0 |Zc| > 2.58

2.3.2. Hurst Index Analysis

The Hurst index can quantitatively describe the dependence of variables on the time
series and judge the time trend. The Hurst exponent based on the rescaled range analysis
method (R/S) is an effective method to quantitatively describe the information dependence
of non-constant long-period sequences. It is widely used in trend prediction of time series
information in fields such as meteorology and hydrology. In recent years, it has also
been gradually applied to the analysis of changes in NDVI and vegetation net primary
productivity. The specific calculation method can refer to relevant research [61,62]. The
formula is as follows:

R(T)
S(T)

= (mT)H (6)

R(T) = max
1≤t≤TX(t, T)− min

1≤t≤TX(t, T) (7)

S(T) =

√√√√ 1
T

T

∑
t=1

(
NDVIT − NDVIT

)2 (8)
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X(t, T) =
T

∑
t=1

(
NDVIt − NDVIT

)
(9)

NDVIT =
1
T

T

∑
t=1

NDVIx (10)

where H is Hurst index; R(T) is a range sequence; S(T) is the standard deviation sequence;
m is a constant whose value is 1; X(t, T) is the cumulative deviation; NDVIt (t = 1, 2, . . . , n)
is NDVI time series; NDVIT(T = t, t + 1, . . . , n) is NDVIt mean value series.

The value range of the Hurst index is between 0 and 1. When H = 0.5, the future
change has nothing to do with the past change. When 0.5 < H < 1, it means that the future
trend is consistent with the past trend, and the closer the H value is to 1, the stronger the
persistence. When 0 < H < 0.5, the future trend is opposite to the past trend, and the closer
H is to 0, the stronger the anti-persistence.

2.3.3. Correlation Analysis

Correlation analysis is mainly used to reflect the degree and direction of correlation
between elements. This study mainly uses pixel-based correlation analysis, using correla-
tion coefficients to express the correlation between NDVI and meteorological factors [63].
The formula is as follows:

Rxy =
∑n

i=1(xi − x)(yi − y)√
∑n

i=1(xi − x)2 ∑n
i=1(yi − y)2

(11)

where x and y are the n-year averages of the two variables; Rxy is the simple correlation
coefficient between the two elements; n is the sample size. The significance test of the
partial correlation coefficient was completed using the Student’s t-test method.

2.3.4. Multiple Regression Residual Analysis

Previous studies predominantly employed linear regression and correlation analy-
ses to investigate the influence of climate and human activity on vegetation dynamics.
Nevertheless, linear assumptions do not universally apply [8,64]. The residual analysis
method, a widely utilized quantitative technique, excels in discerning the contributions of
human activity and climate factors to regional vegetation dynamics [27,65]. The impact and
relative contribution of human activities and climate change on vegetation NDVI changes
were studied using the multiple regression residual analysis method [63,66,67]. To quantify
human activity factors, this study mainly uses the residual analysis method. It is important
to distinguish vegetation changes caused by human activities from those caused by climate
change. First, the multiple regression analysis method is used to calculate the predicted
NDVICC, which can represent the impact of climate change. Then, the calculated differ-
ence between NDVIOBC and NDVICC is the NDVI residual (NDVIHA) that represents the
dynamic response of vegetation to human activities [68].

This method mainly has the following three steps: (1) Based on NDVI and interpolated
temperature and precipitation time series data, with NDVI as the dependent variable and
temperature, precipitation, relative humidity, radiation, and wind speed as independent
variables, a binary linear regression model was established to calculate the parameters
in the model. (2) Based on temperature, precipitation, relative humidity, radiation and
wind speed data and the parameters of the regression model, the predicted value of NDVI
(NDVICC) is calculated to represent the impact of climate factors on vegetation NDVI [68].
(3) The difference between the observed NDVI value and NDVICC, that is, the NDVI
residual (NDVIHA), is calculated, which is then used to represent the impact of human
activities on vegetation NDVI [27,68–70]. The formula is as follows:

NDVICC = a× Pre + b× TEM + c× Rs + d× Rhu + e×Wins + f (12)
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NDVIHA = NDVIOBS − NDVICC (13)

NDVIslope =
n×∑n

i=1(i× NDVIi)− (∑n
i=1 i)(∑n

i=1 NDVIi)

n×∑n
i=1 i2 − (∑n

i=1 i)2 (14)

where a, b, c, d and e are the regression coefficients of NDVI and precipitation, temperature,
total radiation, relative humidity and mean wind speed, respectively; f is a constant;
Pre is the annual precipitation; TEM is the annual mean temperature; NDVICC is the
predicted value of the multiple regression equation; NDVIOBS is the actual observed
value; NDVIHA is the difference between the observed value and the predicted value,
representing the impact of human activities on NDVI; NDVIslope is the slope of the linear
regression equation; i is the time variable; n is the number of years; NDVIi is the NDVI
value dominated by human activities or climate change.

3. Results
3.1. Vegetation Coverage NDVI Trend Changes in the Study Area

From 2000 to 2020, the NDVI of the growing season vegetation in the Han River
Basin exhibited a fluctuating growth trend, increasing from 0.651 to 0.737. The annual
growth rate was calculated as 13.21% with a growth rate of 0.0038 per year. The highest
NDVI value was recorded in 2015, while the lowest was observed in 2001 (Figure 2). The
NDVI of the Han River Basin in the growing season from 2000 to 2020 mainly presents
four stages of characteristics: (1) From 2001 to 2002, the NDVI of the Han River Basin
showed a sudden change from 0.646 to 0.678. The main reason was that China started
to implement the natural forest protection project and the project of returning farmland
to the forest in 2001. (2) From 2003 to 2010, the NDVI fluctuation of the vegetation in
the Han River Basin increased. The main reason is that the implementation of soil and
water conservation policies and ecological engineering construction in the Han River Basin
has achieved certain results, which have a certain restoration and protection effect on the
vegetation in the Han River Basin. (3) From 2011 to 2015, the fluctuation of the growing
season in the basin increased, mainly because the construction of the middle route project of
the South-to-North Water Diversion Project had an impact on the basin environment, which
further affected the NDVI of the basin during the growing season. (4) The reason may be
related to the implementation of the development strategy of the Yangtze River Economic
Belt “to step up conservation of the Yangtze River and stop its over development”, and the
comprehensive protection and restoration of the ecological environment of the Han River.

The NDVI of different landform regions of the Han River showed a fluctuating upward
trend in the growing season. But there are certain spatial differences. The overall situation
follows a certain trend: HRM> MRM > LRM > Whole Basin >Hills > Platforms > Plains.
The high undulating mountains are affected by the endowment of vegetation resources,
and the original vegetation is in good condition. The average value of vegetation NDVI in
the growing season is 0.816; it is much higher than the average level of the watershed and
other landform divisions. Vegetation change rates in plains and platforms were 1.56%/10 a
and 2.93%/10 a, both of which were lower than the basin average (3.78%/10 a), respectively.
The main reason is that plains and platforms have less relief and are mostly located in
the lower reaches of the river basin. Due to the influence of the cultivated land red line
policy and urbanization, the land use types are mostly maintained as cultivated land or
transformed into construction land, so the growth rate of vegetation coverage is relatively
low. Due to the implementation of the project of returning farmland to forest and grassland
in low-relief mountainous and hilly areas, the cultivated land has been restored to forest
land, and there is a large room for vegetation growth.
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3.2. Spatial Variation Trend Characteristics of Vegetation Coverage

The NDVI change trend for vegetation cover in the Han River Basin reveals highly
significant increases and significant increases, accounting for 64.90% and 10.64%, respec-
tively. Conversely, the remaining areas show extremely significant decreases (0.93%) and
significant decreases (0.83%), indicating the overall favorable condition of vegetation cover-
age in the region. The area experiencing vegetation improvement is steadily increasing,
while the degraded areas are gradually decreasing (Figure 3). Regarding the spatial pat-
tern, the Han River Basin exhibits a distribution pattern of “decrease-increase-decrease”
from southeast to northwest. The significance test of the β value reveals that the areas
with extremely significant and significant increases mainly lie in the central and northern
parts of the basin. Conversely, the significant and extremely significant decrease in areas
exhibits a “surrounding points” characteristic, predominantly concentrated in urban and
riverside areas. The spatial distribution of vegetation NDVI in different geomorphic regions
was analyzed through the combination of Theil–Sen trend analysis and Mann–Kendall
significance values, resulting in the identification of distinct patterns (Figure 4). Regions
displaying significant increases in vegetation cover are primarily found in low-relief moun-
tains, medium undulating mountains, and hilly areas, encompassing mainly forest land,
grass-shrub vegetation, or forest protection areas, which are significant sites for ecological
protection and restoration efforts. Conversely, the areas experiencing extremely significant
reductions are concentrated in plains and hilly regions. This decline in vegetation can be
attributed to urban expansion encroaching on cultivated and forested lands, leading to
their conversion into construction areas.
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different geomorphic regions.

3.3. Sustainability Characteristics of Vegetation Cover Change

The Hurst index of vegetation NDVI in the Han River Basin exhibited a range from
0.0814 to 0.9543 over the period of 2000 to 2020, with an average value of 0.5331. Notably,
the proportion of the Hurst index greater than 0.5 in the Han River Basin is 65.80%, while
the proportion of the Hurst index less than 0.5 is 34.20%. This indicates that the positive
persistence of vegetation changes in the Han River Basin from 2000 to 2020 is stronger than
the negative persistence (Figure 5). To elucidate the trend and sustainability of vegetation
changes, NDVI trend change results were overlaid with the Hurst index outcomes. This
overlay resulted in five distinct levels: continuous improvement, transition from increase
to decrease, continuous degradation, transition from decrease to increase, and random
change. The sustainable improvement of vegetation in the Han River Basin from 2000 to
2020 amounted to 31.16% of the total area.



Remote Sens. 2023, 15, 4916 11 of 25

Remote Sens. 2023, 15, x FOR PEER REVIEW  11  of  27 
 

 

 

Figure 4. The normalized difference vegetation index variation trend of the growing season in dif-

ferent geomorphic regions. 

3.3. Sustainability Characteristics of Vegetation Cover Change 

The Hurst index of vegetation NDVI in the Han River Basin exhibited a range from 

0.0814 to 0.9543 over the period of 2000 to 2020, with an average value of 0.5331. Notably, 

the proportion of the Hurst index greater than 0.5 in the Han River Basin is 65.80%, while 

the proportion of the Hurst index less than 0.5 is 34.20%.    This indicates that the positive 

persistence of vegetation changes  in  the Han River Basin  from 2000  to 2020  is stronger 

than the negative persistence (Figure 5). To elucidate the trend and sustainability of veg-

etation changes, NDVI trend change results were overlaid with the Hurst index outcomes. 

This overlay resulted in five distinct levels: continuous improvement, transition from in-

crease to decrease, continuous degradation, transition from decrease to increase, and ran-

dom change. The sustainable improvement of vegetation in the Han River Basin from 2000 

to 2020 amounted to 31.16% of the total area. 

 

Figure 5. (a) the hurst index; (b) the normalized difference vegetation index trend in the growing 

season of the from 2000 to 2020. 
Figure 5. (a) the hurst index; (b) the normalized difference vegetation index trend in the growing
season of the from 2000 to 2020.

This improvement was primarily concentrated in the central region of the basin. Addi-
tionally, there was a fluctuation of 61.50% in vegetation cover, with notable increases and
decreases observed, particularly in the central and northwest areas of the basin. Continued
degradation affected 4.28% of the area, predominantly concentrated along both sides of the
main branches and tributaries of the Han River, forming a distinct strip-like distribution. A
further 3.05% of the area exhibited a transition from decrease to increase in vegetation cover.
It is imperative to maintain vigilance and redouble restoration efforts in areas experiencing
continued degradation as well as those undergoing transitions from increase to decrease.

To understand the future change trend of vegetation NDVI in different geomorphic
regions, it is essential to analyze the statistics on the future development trend of vegetation
NDVI in each geomorphic type, which will enhance our comprehension of the structural
patterns of future vegetation NDVI changes (Figure 6). The analysis indicates that in the
future, the area of NDVI in the vegetation growth season across the watershed will shift
from increasing to decreasing, with this trend predominating in each landform division.
This implies that the future vegetation in different landform areas may transition from an
increasing trajectory to a degrading direction.

In recent years, the significant recovery of vegetation NDVI in the Han River Basin has
been largely attributed to the implementation of ecological restoration projects. However,
considering the concept of diminishing marginal utility, the rapid restoration of vegetation
might also escalate the complexity of restoring the remaining ecology to a certain extent.
Notably, areas that exhibit continuous NDVI increase are primarily concentrated in low-
relief mountains, medium-relief mountains, and hilly regions, which have been the focal
points of recent ecological governance efforts. On the other hand, areas experiencing a shift
from decreasing to increasing NDVI are mainly found in plains, platforms, and hilly areas,
potentially linked to the development of diverse ecological restoration initiatives, such as
the Yangtze River water supply project and the Han River shelterbelt project. Conversely,
areas characterized by continuous reduction in NDVI are distributed in plains, platforms,
and hilly regions situated within the economic development zone. These regions display
a consistent downward trend in vegetation coverage NDVI. Notably, the areas along the
Han River and the surrounding regions of the Wuhan urban agglomeration in the lower
reaches require special attention, emphasizing the importance of prioritizing key ecological
projects in these areas.
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3.4. Vegetation NDVI and Climate Variability Trends and Their Correlations from 2000 to 2020

Climatic factors are the main natural factors controlling vegetation growth, with
precipitation, temperature, solar radiation, relative humidity, and wind speed exerting
significant influences on vegetation NDVI. Figure 7 shows the spatial distribution of climate
fluctuations and climate change trends from 2000 to 2020. Over the past 20 years, warming
and wetting trends are evident. From 2000 to 2020, precipitation, temperature, relative
humidity, and annual average wind speed showed a slight upward trend, with the rate
of change being 0.007 mm/a, 0.017 ◦C/a, 0.020%/a and 0.004 m/s/a, and the total solar
radiation was −1.972 MJ/a (Figure 7a–e). During this period, temperatures rose in most
areas of the Han River Basin, while slight drops were observed in the southwest and
northeast regions. The variation in precipitation displayed a spatial difference opposite to
that of air temperature. More specifically, regions experiencing higher temperatures often
saw lower precipitation levels, and vice versa. The relative humidity showed a downward
trend in the Nanyang Basin in the northeast, whereas it increased in other areas. Moreover,
the overall wind speed exhibited an upward trend, while the northern and southern parts
of the basin experienced a downward trend in wind speed.

The spatiotemporal trends in climatic factors provide valuable insights into the inter-
actions between climate and vegetation dynamics in the Han River Basin. Understanding
these patterns is crucial for formulating effective environmental management and con-
servation strategies to address the challenges posed by climate change and its impact on
vegetation growth in the region.

To comprehend the response mechanisms of vegetation NDVI to climate change in the
Han River Basin, we conducted an analysis of the correlation between vegetation NDVI
and various climatic factors, including temperature, precipitation, total radiation, relative
humidity, and average wind speed at the grid scale of the basin during the period from
2000 to 2020. Figure 8 illustrates the spatial distribution of correlation coefficients between
NDVI and the aforementioned climatic variables. The findings revealed that within the Han
River Basin, there were areas with both positive and negative correlations with precipitation,
accounting for 55.89% and 44.11% of the total study area, respectively. In particular, the
regions displaying positive correlations with precipitation were mainly concentrated in
platform, hill, and plain areas. However, in HRM, precipitation exhibited a negative
correlation with vegetation growth, indicating that the topography significantly influences



Remote Sens. 2023, 15, 4916 13 of 25

vegetation development. Moreover, the Han River Basin exhibited positive and negative
correlations with temperature, encompassing 70.65% and 19.35% of the total study area,
respectively. Vegetation NDVI in landform units such as hills, and low-medium, and high-
relief mountains demonstrated a positive correlation with temperature. As the fluctuation
degree increased, the temperature sensitivity decreased and intensified, making heat the
main limiting factor for vegetation growth. Conversely, plains and platforms displayed
a negative correlation with temperature. Regarding total solar radiation, approximately
66.49% of the study area exhibited a positive correlation, while 33.51% displayed a negative
correlation. Generally, sufficient precipitation supported vegetation growth, but excessive
precipitation increased cloud cover, leading to reduced solar radiation and hampering
the photosynthetic benefits of plants, thus adversely impacting vegetation growth [71].
These results provide crucial insights into the intricate relationship between climate factors
and vegetation NDVI in the Han River Basin. Understanding such correlations is vital
for devising effective climate-sensitive strategies for the sustainable management and
conservation of the region’s vegetation and ecosystem (Figure 9).
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From the perspective of the correlation between vegetation NDVI and relative humid-
ity, approximately 66.49% of the areas exhibit positive correlations, while 33.51% show
negative correlations. This indicates that relative humidity positively impacts the growth
of vegetation NDVI in the Han River Basin, with the negative correlation areas primarily
distributed at the edge of the Nanyang Basin and Han River valley. Notably, in landform
units such as plains and hills, the negative correlation between vegetation NDVI and rela-
tive humidity is particularly strong. The lower annual precipitation in these areas results
in reduced relative air humidity, limiting the water available for plant growth and thus
constraining vegetation development. Regarding the correlation between annual mean
wind speed and vegetation NDVI, the proportion of positive correlation (51.50%) is slightly
higher than the proportion of negative correlation (48.50%). Areas where wind speed
and vegetation NDVI display a negative correlation are primarily located in the northern
and eastern parts of the Han River Basin. In landform units such as plains and platforms,
vegetation NDVI exhibits a negative correlation with wind speed, with the strength of the
negative correlation gradually decreasing. However, in hills, and low, medium and high-
relief mountains, vegetation NDVI demonstrates a positive correlation with wind speed,
with the highest positive correlation being observed in medium undulating mountains.
Understanding the relationships between vegetation NDVI and climatic factors, such as
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relative humidity and wind speed, provides crucial insights into the complex interplay
between climate and vegetation dynamics in the Han River Basin. These findings offer
valuable guidance for developing targeted management strategies to enhance vegetation
growth and ecological resilience in different regions of the basin.
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3.5. Responses of Vegetation NDVI to Climate Change and Human Activities in the Han River
Basin

Vegetation coverage changes are influenced not only by climatic factors but also by
various human activities. To delve deeper into the relationship between vegetation cover-
age and human activities, this study employs the residual trend method to quantitatively
analyze their impact on vegetation dynamics. From 2000 to 2020, the Han River Basin wit-
nessed a substantial increase in vegetation coverage, accounting for a significant proportion
of 92.18%, whereas the proportion of vegetation degradation was relatively small, at 7.82%
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(Figure 10). Spatial analysis reveals that the degraded areas are mainly concentrated in the
Wuhan urban agglomeration, while scattered occurrences are observed in the Nanyang
Basin and along the river. The intertwined distribution of areas affected by climate change
and human activities indicates that vegetation degradation is not the dominant mode of
vegetation dynamics in the Han River Basin. The joint impact of climate change and human
activities contributed to a substantial growth in vegetation coverage, accounting for 75.42%,
with human activities alone driving 16.22% of vegetation growth, and climate change
contributing a minor 0.54% (Figure 11). This suggests that NDVI vegetation recovery
in the Han River Basin is primarily influenced by climate change and human activities.
Notably, in the Nanyang Basin, vegetation growth driven by human activities in NDVI
is particularly prominent, while other areas show scattered distribution, mainly in the
southeast and northwest of the basin.
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Figure 11. Percentage (%) of vegetation cover change due to climate change and human activities
from 2000 to 2020.

Moreover, the influence of climate change and human activities on vegetation NDVI
changes varies significantly across different geomorphological divisions, with plain areas
experiencing different driving factors than other regions (Table 3). In plains, platforms, and
hills, human activities predominantly suppress vegetation NDVI, whereas they promote
vegetation growth in different mountainous landforms. Overall, human activities have a
greater contribution to the increase in NDVI changes than climate change in most parts
of the Han River Basin. The impact of human activities on NDVI changes is particularly
notable in the plains, platforms, and hills, accounting for 49.05%, 39.01%, and 15.54%,
respectively. In mountainous areas, both natural and human activities have a combined
effect, exceeding 90% in influencing vegetation dynamics.
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Table 3. Driving art criterion and contribution rate calculation method of vegetation NDVI change.

Slope (NDVIOBS) a Driving Factor
Classification Criteria Contribution Rate (%)

Slope(NDVICC)
b Slope(NDVIHA) c Climate Change (CC) Human Activity (HA)

>0
CC and HA >0 >0 slope(NDVICC)

slope(NDVIobs)
slope(NDVICC)
slope(NDVIobs)

CC >0 <0 100 0
HA <0 >0 0 100

<0
CC and HA <0 <0 slope(NDVICC)

slope(NDVIobs)
slope(NDVICC)
slope(NDVIobs)

CC <0 >0 100 0
HA >0 <0 0 100

“a”, “b” and “c” have no specific meaning or numerical value. The purpose is to differentiate between actual
values, predicted values, and residual values.

In summary, the Han River Basin experiences significant vegetation dynamics, where
human activities play a substantial role in driving positive changes in vegetation coverage,
along with climate change. The impact of these factors varies across different regions and
geomorphological divisions, emphasizing the need for targeted management strategies to
ensure sustainable vegetation and ecosystem management in the region.

3.6. Relative Contributions of Climate Change and Human Activities to Vegetation NDVI Changes
in the Han River Basin

Figure 12 illustrates the spatial distribution of the contribution rate of vegetation NDVI
change in the Han River Basin from 2000 to 2020. It is evident from the figure that climate
change plays a relatively minor role in improving the area of vegetation NDVI, accounting
for only 25.41%. The contribution rate of climate change to the improvement in vegetation
NDVI is predominantly concentrated in the range of 0–20%, with only a small portion
(0.56%) falling in the 80–100% range, primarily scattered in the south-central and northwest
regions of the Han River Basin. In contrast, human activities take the lead in driving the
improvement in vegetation NDVI in the Han River Basin, accounting for 74.59% of the
contribution rate. The areas with a contribution rate of more than 80% cover 23.98% of the
vegetation improvement area, mainly distributed in the eastern part of the Han River Basin,
the Nanyang Basin, and the lower reaches.
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Figure 12. Spatial distribution of contribution rates of climate change and human activities to
vegetation cover change in the Han River Basin.

Regarding the vegetation degraded area, the contribution rate of climate change to
vegetation change is higher compared to the vegetation improvement area and also sur-
passes the effect of human activities. In this case, the contribution rate of climate change
to vegetation NDVI degradation is relatively significant in the 80–100% range, accounting
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for 19.67% of the vegetation degraded area, mainly distributed in the southeast of the Han
River Basin and other regions. Additionally, the contribution of human activities to vegeta-
tion NDVI degradation is also relatively notable, with the area featuring a contribution rate
of more than 80% accounting for 9.29% of the vegetation degraded area, primarily located
in the lower reaches of the Han River and the Nanyang Basin. The contrasting roles of
climate change and human activities in vegetation dynamics warrant careful consideration
for sustainable land management and conservation efforts in the Han River Basin.

In various landform divisions of the Han River Basin, human activities played a
significant role in enhancing the NDVI in the vegetation improvement area. Particularly, in
the plain area, human activities accounted for the highest contribution, reaching 90.28%.
This trend was also observed in platforms, hills, low-relief mountains, high-relief mountains,
and medium relief mountains, with human activities contributing over 70% to NDVI
improvement. Conversely, in areas where vegetation NDVI degraded, climate change had
notable contributions to degradation in plains, platforms, hills, and low-relief mountains,
with contribution rates of 59.08%, 70.90%, 62.16%, and 52.61% (Figure 13), respectively.
Notably, during the degradation of vegetation NDVI in medium and high-relief mountains,
human activities played a more dominant role, with contribution rates of 58.61% and
72.12%, respectively. The intricate interplay between human activities and climate change
in different landform regions highlights the necessity for targeted management strategies
to ensure sustainable vegetation and ecosystem management in the Han River Basin.
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4. Discussion
4.1. Temporal and Spatial Evolution Characteristics of Vegetation NDVI in the Study Area

From 2000 to 2020, the NDVI of the vegetation in the Han River Basin exhibited an
overall fluctuating upward trend. However, distinct spatiotemporal heterogeneity was
observed across different geomorphic units, aligning with previous research findings [49,51].
The NDVI peaks in the Han River Basin occurred in 2001 and 2015, respectively, with
subsequent years showing continuous NDVI increases, while the lowest value appeared in
2001, largely attributed to abnormal drought conditions in the basin.

Notably, various ecological projects have been implemented in the Han River Basin
since 2000, such as the Shelterbelt Project, Natural Forest Protection Project, and Project of
Returning Farmland to Forest and Grassland [47]. These initiatives significantly increased
woodland and grassland areas in low-relief mountains and hilly regions, leading to an
overall upward trend in vegetation coverage, particularly higher than that in medium
and high-relief mountain areas. Conversely, vegetation degradation was evident in plain
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and platform regions, mainly driven by rapid urbanization processes. The conversion of
substantial amounts of cultivated and forest land into construction land contributed to the
downward trend of vegetation NDVI in the Wuhan urban agglomeration and surrounding
areas, corroborating existing research [72–74]. After 2016, the growth of vegetation NDVI
in the Han River Basin was relatively stable, and the fluctuations were small. With the
establishment of the ecological strategy of “jointly grasping great protection and not
engaging in large-scale development” in the Yangtze River Basin, and the large-scale
implementation of returning farmland to forests and lakes in the watershed ecological
protection and construction projects such as water and soil conservation have gradually
highlighted ecological benefits.

4.2. Effects of Climate Change and Human Activities on Vegetation NDVI Dynamics in the Han
River Basin

The Han River Basin, a significant ecological barrier area, exemplifies the intricate
interplay between topography, climate, and human activities. Various geomorphic types
within the basin possess distinct mechanisms of influence on hydrothermal conditions.
The appropriate combination of these conditions can enhance vegetation growth, while
an unsuitable combination may hinder it. Notably, the temporal and spatial evolution of
vegetation NDVI during the growing season is influenced not only by temperature and pre-
cipitation but also by other climatic factors such as sunshine and humidity [34,35,74]. This
study goes beyond previous research, which mainly focused on the response mechanism
of precipitation and temperature to vegetation NDVI [69,73,74]. Instead, it incorporates
additional meteorological factors, including total solar radiation, relative humidity, and
annual average wind speed, to investigate the correlation between climate factors and
NDVI. By doing so, this research offers a comprehensive depiction of the response of
vegetation NDVI to meteorological factors.

The correlation analysis reveals that temperature exerts a more substantial impact
on vegetation NDVI than precipitation, relative humidity, average wind speed, and total
solar radiation. This observation highlights the significant influence of water and heat
conditions on vegetation growth. Furthermore, distinct climatic factors exhibit diverse
mechanisms of action on vegetation growth, and the effects of the same climatic factor may
vary across different regions. Over the past 21 years, the Han River Basin has experienced
a gradual increase in overall precipitation, temperature, relative humidity, and annual
average wind speed.

This research advances our understanding of the intricate relationships between cli-
mate factors and vegetation dynamics in the Han River Basin. By considering a broader
range of meteorological factors, it contributes to a more comprehensive assessment of the
drivers behind vegetation changes. The findings hold valuable implications for environ-
mental management and conservation efforts aimed at mitigating the impacts of climate
change and optimizing vegetation growth in the region.

The observed trends in the Han River Basin’s vegetation dynamics are consistent with
regional climate changes, which have been shifting towards warmer and more humid
conditions [75]. Climatic warming and increased humidity have rendered higher altitude
areas more susceptible to climate change [76]. Simultaneously, they have alleviated the
constraints of low temperatures and drought on high-altitude vegetation growth, leading
to extended vegetation growth periods and promoting overall vegetation growth [77]. In
areas with higher relief, such as mountainous regions, the temperature decline caused by
adequate precipitation becomes a significant limiting factor for vegetation growth [78].
Conversely, in platform and plain areas, where precipitation is relatively lower and tem-
peratures higher, the heat conditions required for vegetation growth are more favorable.
Optimal wind speeds can promote plant growth and increase vegetation coverage, but
strong or sustained winds can damage plants and hinder vegetation growth [79]. The
highest vegetation coverage is observed in medium undulating mountains, effectively miti-
gating the adverse impact of excessive wind speeds on vegetation growth. Conversely, in
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landform units like low-relief mountains, hills, platforms, and plains, where relief is lower,
vegetation coverage demonstrates a downward trend, with increasing wind speeds inhibit-
ing vegetation NDVI growth. In summary, the spatiotemporal dynamics of vegetation in
the Han River Basin are strongly influenced by various climatic factors. Understanding
these relationships is essential for implementing effective measures to manage and conserve
the region’s ecosystems, considering the differential effects of climate change and natural
topographic variations on vegetation growth.

Elevated temperatures beyond the optimum range weaken the net photosynthesis
of vegetation, increase evaporation, and exacerbate water scarcity [80]. Consequently,
increased temperatures hinder the growth of NDVI in landform units like platforms and
plains. The NDVI of vegetation in the Han River Basin and different geomorphic units
exhibits a negative correlation with total solar radiation, consistent with prior research [52].
As a humid region, the Han River Basin generally receives sufficient precipitation to meet
vegetation’s growth requirements. However, excessive precipitation can lead to increased
cloud cover, reducing solar radiation, diminishing photosynthetic benefits, and adversely
impacting vegetation growth. Relative humidity, on the other hand, promotes the growth
of vegetation NDVI in the Han River Basin, while low annual precipitation in landform
units like plains and hills results in decreased air humidity, limiting vegetation growth
due to reduced water availability. Optimal wind speeds can promote plant growth and
increase vegetation coverage, but strong or sustained winds can damage plants and hinder
vegetation growth [79].

The highest vegetation coverage is observed in medium undulating mountains, ef-
fectively mitigating the adverse impacts of excessive wind speeds on vegetation growth.
Conversely, in landform units like low-relief mountains, hills, platforms, and plains, where
relief is lower, vegetation coverage demonstrates a downward trend, with increasing wind
speeds inhibiting vegetation NDVI growth. In summary, the spatiotemporal dynamics
of vegetation in the Han River Basin are strongly influenced by various climatic factors.
Understanding these relationships is essential for implementing effective measures to
manage and conserve the region’s ecosystems, considering the differential effects of climate
change and natural topographic variations on vegetation growth.

Based on the residual analysis results (Figure 10), it is evident that human activities, in
addition to climate change, play a crucial role in shaping the spatial distribution pattern
and dynamic changes of vegetation, particularly in plains and platforms within the Han
River Basin. Human-induced factors have a significant impact on the increase in NDVI,
with their influence concentrated in areas like the Nanyang Basin and Jianghan Plain.
These regions, characterized by extensive agricultural land cover, demonstrate enhanced
vegetation growth, largely attributed to modern science and technology advancements
supporting crop production [80]. On the other hand, both climate change and human
activities can contribute to the inhibition of vegetation coverage growth, leading to a
noticeable degradation trend in vegetation NDVI across the basin (Figure 10). Notably,
landform units such as plains and platforms experience negative impacts on vegetation
NDVI changes due to factors like decreased precipitation, relative humidity, and increased
air temperature and total solar radiation since 2000. The drier climate conditions in these
areas, coupled with rapid warming, may exacerbate water shortages and subsequently
limit vegetation growth [63]. In specific locations like the Wuhan urban agglomeration and
certain cities (Figure 4), the negative impact of human activities on vegetation changes is
more pronounced, primarily due to urbanization encroaching upon farmland and forested
areas. Therefore, in the context of food security, it is crucial to address the adverse effects of
human activities on crop growth.

This study highlights that vegetation restoration efforts in the Han River Basin, across
different landform units, are significantly influenced by human activities, contributing more
than 70% to the increase in vegetation NDVI during the growing season from 2000 to 2020.
In comparison, in areas experiencing vegetation degradation, climate change plays a more
substantial role than human activities. The interplay of climate change and human-induced
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factors holds decisive significance in shaping the spatial distribution of vegetation NDVI
changes within the Han River Basin. Government-led ecological protection projects, such
as returning farmland to the forest (grass) and natural forest protection, have been pivotal
drivers of the increase in vegetation coverage [47,52]. Overall, understanding the intricate
relationships between climate change, human activities, and vegetation dynamics is crucial
for effective ecological management and conservation strategies in the Han River Basin,
contributing to the broader goal of sustainable development in the region.

4.3. Data innovation for Quantitative Analysis of Vegetation Changes and Human Activities

Vegetation change and quantitative analysis of human activities have made significant
progress in data innovation for data acquisition. In this study, we utilized the MOD13Q1
NDVI dataset. However, with the continuous advancement of technology, remote sensing
and aerospace technology have provided us with more satellite resources for land use
monitoring. A noteworthy example is the “Sustainable Development Scientific Satellite 1”
(SDGSAT-1) launched by China in 2022. It is the world’s first scientific satellite dedicated to
serving the United Nations’ 2030 Agenda for Sustainable Development. The satellite aims
to detect surface parameters closely related to human activities, finely monitor the interac-
tion between human activities and the natural environment, accurately detect changes in
water quality in different water bodies [81,82], and assess economic and social indices for
precise evaluation of human settlements [16,83,84]. It provides high-quality data support
for global sustainable development goal monitoring, evaluation, and scientific research by
offering dynamic, multiscale, and periodic information. Additionally, the application of ar-
tificial intelligence and machine learning techniques in the data processing process enables
efficient, in-depth, and comprehensive quantitative analysis of large-scale remote sensing
data [85,86]. The use of these technologies will provide us with more precise data, allowing
us to gain a more accurate understanding of the relationship between vegetation changes
and human activities, thus providing stronger support for sustainable development.

4.4. Models That Account for the Complex Interactions between Climate, Human Activities, and
Vegetation

The response mechanism of vegetation to climate change and human activities is a complex
and multifaceted process, influenced by various interconnected factors. Beyond the mentioned
climatic factors, other variables such as evapotranspiration and soil moisture also play significant
roles in affecting vegetation NDVI. Moreover, research on the lag effect of vegetation response
to climate change remains a critical aspect that requires further investigation.

In future studies, it is essential to develop a more comprehensive and sophisticated
model that considers the intricate interplay between climate change, human activities, and
vegetation dynamics. This model should not only take into account the direct impacts
of these factors but also consider their lag effects and interactions with other relevant
variables. Quantifying the precise and detailed influence of different human activities on
vegetation NDVI poses a significant challenge, and addressing this challenge will be crucial
for enhancing our understanding of the complex relationship between human-induced
changes and vegetation response [87]. By refining and expanding the current research
approaches, a more comprehensive understanding of vegetation dynamics in response
to climate change and human activities can be attained. This knowledge is essential for
guiding effective environmental management, conservation strategies, and sustainable
development practices, ultimately contributing to the ecological stability and balance in the
Han River Basin and similar regions.

5. Conclusions

This study conducted an analysis of the spatial-temporal distribution and changing
trends of vegetation within the Han River Basin from 2000 to 2020, with a focus on NDVI.
Various landform zoning perspectives were employed for this analysis. Analytical tools
such as Theil–Sen trend analysis, Mann–Kendall significance test, Hurst index, and cor-
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relation were utilized to achieve this. The multiple regression residual analysis method
was primarily employed in this study to conduct a preliminary analysis of the impact of
climate change and human activities on vegetation NDVI in the Han River Basin. This
comprehensive approach provided a deeper understanding of the factors influencing vege-
tation dynamics in the Han River Basin during the study period. It is worth noting that
this study addressed these issues at the level of mathematical statistics. Further research is
essential to elucidate the underlying mechanisms and variations in the influence of different
periods. Therefore, forthcoming studies should consider a broader spectrum of factors.
These may include climate parameters (such as sunshine hours, radiation, relative humidity,
etc.), human activity data (urbanization, LUCC, etc.), and vegetation changes (NPP, EVI,
etc.). Additionally, employing more efficient methods will enable a more comprehensive
exploration of the impacts of climate change and human activities on vegetation dynamics.

(1) Between 2000 and 2020, the NDVI for vegetation in the Han River Basin exhibited a
consistent and overall increasing trend across various landform units. However, the
extent of NDVI growth varied due to the distinct sensitivity and characteristics of the
local natural environment. Notably, the most significant increase in NDVI was ob-
served in low-relief mountain regions, demonstrating the heightened responsiveness
of vegetation in these areas. On the other hand, the plain and platform vegetation
exhibited lower growth rates, specifically at 1.56% per decade and 2.93% per decade,
respectively. These values were below the average growth rate of the entire basin,
which stood at 3.78% per decade. These findings emphasize the differentiated re-
sponses of vegetation to changing conditions in different landform regions within the
Han River Basin. Understanding such variations is essential for effective ecosystem
management and conservation strategies in the region.

(2) In space, the distribution pattern of “decrease-increase-decrease” appears from south-
east to northwest. Low-altitude hills, middle-altitude hills, and low-relief mountains
show a greening trend with a larger percentage of vegetation. Of these, low-relief
mountains showed the best improvement in vegetation, and plains vegetation showed
the largest proportion of degrading trends, mainly with no significant downward
trend, comprising 19.54% of the total area.

(3) Upon analyzing the response of vegetation to climate factors, it is evident that the
spatial distribution of NDVI in the region exhibits positive correlations with pre-
cipitation, temperature, relative humidity, and average wind speed. Conversely, it
demonstrates a negative correlation with total solar radiation. Notably, the impact
of temperature on vegetation NDVI outweighs that of other meteorological factors,
signifying its greater significance in shaping vegetation patterns. Furthermore, the
response of vegetation NDVI to climatic factors vary across different geomorphic units
within the watershed. Specifically, in plains, platforms, and similar geomorphic units,
there is a significant negative correlation observed between vegetation NDVI and air
temperature, as well as average wind speed. In contrast, in hilly terrain, low-relief
mountains, and middle areas such as undulating mountains, a significant positive
correlation between vegetation NDVI and these climatic factors is evident (p < 0.05).
These findings emphasize the importance of considering the diverse geomorphic
characteristics of the region while understanding the complex interplay between
vegetation and climate factors. The positive correlation observed in certain areas
may be indicative of favorable conditions for vegetation growth, while the negative
correlation in other regions may signal potential stress on vegetation due to climatic
factors.

(4) The impact of both climate change and human activities on vegetation NDVI changes
in the Han River Basin exhibits significant spatial heterogeneity, predominantly mani-
festing as a promotion of vegetation growth. Notably, the influence of human activities
on vegetation NDVI changes outweighs that of climate change, indicating a more
potent effect. In the context of degradation, areas where vegetation NDVI changes
are driven by both climate and human activities, accounted for 4.77% of the total,
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with climate-related factors contributing to 2.46% and human activities accounting for
2.31%. On the other hand, areas influenced solely by climate factors accounted for
0.54%, while those solely driven by human activities constituted a more substantial
proportion of 16.22%. A noteworthy observation is that the regions where vegetation
NDVI improvement was primarily driven by human activities were predominantly
distributed across various landform units, including plains, platforms, and hills.
These findings underscore the complex interplay between climate change and human
activities in shaping vegetation dynamics within the Han River Basin. Moreover, they
highlight the dominant role of human activities in promoting vegetation growth and
indicate the necessity for targeted management strategies that consider both climate
change and human-induced impacts to ensure sustainable vegetation and ecosystem
management in the region.

(5) In recent years, the alterations in vegetation NDVI within the Han River Basin have
been primarily influenced by a combination of climate change and human activities.
Over the past two decades, climate change and human activities have contributed to
these changes at relative rates of 25.41% and 74.59%, respectively. Specifically, when
considering the vegetation improvement area of the Han River Basin, the respective
contributions of climate change and human activities to NDVI changes were 25.41%
and 74.59%. Conversely, in the vegetation degradation area, their contributions were
59.77% and 40.23%, respectively. These findings highlight that human activities play
a decisive role in shaping vegetation coverage in the Han River Basin. Considering
the implications for future vegetation protection and management, it is imperative to
not only acknowledge the positive impact of human activities, but also to address the
potential interference of climate change. Consequently, a comprehensive approach
must be adopted to sustainably manage the vegetation and ecosystem in the Han
River Basin.
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