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In this paper, the original RSEI model (including greenness index, humidity index,
heat index and dryness index) and their contribution rate (%) are used to evaluate
the change of ecological environment. To study how natural and anthropogenic
changes in ecological environment affect ecosystem function and how these
factors interact, CASA model was used to estimate the correlation between the
net primary productivity of vegetation (NPP), population density and land use.
This could reveal the influence factors of ecological environment change in the
Wanjiang River Basin from 2000 to 2022. The results show that the combing RSEI
and CASA models can effectively show the spatial-temporal variation and spatial
distribution of NPP of vegetation in Wanjiang Basin. During this period, RSEI of
the basin showed an overall upward trend, and the RSEIl increased by about 0.1/
10 a. The vegetation productivity in most areas was gradually improved, the
ecological environment was restored, and the ecological environment quality
was gradually improved. The average annual NPP simulated by CASA was
266.81 g C-m2-a’L The variation trend of NPP in vegetation showed a slight
decrease, but the overall NPP level was basically unchanged. There is a significant
correlation between NPP and population density, a negative correlation between
NPP and population density areas such as city centers, and a positive correlation
between NPP and population density in areas with frequent agricultural activities.
From 2010 to 2020, there is a significant positive correlation between population
density and land use.
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1 Introduction

Wanjiang River Basin is an important part of the Yangtze River
Economic Belt and the mother river of Anhui Province. It has complex
topographic features, changeable climate, and rich vegetation types. In
recent years, the Wanjiang River takes the ecological protection of the
basin as the priority and the green and efficient development as
the lead, so it needs the support of research and technical means in
the corresponding policy call. It is particularly important to protect the
ecological environment and explore the influence of various factors on
the ecological environment (Xiong et al., 2021). In conclusion, it needs
to continuously strengthen environmental protection, develop
environmental monitoring technologies, and establish evaluation
systems, evaluate habitat indicators, and provide scientific evidence.
At present, the emerging remote sensing and GIS technologies have the
advantages of large monitoring range, wide space-time dimension, fast
data processing speed, accurate mapping, etc., and are the best choice
for ecological research technologies (Jing et al., 2020).

The ecological index (RSEI) based on remote sensing uses four
environmental factors to reflect the regional ecological
environment, in which the dryness index represents the pressure
caused by human activities on the ecosystem (Xu, 2013; Shan et al.,
2019; Jing et al,, 2020). The index of ecological state before and after
anthropogenic land surface change was measured by vegetation
greening index. Surface temperature and humidity are used to
represent surface moisture and surface heat indicators respectively
(Jiang et al., 2022), reflecting the response of climate change to the
change of ecosystem status. RSEI is based on the “Pressure-State-
Correspondence” framework and Principal Component Analysis
(PCA) to evaluate the ecological quality of a region. RSEI has been
widely used to evaluate the ecological quality of environments, for
example, Ji et al. studied the land use and ecological quality of the
Beijing-Tianjin-Hebei region by using RESI in combination with
MODIS data (Ji et al., 2023), Kang Senyuan in his study of carbon
emissions in Chengdu City applied remote sensing ecological
indices in combination with landscape pattern to evaluate the
ecological quality of Chengdu City (Kang, 2024), Gong et al. used
RSEI to study the spatial and temporal changes and driving factors
of ecosystem quality in the Loess Plateau of Shanxi Province (Gong
et al., 2023).Therefore, RSEI is conducive to the quantitative
evaluation of changes in ecological environment quality on a
regional scale (Ning et al., 2020). However, for the Wanjiang
River Basin, due to the complexity and diversity of influencing
factors, the indicators selected by RSEI are insufficient, and the
evaluation results cannot truly and comprehensively reflect the
ecological environment quality of the region (Jing et al., 2020; An
et al, 2022; Yang et al, 2022). In order to meet the need of
comprehensive consideration of ecosystem, this paper proposed
an improved RSEI model based on the improved CASA model,
introduced the net primary productivity of vegetation (NPP) index
on the basis of the original model, and used the improved RSEI
model to evaluate and analyze the ecological index of this basin
from 2000 to 2022. In addition, this paper analyzed the temporal
and spatial characteristics of this basin and the correlation with
climate factors, population density and land use, and discussed the
impact mechanism and factors on the ecological environment of the
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basin from different perspectives (An et al., 2022), which will help to
reveal the characteristics of the impact factors and changes of the
ecosystem in this region. It provides a feasible way for the
construction of habitat civilization and green and low-carbon
development in the Wanjiang River Basin (IHu and Xu, 2019;
Boori et al.,, 2021; Zhang et al., 2021).

Factors affecting the ecological environment are mainly divided
into natural and social factors (An et al., 2022). The net primary
productivity of vegetation reflects the impact of natural evolution
on the natural environment and is an important index to
comprehensively reflect vegetation productivity and energy
conversion rate, as well as an important ecological index to
measure the carrying capacity of terrestrial ecosystem and
evaluate its sustainable development (Yuan et al., 2006). The net
primary productivity of vegetation refers to the net amount of
organic carbon fixed by photosynthesis per unit area in a unit time,
which is the total organic matter produced by plant photosynthesis
minus the total organic matter consumed by plant respiration.
There are many methods to evaluate the net primary productivity of
vegetation, such as measured method and light energy utilization
model (Givati et al., 2016; Hang et al., 2020), and each has its own
advantages and disadvantages, so it is necessary to select
appropriate methods according to different purposes and
conditions. At present, Remote Sensing (RS) and Geographic
Information System (GIS) technologies, combined with vegetation
index, meteorological data, and soil data, are used to establish NPP
estimation models of different scales. Dynamic monitoring and
analysis of global or regional NPP is possible; Gao et al. explored the
spatial-temporal pattern of NPP and its correlation with various
related climate factors (Gao et al., 2017). Scientists measured and
compared NPP of different types of vegetation communities or
ecosystems by exploring the response and feedback mechanism of
NPP to global change and using field observation data (Yuan et al.,
2006; Zhang et al., 2011; Wang et al., 2017; Xi et al,, 2022). The
relationship between NPP and vegetation structure, climate, biome
and other factors was revealed (Bondeau et al., 1999; Schloss et al.,
1999; Yuan et al., 2006). Xi et al. improved the traditional Carnegie-
Ames-Stanford Approach (CASA) model by using the data of the
Chinese ecosystem research network. After comparing the NPP
estimation accuracy of the two-leaf model and the optimized CASA
model on relevant data, they selected the optimized CASA model
with more advantages (Cao et al., 2017; Xi et al., 2022). Based on the
NPP (Yuan et al., 2006; Zhang et al,, 2011; Cao et al.,, 2017)of
China’s land use data assessment and monitoring in the study area,
the improved CASA model was adopted in this paper to estimate
the net primary productivity of vegetation in the Wanjiang River
Basin. The study of vegetation net primary productivity is of great
significance for understanding the global carbon cycle, evaluating
ecosystem services, and formulating sustainable development
strategies (Luo et al., 2012; Vackar et al., 2012).

The relationship between population density and land use
reflects the impact of human activities on natural environment,
resource allocation, ecological services, urban planning, and other
aspects (Shan et al, 2019; Yuan et al, 2021). Gianni Guastella
explored the relationship between land use and population density
at urban scale and analyzed the impact of land use and population
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density on urban environment and society (Guastella and Pareglio,
2017; Venkatesh and Velkennedy, 2024). Baskaran Venkatesh et al.
explored the significance and role of land use and population
density on the realization of sustainable development goals
(Venkatesh and Velkennedy, 2024). Venkatesh and Velkennedy
studied the spatialization of main population data and the
relationship between land use change and population change
(Venkatesh and Velkennedy, 2024); Jiang et al. explored the
spatial pattern of land use and population density (Jiang et al,
2022); Vackar et al. explored the influencing factors of land use and
population density (Vackar et al, 2012). These studies show
different perspectives and methods for the research on the
correlation between land use and population density, and have
achieved certain results and progress, which are of great significance
for revealing the essential law of man-land relationship, improving
land resource allocation, and promoting green construction
(Vackar et al, 2012; Yang et al, 2021). Using remote sensing
data, this paper analyzes the dynamic attitude of land use, the
average annual distribution of population density, and the
population density of different regions to explore the correlation
between population density and land use.

This paper takes the Wanjiang River Basin as the research area,
Wanjiang River Basin is closely related to the Yangtze River Delta,
the economy develops rapidly, and the prospect is broad. However,
with the advancement of urban industrialization, environmental
problems are becoming more and more severe. The reduction of
cultivated land and forest land area and industrial pollution are not
small challenges to the Wanjiang River basin. Therefore,
meteorological data, Normalized Difference Vegetation Index
(NDVI), land use and population density in this region were used
in this paper. Image preprocessing, NPP estimation, NPP and
population density trend analysis, correlation analysis and land
use type transformation analysis were carried out to evaluate the
ecological environment and influencing factors. The novelty of this
study is that the improved RSEI model based on the optimized
CASA model and the correlation coefficient method are used to
reveal the relationship between NPP and population density, and
between land use and population density in the Wanjiang River
Basin. The improved RSEI model adds CASA’ NPP index based on
the original, which makes the evaluation and analysis of each
ecological index of the basin ecological environment more
accurate. Compared with the traditional CASA model, the
improved model is more in line with the actual situation and
effectively improves the accuracy of the model. The method
combining RSEI model with NPP index is rarely used in the
Wanjiang River Basin. There is few research on the mechanism
and degree of influencing factors on the ecological environment of
the Wanjiang River Basin. Based on enriching the existing research
content, this paper provides a new idea for the study of ecological
environment quality, and the research results can provide a
scientific basis for the ecological environment protection of the
Woanjiang River Basin (Jiang et al., 2021; Zongfan et al., 2023).

In summary, RSEI was first used to evaluate the change of the
ecological quality of the Wanjiang River Basin. Furthermore, the
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CASA model is used to reveal the impact of social and natural
factors for the change of ecological quality. Thirdly, the results
obtained by calculations, analyzing the relationship between NPP
and population density and land use, and discussion of the similarly
improved works of the RSEI are introduced in detail. Especially the
annual average NPP of the Wanjiang River is estimated based on
the improved CASA model, and the influence of natural evolution
on the ecological environment of the Wanjiang River Basin is
reflected by analyzing its spatial-temporal characteristics and
correlations with climate factors, population density and land use.

2 Materials and methods

2.1 Study area

As shown in Figure 1, the Wanjiang River Basin mainly refers to
the area along the Yangtze River on both sides of the Yangtze River,
located in the central and southern part of Anhui Province, between
115°45'~119°38'east longitude and 29°33'~33°12'north latitude.
Eight cities of the Wanjiang River Basin, including Chizhou City,
Angqing City, Ma’anshan City, Hefei City, Xuancheng City,
Tongling City, Wuhu City and Chuzhou City, are selected as the
research area in this study, which are mainly located in the basin
below Taihu Lake of the Yangtze River (Xu et al., 2023).

The basin area of Wanjiang is about 56,000 km?, accounting for
40.3% of Anhui Province. The terrain of the Wanjiang River Basin is
mainly mountainous and hilly, with fewer plains, and the population
is mainly concentrated in the riverbanks and plain areas. The region
is rich in water resources, with numerous rivers, lakes, and reservoirs.
Wanjiang River Basin is in the subtropical monsoon climate zone
with distinct four seasons temperature. The average annual
temperature is 15-17°C, with more rainfall, and the average annual
precipitation is between 1000mm and 1600 mm (Ju et al., 2010).

2.2 Data sources

The specific data sources for this study are detailed in Table 1. All
these data sources are publicly available from authoritative
organizations and can be used for scientific research and analysis to
provide a reliable data base. The study period is from 2000 to 2020, the
data of 2004, 2007, 2010, 2013, and 2016 were selected as representative
data for the calculation of NPP, the data of 2000, 2010, and 2020 were
selected as representative data for the land use and population density
in all areas of the Wanjiang River Basin, and the data of 2000, 2010, and
2020 were used as representative data for the RSEI and land use of the
key areas of the Wanjiang River Basin (Table 1). 2010-2022 data as
representative data (Table 1). The data were integrated and
preprocessed to make the spatial resolution and coordinate system
consistent with the other data, the spatial resolution of land use and
population density was 30mx30m, and the spatial resolution of the rest
of the data was lkmxlkm.The RSEI remote sensing imagery data
comes from the Earth Explorer (https://earthexplorer.usgs.gov/).
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FIGURE 1
Location map of study area.

2.3 RSEI evaluation model

RSEI is used to comprehensively reflect the ecological
environment status of the study area (Yue et al, 2019; Jing et al,
2020). RSEI index is based on the integration of four indices
closely related to human beings extracted from remote sensing
images and principal component analysis, so it avoids artificial
weighted calculation and is more reasonable. RSEI can visualize
the ecological environment of the studied region, to intuitively

TABLE 1 Data sources.

10.3389/fevo.2024.1422712

Chuzhou
Hefei oy
Ma’anshan
Wohu

Tongling

 Anging
| Chizhou >
Anhui river basin city

Hefei City
Anging City
Xuancheng City
Chizhou City
Chuzhou City

i, i Wuhu City

e 1 Tongling City

Ma’anshan City

feel the changes of ecological conditions. Specifically as in
Equations 1, 2:

RSEI = (W, D, G, T) (1)

RSEI = f(Wet, DNBSI, NDVI, LST) )

On the ENVI (Environment for Visualization of Images) 5.3
platform (https://www.envi.com), vegetation indices are typically
used with the Normalized Difference Vegetation Index (NDVI),

Representative Spatial
. Sources
year data resolution
https://www.zenodo.org/
Land utilization 2010-2015-2020 — 30mx30m record/
5816591#.ZFB3vtpByQR
RS
GIS WorldPop (https://
hub.worldpop.
Population density 2010-2015-2020 Person/km” 30mx30m hub.worldpop.org/
geodata/
summary?id=44824)
Monthly mean
temperature data at 1km 0.1°C
resolution for China
1km
Monthly precipitatifm https://
data at 1km resolution 0.1lmm data tpde.ac.cn/home
for China .tpdc.ac.cn/hc
2004-2007-2010-
CASA National high-resolution 2013-2016
surface solar W/m? 10km
radiation data
Monthly 1km vegetation
index (NDVI) spatial https://www.resdc.cn/
e - 1km
distribution data data.aspx?DATAID=254
for China
https://
RSEI NDVI/WET/NDBSI/LST | 2010-2016-2022 — 30mx30m
earthexplorer.usgs.gov/
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moisture indices are typically used with the Normalized Difference
Water Index (NDWTI), heat indices are typically used with the Land
Surface Temperature (LST), and DNBSI is the average value of
Normalized Difference Built-up and Heat indices. Difference Water
Index (NDWTI), the heat index usually uses Land Surface
Temperature (LST), and DNBSI is the average value of
Normalized Difference Built-up and Soil Index, and the indicator
data used were all taken from the indicator data used were all taken
from Earth Explorer (https://earthexplorer.usgs.gov/). The remote
sensing image locations were targeted by selected area vector maps,
and the row and column numbers of the desired data were selected
and filtered by controlling the cloudiness within 20%. The remote
sensing images of 2010, 2016, and 2022 were selected to do the
study, in the principle of selecting less clouds, so the remote sensing
image data were from Landsat 7, Landsat 8, and Landsat 9, and the
data were preprocessed, including radiometric calibration,
atmospheric correction, image fusion, image mosaicing, and
image cropping. And the data were pre-processed, including
radiometric calibration, atmospheric correction, image fusion,
image mosaicing, and image cropping. Analyze the changes of
each index, construct the remote sensing ecological index through
index synthesis, principal component analysis, and finally get the
RSEL which is located between [0,1], and the larger value represents
the better ecological environment quality.

2.4 NPP estimation based on improved
CASA model

Zhu et al. proposed to improve the CASA model based on the
previous ideas and optimized and improved the calculation
methods of photosynthesis and respiration (Zhu et al, 2006).
Analyzing the temporal and spatial characteristics and influencing
factors of NPP is helpful to reveal the function and service value of
vegetation ecosystem and provide scientific basis for ecological
protection and restoration. In the original model, the calculation
methods of photosynthesis and respiration are relatively simple, the
influence of soil temperature on the carbon cycle of the ecosystem is
ignored, the influence of vegetation type on the carbon cycle of the
ecosystem is not fully considered, and the spatial resolution is low.
By introducing more complex calculation methods, the influence of
soil temperature on ecosystem carbon cycle and vegetation type
factors, and improving the spatial resolution of the model, the
accuracy of the CASA model is improved, making it more in line
with the actual situation. The solar radiation data, vegetation type
data, and NDVI data were imported into GIS and ENVT, and finally
processed to obtain the raster data of the regional NPP. The NPP
calculation formula for the improved CASA model is shown in
Equations 3-7:

NPP(x,t) = APAR(x,t) X &(x,t) (3)

Where, APAR(x,t) represents the photosynthetically active
radiation absorbed by pixel x in t month (g C-mZmonth™), and
€(x,t) represents the actual light energy utilization rate of pixel x in t
month (g cMJ™h.
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The equation for calculating APAR is:

APAR = PAR x FPAR (4)

Where PAR is photosynthetically active radiation and FPAR is
photosynthetically active radiation absorption coefficient. FPAR
calculations were modified to include surface reflectance and
atmospheric correction factors:

FPAR(X, t) = aFPARNDVI + (1 - OC)FPARSR (5)

The calculation of light energy use efficiency € was modified,
and the influence of soil temperature and vegetation type was
introduced (Zhu et al., 2006):

S(X) t) = Emax X T£1 (X’ t) X TSZ(X’ t) X WS(X> t) (6)

Where, Te;(x,t) and Tey(x,t) represent the stress effects of low
temperature and high temperature on light energy utilization, We(x,
t) is the influence coefficient of water stress, and €., is the
maximum light energy utilization under ideal conditions.

2.5 NPP and population density change
trend analysis

Unitary linear regression analysis based on pixel is a method to
analyze the trend of land surface change by using remote sensing
image data. For each raster pixel, a single linear regression model is
used to fit its multi-year remote sensing index values to obtain its
change slope and intercept, as well as the significance test results of
the regression equation, to judge the surface change trend and
confidence of the pixel (Zhang et al., 2011; Wu et al,, 2022). This
method is used to evaluate the data changes and is used to indicate
the level of confidence in trend changes. In this study, the vegetation
NPP and population density of each grid in the Wanjiang River
Basin were analyzed every two years from 2004 to 2016.

Where Oy, represents the change trend of the research object,
and the unitis g C-m2a’l;iis the annual variable; X; represents the
value of the research object in the year i, and the unit is g C-m2a™".
When 6gp0.>0, it indicates that the research object shows an
improving growth trend, and when 8;,0<0, it indicates that the
research object shows a decreasing trend.

2.6 Correlation analysis between NPP and
population density

There is a correlation between population density and net
primary productivity of vegetation, so correlation analysis is
conducted to explore the close interaction degree between
population density and NPP. According to the NPP value of each
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pixel in the study area and the spatial population density, Pearson
correlation coefficient is used to represent the correlation between
the NPP of each pixel and the population density. Specifically as in
Equation 8 (Xi et al., 2022).

’:1 - (8)
S-S - )
i=1 i=1

Rxy =

In this study, Ryy is the correlation coefficient of the research
object; i is the annual variable; x; and y; are the values of year i
respectively. X and y respectively are the corresponding average
values; n is the study period.

2.7 Land use type analysis

Land use transfer matrix is a method to describe the
quantitative relationship between different land use types in
different periods (Garcia et al, 2011). It can reflect the change
trend and structure of land use in a region within a certain period
and provide data basis and theoretical basis for land use change
analysis and prediction (Garcia et al, 2011). The mathematical
expression is shown in Equation 9:

Sll SIZ cee Sln
So1 Sas oo Sop

Sij = )
Snl SnZ Snn

Where, i and j are the land use types before and after the
transfer, respectively, and Sj; is the area converted from class i to
class j; n is the number of land use types.

2.8 Land Use Dynamic Index

Land Use Dynamicity reflects the change degree of land use type
and its spatial distribution in a certain period. The dynamic attitude
of land use can directly reflect the change situation of different land
types, and the difference of scope and time span will present
different results.

Single land use dynamic attitude is an indicator that reflects the
rate of area change of a certain land use type within a certain time
(Gu et al,, 2023). Tt can help us analyze the increase or decrease of
various land use types, as well as the cause and impact of the change.
Specifically as in Equation 10:
Ub -

U“>< ! x 100 %
U, T °

a

K= (10)

Where T represents the duration of the study period. U, and U, are

the area of the area before and after the time span, and the change of K
value reflects the amount of mutual transformation of land use types.
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The dynamic attitude of comprehensive land use can represent
the overall land change in the study area (Liu et al, 2021). The
formula is as in Equation 11:

_ {ELALUH}

L=
< 2ZLL

Where LU; is the area of this type of land at the beginning of the
study, ALU;; is the area of the transformed land type, T is the

1
X — x 100 %

T (11)

selected period, and Lc is the calculated dynamic attitude of
comprehensive land use.

3 Results

3.1 RSEl model results

It was found that the mean value of the RSEI index in the study
area of this paper showed an increasing trend from 2010 to 2022,
indicating that the ecological environment in the study area has
gradually become better. Combining the changes of the four
indicators in the RSEIL from 2010 to 2022, the mean values of the
humidity indicator and the greenness indicator have increased, and
the mean value of the dryness indicator has decreased, which all
improve the quality of the ecological environment to a certain
extent, and although the increase of the mean value of the heat
indicator can reduce the quality of the ecological environment, in
general the three indicators are conducive to the improvement of
the quality of the ecological environment, which is in line with the
trend of the changes of the RSEI Index. This is consistent with the
trend of RSEI index.

The changes of key areas in the Wanjiang River Basin in the
past 12 years were compared and analyzed, and the spatial
distribution of RSEI in three phases in 2010, 2016 and 2022 were
shown in Figure 2. Overall, the ecological quality showed a process
of first deterioration and then good; In 2010, the ecological quality
was good in most areas of Wuhu City and Ma’anshan City, and the
poor and poor areas appeared in a large area of Tongling City and
existed along the Yangtze River. In 2016, the ecological quality
deteriorated further, and the areas with poor ecological quality
gradually increased, with the most significant changes in Wuhu City
and Ma’anshan City. By 2022, the areas with excellent ecological
quality will expand on a large scale. Except for the areas near the
Yangtze River Basin, the green area will increase significantly, and
the ecological environment quality will be significantly improved.
The areas with excellent ecological quality and good ecological
quality will expand significantly, especially in Tongling City.

Table 2 shows the area of RSEI of each grade and its percentage
in key areas of the Wanjiang River Basin. In 2010, the ecological
environment quality is mainly moderate and good, and by 2022, the
ecological environment quality is good and excellent, accounting for
61.56%. It shows that from 2010 to 2022, the ecological
environment quality has improved significantly, and the overall
environmental quality is becoming more and more perfect.
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FIGURE 2

RSEI index classification map of remote sensing data in each period: (A) the year 2010; (B) the year 2016; (C) the year 2022.

3.2 NPP estimation based on improved
CASA models

3.2.1 NPP spatial distribution characteristics

The results of the five years from 2004 to 2016 are shown in
Figure 3, from 2004 to 2016, the regional distribution of annual
NPP in the Wanjiang River Basin varies greatly. It can be seen that
the distribution pattern of the annual NPP in this Basin is lower in
the north and higher in the south, southwest and southeast borders
with the Yangtze River as the boundary. The main high-value areas
are in the north of Anging, Chizhou and the south of Xuancheng.
The high-value areas of Chizhou and Xuancheng are connected into
a belt, and the average annual NPP value of the whole Wanjiang
River Basin is 274.36 g C-m™a™" in this region. North of the Yangtze
River is the middle and low NPP value area, and most of them are
above and below the mean value, among which the NPP value in the
downtown area of Hefei is obviously low, the lowest is 64.9g C-m”
%.a’'. As a result of the analysis, the interannual variation of NPP in
the Wanjiang River Basin from 2004 to 2016 was not significant, the
overall NPP fluctuated but the amplitude was not obvious, with a
fluctuation range of 16.01 g C:m™>a'. The average annual NPP
ranged from 258.35 to 274.36 g C-m>-a™', with an average of
266.81 g Cm™2a™.

3.3 Change trend analysis of vegetation
NPP and population density

3.3.1 Spatial and temporal trends of NPP
(gC/m*-a)

The spatial and temporal variation trend of net primary
productivity of vegetation in the past five years was studied
according to the single linear regression analysis. From the
Figure 4A, it can be seen that the Slope ranges from -65.8504 to
52.9778. The green part of the Figure 4 represents a positive correlation,
indicating that NPP shows an increasing trend year by year; On the
contrary, the NPP of the red part shows a decreasing trend year by year.

As can be seen in Figure 4B, the total area of NPP growing in the
Wanjiang River Basin is 399,995,800 pixels, accounting for about
49.9% of the total pixels of the grid, and the area of NPP increase
slightly is 3513,704 pixels, accounting for about 43.9% of the
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Wanjiang River Basin. Most of them are densely distributed in
the northern area of the Wanjiang River Basin near Chuzhou City.
The area of NPP showed a significant growth trend of 19797 pixels,
accounting for only about 0.024%. The area of the Wanjiang River
Basin showed a decreasing trend of about 50.1%, and most of the
area was distributed in the southwest, middle, and southeast of the
Wanjiang River Basin, with a total of 40185978 pixels. The area of
NPP decreased slightly accounted for 46.7% of the total area of the
Wanjiang River Basin, while the area of NPP decreased significantly
accounted for 3.4% of the total area, most of which were scattered in
the boundary of the Wanjiang River Basin research area southeast
of Ma ‘anshan, the southern area of Anging City and the central
area of Hefei City. The above data indicate that the variation trend
of NPP of vegetation in the Wanjiang River Basin from 2004 to
2016 showed a slight decrease, but the overall NPP level remained
basically unchanged. The vegetation growth environment in
different regions may be improved or worsened, but the NPP in
the Wanjiang River Basin has remained stable for many years.

3.3.2 Temporal and spatial trend analysis of
population density

The population density changes trend of the Wanjiang River
Basin from 2004 to 2016 is shown in Figure 5; Table 3 is obtained
through statistical analysis. According to the calculation from
Table 3, the area with a growing trend account for about 31.8%
of the total area of the Wanjiang River Basin, and the area with a
significant increase trend is mainly concentrated in the central area
of Hefei city, accounting for about 1.96% of the total area of the
Wanjiang River Basin research area. This is because Hefei, as a
provincial capital city, has a developed economy, a high level of
urbanization, a large population inflow, and is also a member of the
Yangtze River Delta city cluster. The area with decreasing
population density accounts for 68.2% of the total area of the
Wanjiang River Basin, which is basically evenly distributed
throughout the whole Wanjiang River Basin, which should
consider the overall rural population transfer to urban areas, the
urbanization of agricultural population and the hollowing out of
rural areas. The area with a significant decreasing trend accounts for
about 1.86% of the total area of Wanjiang River Basin, scattered in
the Wanjiang River Basin. The temporal and spatial trends of
population density in the Wanjiang River Basin partly reflect the
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TABLE 2 Statistical for RSEI grade area and its percentage of remote sensing data in key areas of the wanjiang river basin from 2010 to 2022.

Moderate Excellent
(0.4-0.6) (0.8-1.0)
Area(km2) 1734.51 2883.69 3172.24 3092.47 993.39 11876.30
2010
Percent(%) 14.60 24.28 26.71 26.04 8.37 100.00
Area(km2) 1249.67 3904.01 3520.15 1836.97 1589.42 12100.22
2016
Percent(%) 10.32 32.24 29.07 15.17 13.20 100
Area(km2) 740.68 1395.14 2627.98 4403.14 3226.61 12393.55
2022
Percent(%) 598 11.26 21.20 35,53 26.03 100.00

general characteristics of population development in China, that is,
the population growth rate is slowing down, the urbanization level
is improving, and the population flow tends to be active. At the
same time, some problems have also been exposed, such as
unbalanced urbanization development and excessive
concentration of a small number of densely populated areas.

3.4 Correlation analysis between NPP and
population density

The spatial distribution of the correlation between NPP and
population density in the Wanjiang River Basin from 2004 to 2016
based on pixel scale is shown in Figure 6. The correlation statistical
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FIGURE 3

Spatial distribution of NPP in the study area.
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Spatial and temporal trends of NPP in the study area before and after reclassification: (A) before reclassification; (B) after reclassification.
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TABLE 3 Trends in population density from 2004 to 2016 in the
study area.

Variation trend Value Pixel number
significant decrease 1 14619

Slightly decrease 2 53565912

Slight increase 3 24868970

increase 4 86847

Significant increase 5 15416

analysis shows that the range of correlation coefficient between NPP
and population density is close to -1~1, and the spatial average
correlation coefficient is about 0.004. Through statistical analysis,
the positive correlation area is about 35,120km?, accounting for
49.9% of the total basin area, which is basically the same as the
negative correlation area. The area with significant positive
correlation is about 18.3% of the total area of Wanjiang River
Basin, and the area with significant negative correlation is about
17.4% of the total area of Wanjiang River Basin. The areas with
significant negative correlation were mainly distributed in Hefei and
Chuzhou, while the areas with significant positive correlation were

10.3389/fevo.2024.1422712

distributed evenly in Chizhou and Xuancheng, Anqing City and
Tongling City. These regions are mainly agricultural areas, and
densely populated areas are usually places where agricultural
production activities are more frequent. The climate in this region
is warm and humid, and the terrain is quite undulating, which is the
reason for the significant positive impact (Maloney et al., 2020).

3.5 Correlation analysis of population
density and land use

3.5.1 Analysis and results of land use

Previous studies on land use change indicated that in the
process of rapid urbanization both at home and abroad, land use
change would have a multi-faceted impact, including land cover
change, urban hardening, soil infiltration capacity change, urban
heat island and many other problems, thus affecting the quality of
urban ecological environment to a certain extent. In order to
explore whether the implementation of the planning has achieved
the expected results and what impact it has on the society, economy
and ecology of the city, this paper takes the key areas of the
Wanjiang River Basin as an example, combines remote sensing
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FIGURE 6

Spatial distribution of correlation coefficients between population density and NPP.
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data and land survey data, uses remote sensing and GIS spatial
analysis technology to conduct quantitative analysis of land use, and
scientifically evaluates the status quo of land use in the middle and
later periods (Ju et al., 20105 Lei et al., 2010; Maloney et al., 2020).

According to China’s national standard “Classification of Land
Use Status Quo”, the land use data were classified and divided into
cultivated land, forest, shrub, grassland, water area, unused land and
building land (Shan et al, 2019; Gu et al, 2023). As shown in
Table 4, the building land area and forest area in key areas of the
Wanjiang River Basin increased significantly during 2010-2022,
mainly due to the great reduction of water area and cultivated land
area, as well as the development and utilization of unused land. The
urban expansion in key areas of the Wanjiang River Basin from
2010 to 2022 is mainly completed on cultivated land.

From the data in Table 4, the construction area increased by
1287.09km?, with a change rate of 43.12%. The total area of forest land
increased by 2670.97km”, with a change rate of 98.32%. The area of
water area cultivated land and unused land decreased, and the change
rate of cultivated land and unused land was more than half.

3.5.2 Dynamic attitude analysis of land use

As can be seen from Figure 7, the spatial distribution changes of
land use in the Wanjiang River Basin in 2010, 2015 and 2020 are not
obvious from a macro perspective. Cultivated land is mainly
distributed in the north of the Yangtze River, while forest land is
mainly distributed in Anqing City, Chuzhou City and Xuancheng
City. The building land is distributed in Hefei City and the areas
along the river.

ENVI, the Environment for Visualizing Images, is a banner
product of ITT VIS Corporation in the United States. It is a fully
functional remote sensing image processing system developed based on
IDL interactive data language. It is an advanced tool for processing,
analyzing, and displaying multispectral data, hyperspectral data, and
radar data, and has been ranked number one by the U.S. Geographic
Intelligence Agency (NIMA) remote sensing software for many years.
The transfer area matrix of land use type can be used to calculate the
transfer area matrix of land use type.

As can be seen from Table 5, from 2010 to 2020, the land type
transfer area from high to low is cultivated land > forest > water area
> building land > grassland > unused land > shrub. The cultivated
land area decreased by 380.16 km?, the forest area decreased by
733.05 km?, and the building land increased by 1241.0717 km>. In
the past ten years, due to the acceleration of urbanization, a large
amount of building land has been transferred, and basically from
cultivated land and forest.

TABLE 4 Land use area of key areas in the study area from 2010 to 2022
based on remote sensing data for each period.

Building Water Cultivated Unused
Forest

land area land land
2010 | 2984.59 271638 | 918.93 6121.49 279.17
2016 | 323527 483773 | 74592 4003.39 203.92
2022 4271.68 538735 | 624.90 2613.72 133.73

(unit: km?).
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After calculating and excluding the unconverted land area, the
land dynamic data at three time points were obtained and the
Table 6 showed that from 2010 to 2015, only the building land and
water area increased, and the conversion rate of building land was
the largest. The area of other land types decreased in different
amplitude, among which the largest reduction was the unused land.
From 2015 to 2020, in addition to the overall construction land area
increased, the rest of the land area decreased, among which the
grassland area decreased the most.

Calculated by combining the land use dynamics, it can be seen
that the degree of land use change from 2015 to 2020 has increased
compared with that from 2010 to 2015, which means that the
change of land use in Wanjiang River Basin will evolve more
strongly with the development and time.

3.5.3 Effect of land use type on ecological
environment quality

The change of land use type has a very important impact on the
ecosystem, including a positive promoting effect on improving the
ecological environment quality and a negative effect on reducing
the ecological environment quality (Shan et al., 2019; Xiong et al.,
2021; Rai et al., 2023). The transfer into of forest land and water
area and the transfer out of cultivated land, building land and unused
land are conducive to improving the ecological environment quality.
The transfer out of forest land and water area, as well as the transfer
into of cultivated land, building land and unused land will reduce the
quality of ecological environment.

According to the above data analysis, the cultivated land area was
the largest in 2010, and the cultivated land ecosystem is related to the
development of biodiversity. The increase of cultivated land area means
that the use of chemical fertilizers and pesticides is increasing, which
further destroys the biodiversity and ecological environment balance of
cultivated land area, resulting in the decrease of the annual RSEI index
and the deterioration of ecological environment quality. From 2010 to
2020, in response to the policies of “green water and green mountains
are golden mountains and silver mountains” and “returning farmland to
forests”, the government has increased the area of forest land on a large
scale, which directly affects the quality of ecological environment. The
increase of green land area directly improves the ecological environment
of urban areas and strengthens the ecological environment level of the
whole Wanjiang River Basin region. At the same time, the increase of
building land will inevitably occupy the area of cultivated land and forest
land, which will have an impact on the urban ecological environment,
and the water area will be slightly reduced, and the unused land area will
be slightly increased. In conclusion, the increase of forest land is
conducive to soil and water conservation, environment improvement,
climate regulation, etc., and the ecological environment quality gradually
becomes better from 2010 to 2020, which is consistent with the analysis
results of remote sensing ecological index.

3.5.4 Average annual analysis of population
density distribution

Population density images reflect the density of population
distribution within an area (usually a country, province, city, etc.).
Different colors represent different ranges of population density. By
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FIGURE 7

Spatial distribution of current land use.

TABLE 5 Statistical results on land-use transfers in the study area from 2010 to 2020.

ger]lc’;ivated Grassland  Water area EL:]i(ljding
Cultivated land 38097.59 845.8083 0.0378 4.1364 509.0643 0.1422 1172.19 40628.97
Forest 1526.34 20696.9 0.198 1.0215 1.4877 0 52.1766 22278.12
Shrub 0.0351 0.648 1.0233 0.2088 0 0 0 1.9152
Grassland 6.7878 0.9414 0.0351 5.3289 0.3465 0.2178 7.8381 21.4956
‘Water area 613.5318 0.7668 0 0.0144 4632.963 0.1845 51.2118 5298.673
Unused land 0.3483 0 0 0.0621 0.2502 0.2709 0.4572 1.3887
Building land 4.1679 0.009 0 0.0009 38.6235 0 0 42.8013
Total 40248.81 21545.07 1.2942 10.773 5182.736 0.8154 1283.873 68273.37
(unit: km?).
TABLE 6 Statistical results of land-use dynamics in the study area for observing population density images, we can intuitively understand

2010-2015 and 2015-2020. the changing trend of population distribution in a certain region,

K, (2010-2015) K, (2015-2020) such as the 1mp.act o.f urbanization process on populfitlo.n de.:nsrty.
As shown in Figure 8, the average annual distribution of

Cultivated land -0.100% -0.087% population density in the Wanjiang River Basin from 2010 to
Forest -0.589% -0.071% 2020 has significant characteristics. Areas with high population
density are mainly concentrated in industrialized and urbanized
Shrub -4.615% 2.431% ] }
areas, and other urban centers are only scattered, while areas with
Grassland -3:022% -8.192% low population density are usually located in rural or remote areas.
Water area 0.682% -1.083%
Unused land 7.647% 0.588% 3.5.5 Analysis of population density by class
The correlation coefficient method is used to study the
Building land 3.469% 2.410% ) .
processed population density data and land use data to ensure
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FIGURE 8

Average annual distribution of population density in the study area from 2010 to 2020.

that the data from different sources maintain a uniform spatial
reference and resolution. ArcMap was used to calculate the relevant
population density values for major land use types, and grid
calculator and Con function were used to generate a new grid
layer for each land use type, as shown in Figure 9, which contained
the population density values of various categories.

The population density of building land cultivated land and forest
land within the study period were statistically analyzed respectively.
After completing the sectional statistics, it can be seen that the
population of cultivated land decreased segment by segment, the
population of forest land decreased segment by segment, and the
population of building land increased segment by segment.

According to Pearson correlation coefficient analysis, there is
obvious mutual transformation between cultivated land area and
building land area. The cultivated land area was positively
correlated with the population density of cultivated land. There
is a negative correlation between the building land area and
the cultivated land population, which means that with the
transformation of cultivated land into construction land, the
population also gathers in cities and towns, and the cultivated
land population decreases accordingly. The cultivated land
population and the building land population both ebb and flow,
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but according to the current development situation analysis, more is
the rural population to urban population transformation.

4 Discussion

Although the remote sensing ecological index has been proved
to be the most effective method for monitoring environmental
quality, there are still shortcomings in its application for regions
with different characteristics, so many scholars have made
corresponding improvements for different regions. For example,
Wang Jie et al. proposed the aridity remote sensing ecological index
in their study of Ulan Buh Desert, introducing salinity index and
land degradation index, replacing the original dryness index,
making it more suitable for application in desert areas (Wu et al.,
2022); Bai et al. added SMI and CO2 to the original arid zone
remote sensing eco-index to construct a revised arid zone remote
sensing eco-index (RSEI), which expanded the applicability of RSEI
in arid zones (Zongfan et al, 2023). Yuan et al. proposed an
improved remote sensing eco-index, incorporating the fact that
the atmospheric environment is highly affected by sand and dust, so
the indicator characterizing the quality of the atmospheric

frontiersin.org


https://doi.org/10.3389/fevo.2024.1422712
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Wang et al.

10.3389/fevo.2024.1422712

N
Population density of construction A Population density of construction A Population density of construction A
land in 2010 b land in 2015 land in 2020 £

3 Max:114506 ;
Max: 102436 “ Max:104598 Nidicico
-Min:0.70‘)203' Min:0.580704 %
'-,’
. ., .
L S L e e s e s A

N N N
Population density of cultivated land in 2010 A Population density of cultivated land in 2015 A Population density of cultivated land in 2020 A

Max:102436 Max: 104598
M 1in0.377759 it} M iin:0.580704 KA

Max:114505
.Min:0.476169

125 25 50 75 100 125 25 50 7510
e — — - — — 05

0 125 25 50 75 100 125 25 5 75 100 125 25 50 75 100 B
Forest land population density in 2010 A Forest land population density in 2015 l Forest land population density in 2020 l
Max:63706.1 Max:66051.9 .Ma\:(ﬂl 14.3
Min:0.999306 . Min:0.526938 Min:0.092189

125 25

FIGURE 9

population density in Wanjiang River Basin in 2010, 2015 and 2020: (A) building land; (B) cultivated land; (C) forest land.

environment was introduced (Yuan et al., 2021). When studying the
Loess Plateau, Shi et al. proposed replacing the vegetation index
with a fluorescence remote sensing ecological index constructed by
using month-by-month synthesized solar-induced chlorophyll
fluorescence data during the vegetation growth period as a
monitoring index for the greenness factor in view of the arid and
semi-arid characteristics of the region (Shi et al., 2023). Liu et al.
proposed a new ecosystem evaluation method, GISEI, based on
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RSEI to evaluate and predict the ecological quality of the Xi’an
region by using the respective advantages of remote sensing and GIS
(Liu et al,, 2021). All the above are the improvements of RSEI by
researchers, and the novelty of this paper is the introduction of NPP
index. Many scholars have also developed new remote sensing
indices for the characteristics of the study area, for example, Yu
et al. investigated the application of environmental ecological
indices in urban ecology and created the Ecological Livability
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Index (EII), which includes greenness, temperature, dryness,
humidity and atmospheric turbidity (Yu et al., 2024). Zhang et al.
created the Urban Ecological Comfort Index (UECIIMP) to study
the urban ecological environment, which consists of four remotely
sensed indices, namely greenness, dryness, heat and atmospheric
turbidity (Zhang et al, 2023). So future studies can improve on
these newly developed remote sensing indices according to
local characteristics.

5 Conclusions

This paper analyzed the RSEI data for the last 12 years to get the
results of the changes in the quality of the ecological environment, and
based on the climate data, NDVI, solar radiation and land use data
from 2004 to 2016, this paper estimated the annual NPP in the
Woanjiang River Basin according to the CASA model, and then
analyzed the spatial distribution and change characteristics, and
calculated the correlation coefficient between NPP and population
density by using the single linear regression method to obtain the
correlation spatial distribution data of the two. The land use data of
2010, 2015 and 2020 were selected, the transformation among different
classes was obtained by calculating the dynamic attitude of land use,
and the population density of each class was obtained by statistical
analysis. Finally, the correlation between the area of each class and the
population density was analyzed. The following conclusions are drawn:

From the results of the RSEI model in 2010, 2015 and 2020, it can
be found that the mean values of the RSEI index in the study area are
0.166, 0.168 and 0.299 respectively, with an overall improvement and a
rapid expansion of the areas with good ecological quality. From 2004 to
2016, the areas where the NPP was in an upward trend were centered
in the northern part of the Anhui River Basin in Chuzhou and its
surroundings, which indicates that the area has a good ecological
environment and potential ecological service functions. Hefei, on the
other hand, is in a slight downward trend. The distribution of
population density in the Anhui River Basin is remarkable,
concentrated in the center of Hefei City, along the river and other
urban centers. The areas where NPP is negatively correlated with
population density are concentrated in Hefei and Chuzhou, and the
areas where it is positively correlated are evenly distributed. The
analysis shows that population density has a certain impact on the
level of NPP, and the areas with the largest population density growth
in Hefei are also the areas with lower spatial distribution of NPP, and
with the increase of population density, the NPP also shows a small
downward trend. This reflects that Hefei pays attention to ecological
protection in its development, but it still needs to be strengthened.
There is a significant positive correlation between NPP and population
density in places with more frequent agricultural production activities,
such as Chizhou and Xuancheng. These areas have undulated terrain
and a warm and humid climate, and these natural factors also have
some positive impact on NPP and population distribution. The area of
high ecological value such as cropland and forest land in the Anhui
River Basin has been decreasing year by year, and the area of
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constructed land has been increasing significantly, leading to a
decrease in vegetation cover and a lower NPP of vegetation. The
area of construction land is negatively correlated with the area of
cultivated land and the population of cultivated land in the Anhui River
Basin. NPP in areas with extensive forested land area is perennially at a
high level, and the growth rate is not obvious. Hefei City has a decrease
in the area of cultivated green land, which leads to a decrease in the
level of NPP. With the increase of population density, urban expansion
and land development intensified the pressure on the ecological
environment. These changes reflect the combined influence of
natural and anthropogenic factors on the ecological environment of
the Wanjiang region, and the trend of vegetation NPP change in the
Wanjiang River basin shows a slightly decreasing level, but the overall
NPP of the Wanjiang River basin has remained stable for many years,
so the natural evolution has a lesser influence on the ecological
environment of the Wanjiang River basin. The influence of
anthropogenic factors on the ecological environment of the Anhui
River Basin is mainly reflected in the increase in population density,
urban development leading to an increase in building land, a decrease
in arable land and forests, and the transfer of building land all from
arable land and forests. The population of arable land decreases, the
population of forest land decreases, and the population of construction
land increases. Analysis of the current state of development shows that
there has been a greater transfer of rural to urban populations, thus
exposing the current problems in the Wanjiang River Basin, such as
uneven urbanization development and over-concentration of a small
number of densely populated areas.
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