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The Response of Composite Ecosystem Services to
Urbanization: From the Perspective of Spatial

Relevance and Spatial Spillover
Zhenyue Liu , Pengyan Zhang , Guanghui Li , Dan Yang , and Mingzhou Qin

Abstract—Ecosystems offer a wide array of benefits to support
human livelihoods and enhance the quality of life. Quantitative
evaluation of ecosystem services (ESs) is crucial for achieving the
goal of sustainable development. The Yellow River Basin has a large
population, and there are contradictions and conflicts in ecological
protection, resource utilization, and economic development, among
which the downstream region is the most prominent. However,
the ESs selected in the existing research are not comprehensive
enough, and there are also few studies that further focus on the
effects of urbanization on this basis. This article calculated seven
types of ESs based on the InVEST model and related methods,
and then constructed a composite ecosystem service index (CESI),
and studied its spatiotemporal evolution and response to urban-
ization indicators through bivariate spatial autocorrelation and
spatial metrological models. We found that from 1990 to 2020,
the CESI fluctuated and decreased with time, with a significant
positive spatial correlation but showed a weakening trend. There
were differences in the evolution process of the spatial correlation
between the CESI and population density, economic density, and
land development degree, but ultimately the spatial correlation
changed from positive to negative. In terms of spatial spillover ef-
fect, population density had a significant positive effect on the CESI,
land development had a significant negative effect, and economic
density had a weak spillover effect. This article provides a certain
reference basis for governments at all levels to formulate relevant
strategies for environmental protection and economic development.

Index Terms—Affected areas of the lower Yellow River
(AALYR), bivariate spatial autocorrelation, ecosystem services
(ESs), spatial Durbin model (SDM), spatial spillover.
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I. INTRODUCTION

THE climate problem with global warming as the main
symbol is the major problem facing mankind in the 21st

century, which has caused a negative impact on the economy,
society, and ecological environment of all countries [1], [2],
[3]. Climate change affects the way species interact with each
other and their habitats, thus changing the products and services
they provide to human society [4]. Ecosystem services (ESs)
are all kinds of ecological products or services that human
beings obtain from the ecosystem and its ecological process
directly or indirectly, which can provide strong support for
ecological planning management and environmental protection
decision making [5]. However, the expansion of built-up land
and population concentration caused by rapid urbanization has
brought huge pressure on the ecosystem [6]. Once the external
interference exceeds the acceptable level, it may cause problems,
such as habitat degradation and biodiversity reduction. The con-
tradiction between the high demand for ESs and the degradation
of ESs caused by urbanization is increasingly prominent [7].
Therefore, ESs have attracted more and more attention from
scholars and become one of the hot research topics in the world.

The research on ESs mainly includes the classification, as-
sessment, and impact factors of ESs. The classification of ESs
can be carried out from two aspects: function classification and
value classification. The initial research is to classify ESs based
on their own functions. Later, in order to evaluate the value
of ESs, the function is gradually transformed into correspond-
ing economic value for classification [8]. In terms of function
classification, many scholars have proposed different types of
classification. For example, Costanza is divided into 17 types
[9], and De Groot is divided into 4 categories and 23 subclasses
[8]. In terms of value classification, scholars have also conducted
a lot of discussions. Most of them believe that ecosystem service
value (ESV) includes use value and nonuse value, which can
be further subdivided into direct use value, indirect use value,
existence value, and heritage value [10], [11]. Based on the
classification of ESs, researchers have carried out various ESV
assessments at different scales, such as global [12], national [13],
and regional [14]. In addition to converting it into economic
value for evaluation, researchers have also developed evaluation
models, such as Integrated Valuation of Ecosystem Services
and Tradeoffs (InVEST), ARIES, and SoLVES for material
quality evaluation [15]. Among them, the InVEST model has
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been widely used because of its many evaluation modules and
more perfect development. It can quickly and accurately evaluate
the regional ESs and can well perform spatial visualization
[16], [17]. These studies are mainly on the supply side of ESs.
Scholars have also gradually focused on the demand side of
regional ESs [18]. Some scholars have selected Ess, such as
food supply [19] and water conservation [20], and calculated
their supply and demand relationship, and then evaluate the
level of regional ESs. Based on ESs assessment, some scholars
will analyze its influencing factors. The research shows that the
decisive factor of ES change is land use [21], and socioeconomic
factors and natural factors are also the key factors affecting
ESs change. Socioeconomic factors include population [22],
economy [23], urbanization [24], and policy [25], and natural
factors include terrain [26], temperature, precipitation, and other
climatic factors [27]. Through sorting out the existing studies,
it is found that the ESs assessment is mostly based on a single
service or a selection of multiple services to measure separately.
Building a composite ecosystem service index (CESI) for re-
gional ESs assessment is the main transformation direction of
current research. Compared with previous studies, this article
selects more comprehensive ESs to construct the CESI and
analyzes its response relationship with urbanization from both
spatial and quantitative perspectives.

China is undergoing an extensive and rapid urbanization
process. The rapid growth of population, expansion of urban
areas, and socioeconomic development have led to an increasing
demand for ESs, which has seriously affected the ecosystem and
its related services [28]. Therefore, it is necessary to measure the
regional composite ESs capacity and explore the impact of ur-
banization to provide a support basis for formulating reasonable
and targeted ecological environment protection and construction
measures. There are great differences in natural resource endow-
ments, population scale, and socioeconomic among different
regions, resulting in different ecological and environmental sit-
uations. Among them, the quality of the ecological environment
in the Yellow River Basin is directly related to the evolution
trend of China’s ecological security [29], [30]. The ecological
protection and high-quality development of the Yellow River
Basin have become an important national strategy; therefore,
the ecological protection of the Yellow River Basin is currently
a hot research topic [31]. The population in the basin is mainly
distributed in the lower reaches, and the economic development
is relatively fast. The rapid urbanization in the lower reaches of
the Yellow River Basin has made significant contributions to the
overall socioeconomic development of the basin, but it has also
exacerbated land-use/land cover changes and had a significant
impact on the ecological environment [32]. It is necessary to
evaluate the ESs of the region and analyze its response to the
urbanization process. Based on this, we take the affected areas
of the lower Yellow River (AALYR) as the study area, aiming at
building a CESI to evaluate the ESs function and its space–time
evolution characteristics; and exploring the spatial correlation
between urbanization indicators and CESI, and deeply analyzing
the spatial effect of urbanization indicators (see Fig. 1). On this
basis, it is expected to provide decision-making reference for
promoting the high-quality development of the Yellow River
Basin. At the same time, some major river basins in the world

Fig. 1. Research framework.

Fig. 2. Overview of the study area.

also face the same problem of coordinating ecological protection
and urbanization. Therefore, the results of this article can also
provide a theoretical reference for the development of other
similar regions.

II. MATERIALS AND METHODS

A. Study Area

The lower reaches of the Yellow River have a total length of
785.6 km and a total drop of 93.6 m, and a wide and flat river
course across the North China Plain. The landform is dominated
by plains, hills, and estuarine deltas. Therefore, the river slope is
small and the water flow is gentle, which leads to serious siltation
of the river and the gradual elevation of the riverbed. The region
is also one of the major grain-producing areas in the country. It is
one of the most important areas for agricultural production and
economic development in China. Considering the ancient flood
diversion, the agricultural irrigation needs, and the integrity of
the traditional irrigation areas and administrative divisions of the
Yellow River, this article defines the AALYR as 19 prefecture-
level cities, with a total area of 148 100 km2 [33], [34] (see
Fig. 2). In 2020, the population of the study area reached 125
million, the total GDP was 7.43 trillion yuan, and the average
urbanization rate was 58.60%. The process of urbanization was
advancing rapidly.

B. Data Sources

Based on related methods, we calculated the ESs of the AA-
LYR from 1990 to 2020 and collected data from the following
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TABLE I
DATA ATTRIBUTES AND SOURCES

sources, according to the input parameters required by each
module (see Table I).

Among them, land-use data are constructed through manual
visual interpretation using Landsat remote sensing images as
the main source of information. According to the classifica-
tion criteria of the website, it is divided into six categories
and used as the basic data for the calculation of the InVEST
model. Population density and GDP density data are spatial
grid data generated through spatial interpolation based on their
spatial interaction with land-use data, nighttime light remote
sensing data, and residential density data, respectively. The
DEM data adopt advanced spaceborne thermionic emission and
antiradiometer (ASTER) GDEM V2 data product, which is
calculated and generated based on the “ASTER” data, and is the
high-resolution elevation image data covering the global land
surface. The ordinary kriging interpolation method was used to
convert meteorological station data into spatial distribution data
and export it as a resolution of 1 km × 1 km of grid data. Raster
data were processed by “Extract by Mask” to obtain the data
of the study area. Subsequently, operations, such as “resample,”
“zonal statistics,” and “reclassify,” were carried out to ensure that
all types of raster data meet the needs of the model. The degree of
land development was obtained by calculating the proportion of
built-up land in the administrative area using land-use data, and
rainfall erosion factor, soil erodibility factor, habitat sensitivity
data, and other parameters were calculated through the model
guide and based on the above data.

In terms of selecting indicators to reflect urbanization, night-
time light remote sensing data have been proven to be effective
in quantifying the level of urbanization [41]. And we want to
further decompose urbanization into population urbanization,
economic urbanization, and land urbanization. Therefore, after
processing the nighttime lighting data through “zonal statistics,”
we calculated the Pearson correlation coefficients between it and
population density, GDP density, and land development level

Fig. 3. Pearson correlation coefficients between nighttime lighting data and
three indicators. (∗P < 0.05, that is, passing the test at the 5% significance level;
∗∗P < 0.01, that is, passing the test at the 1% significance level.).

(see Fig. 3). The results showed that the overall correlation
between them was significant. Although the early correlation
between population density and land development level was
not significant, the correlation gradually became significant over
time. It is appropriate to use population density, GDP density,
and land development degree to reflect the level of urbanization.

C. Methods

1) InVEST: The InVEST model is a set of model systems
to evaluate ES functions and their economic values [42]. The
InVEST model includes 20 main modules. This study used the
corresponding modules to quantify the following five types of
ESs: carbon storage, water conservation, water purification, soil
conservation, and habitat quality.

According to the classification of land use, the carbon storage
module provides statistics on the carbon density. It calculates the
sum to obtain the carbon storage of the region. The calculation
formula is [43]

Ct = Ca + Cb + Cs + Cd (1)
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where Ct is the total carbon storage of the basin, Ca is the above-
ground part, Cb is the underground part, Cs is the soil part,
and Cd is the dead organic part. Considering the availability of
data, this study only considered the following carbon pools: the
above-ground part, underground part, and soil.

The water conservation module estimates the water supply
based on the water balance. The main algorithm is [44]

Yxj =

[
1− AETxj

Px

]
× Px (2)

where Yxj is the annual water supply in unit x in landscape type
j (mm), AETxj is the annual actual evapotranspiration, and Px

is the annual precipitation

AETxj

Px
=

1 + ωx +Rxj

1 + ωx +Rxj + 1/Rxj
(3)

where AETxj

Px
is the ratio of actual evapotranspiration to pre-

cipitation, Rxj is the Budyko dryness index on grid x, and ωx

represents the ratio of the annual water demand of vegetation to
precipitation

ωx = Z × (AWCx/Px) (4)

Rxj = (kxj × etox)/Px (5)

where Z is an empirical constant reflecting the seasonal charac-
teristics of regional precipitation and is obtained according to the
model guidelines; AWCx is the plant water content of the grid;
etox is the potential evapotranspiration; and kxj is the ratio of
crop evapotranspiration ET to potential evapotranspiration etox
in different development stages.

The water purification module usually uses N and P nutrient
retention and output to characterize the degree of water purifi-
cation. The model was developed in two steps. First, the annual
average runoff for each plot was calculated using the model
water conservation module. Then, the pollutant interception in
each landscape plot was obtained based on the annual average
runoff. The calculation formula is given as follows [45]:

ALVx = HSSx × POLx (6)

where ALVx is the modified load value of x grid, HSSx is the
hydrological sensitivity, and POLx is the output coefficient.

The soil conservation calculates the soil erosion amount based
on the nature and vegetation protection and the actual soil erosion
amount. The formula is [46]

SD = RKLS − USLE (7)

where SD is the soil conservation amount, USLE is the actual soil
erosion amount, and RKLS is the potential soil erosion amount.

Quality is reflected by the size of the index in the range
[0, 1]. A higher value corresponds with better habitat quality.
The calculation formula is [47]

Qxj = Hj

[
1−

(
Dz

xj

Dz
xj + kz

)]
(8)

where Qxj refers to the habitat quality; Hj refers to the habitat
suitability; Dxj refers to the stress level; and k refers to the
semisaturation coefficient.

2) Other Modules: The food supply module is mainly based
on food produced by different land-use types [48]. It mainly
includes grains, oil plants, vegetables, fruits, and meat, and
combines the calories and edible proportions of various foods
to convert food output into energy. The calculation formula is
given as follows:

FSx =

K∑
k=1

C∑
c=1

Ackx × FSckx (9)

where FSx is the total food energy provided by area x, Ackx is
the area of food c in grid x (hm2), and FSckx is the supply of
the corresponding food c per unit area (kJ·hm−2). According to
(9) and the specific meaning represented by each parameter, the
supply of food c per unit area in a certain area can be calculated
as follows:

FSckx =
FSx∑K

k=1

∑C
c=1 Ackx

=
Yc × Ec∑K

k=1

∑C
c=1 Ackx

(10)

where Yc is the output of different food types, Ec is the calorie
content of different foods, and the other variables are the same
as those in (9).

Cultural services are not calculated using the InVEST model
but are instead based on the cultural service value equivalent
[49]. The formula is

CSj = E × V Cj (11)

where CSj is the cultural service value, E is the ESV equivalent
factor, and VCj is the cultural service value equivalent.

3) Analytic Hierarchy Process (AHP): The AHP is a mul-
tilevel weight analysis and decision-making method. It is a
simple, flexible, scientific, and practical method and can simplify
complex problems. Therefore, it is widely used in multiobjective
and hierarchical decision making [50], [51]. AHP can be used
to determine the subjective weight of each evaluation indicator
as follows.

First, a hierarchical structure is built using yaahp software
(https://www.metadecsn.com/). According to people’s recogni-
tion of the importance of each factor, a 1–9 scale method is used
to assign each factor to construct a judgment matrix.

Second, the subjective weight Wi of indicators is calculated
as follows.

1) The consistency indicator CI can be obtained by

CI =
λmax − n

n− 1
. (12)

2) The average random consistency index is determined ac-
cording to the RI value.

3) The consistency ratio CR is

CR =
CI

RI
. (13)

When CR < 0.1, it indicates that the consistency is reason-
able; otherwise, it is unreasonable, and the consistency check
must be performed again.

4) Spatial Autocorrelation: Spatial autocorrelation analysis
can reveal whether the distribution of spatial variables is related
to adjacent variables [52]. In this study, we analyzed the spatial

https://www.metadecsn.com/
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TABLE II
JUDGMENT MATRIX OF THE GENERAL OBJECTIVE LEVEL FOR EACH RELATED

FACTOR OF THE ELEMENT

correlation of CESI and its spatial response to the urbanization
indicators. The calculation method was given as follows [53]:

I =

∑n
i=1

∑n
j=1 Wij (xi − x̄) (yj − ȳ)

S2
∑n

i=1

∑n
j=1 Wij

(14)

where I is the spatial autocorrelation index; n is the number of
space units; Wij is the spatial weight matrix; xi and yj are the
observed values; and S2 is the variance.

The local Moran’s I is

Ii = zi

n∑
j=1

Wijzj (15)

where Ii is the local spatial relationship, and zi and zj are the
normalized values of the variances.

Four clustering modes can be formed, and the LISA map
formed from this can show the clustering characteristics. The
clustering mode can be divided into H–H area, L–L area, L–H
area, and H–L area.

5) Spatial Durbin Model: In the spatial econometric model,
the spatial lag model assumes that all explanatory variables in the
model will directly act on the dependent variables through the
spatial conduction mechanism. The spatial error model assumes
that the error term is the source of spatial interaction effects and
that the spatial spillover effects formed by regions are caused
by random shocks [54]. In the SDM, the dependent variable is
affected by not only the spatial lag term and exogenous variable
but also the lag term of the exogenous variable. The model
expression is [55]

Y = ρW y + θWx+Bx+ ε (16)

where ρ is the spillover effect value of the spatial element; Wy is
the spatial lag term of the explained variable; θWx is the spatial
lag term of the explanatory variable; B is the coefficient of the
explanatory variable; and ε is a random error item. The spatial
weight matrix is determined by the proximity criterion.

III. RESULTS

A. Spatiotemporal Evolution of CESI

According to the AHP calculation formula, a judgment matrix
of the CESI of the AALYR was constructed, and the weights of
the seven types of ESs were obtained (see Table II).

Fig. 4. Distribution of CESIs at city level from 1990 to 2020.

Fig. 5. Distribution of CESIs at grid scale from 1990 to 2020.

It can be seen from Table II that among the weights obtained
through the judgment matrix, the food supply and habitat quality
account for a relatively high proportion, 0.3076 and 0.3009,
respectively, while the weights of other services are relatively
low, and the results also pass the consistency test. Based on the
weights of various ESs in Table II, combined with the normalized
values of seven types of ESs on each grid, the spatial distribution
of the CESI at the municipal and grid scales in the AALYR from
1990 to 2020 is obtained (see Figs. 4 and 5).

Fig. 4 shows that the CESI in the AALYR has a downward
trend from 1990 to 2020. In 1990, the CESI of the study area
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was relatively high, and the CESI of Shandong Province was
higher than that of all cities in Henan Province, showing the
distribution characteristic of high in the northeast. The cities
with a composite index > 0.60 were in Shandong Province,
namely Heze, Jining, Tai’an, Jinan, Dezhou, and Liaocheng.
The composite index of most cities is in the range of 0.56–0.60,
while the composite index of Dongying is the lowest, 0.53. In
2000, the CESI of the study area decreased significantly, and
the index value of all cities was lower than 0.60. The number of
cities falling below 0.56 has increased. The composite index of
Dezhou, Jinan, Zibo, Puyang, Anyang, Hebi, and Jiaozuo is in
the range of 0.52–0.56, and the composite index of Binzhou and
Dongying has fallen below 0.52. The distribution characteristic
of the CESI in this year changed from high in the northeast
to high in the southwest. In 2010, ESs in the study area were
improved as a whole, and the composite index of most cities
increased. Among them, Kaifeng has the highest composite
index and is also the only city above 0.60. The vast majority
of urban CESI are still in the range of 0.56–0.60. Low-value
areas are concentrated in the northeast region, while Dongying
has the lowest composite index. In 2020, the CESI of the study
area turned to a downward trend, and the distribution character-
istics of high in the southwest are more obvious. In this year,
only the composite index of Zhoukou exceeded 0.60, and the
composite index of most cities was lower than 0.56, which was
mainly distributed in Shandong Province in the northeast of the
study area. Among them, the composite index of Zhengzhou,
Dongying, and Zibo was lower than 0.52.

It can be seen from Fig. 5 that the interannual difference of
the CESI in the AALYR from 1990 to 2020 on the grid scale
is also very significant. In 1990, the grid with a CESI value
> 0.60 accounted for a relatively high proportion. It was in
a large centralized distribution in the northeast of the study
area and distributed more in the southwest, but it was relatively
scattered, so it had the distribution characteristic of high in
the northeast. In 2000, the number of grids with CESI value
> 0.60 decreased significantly. The northeast region changed
significantly, while the distribution of high-value areas in the
southwest changed slightly. The CESI value of the grid in this
year is mainly in the range of 0.45–0.60. The low-value grid
was still mainly distributed in the coastal areas of Binzhou and
Dongying. In 2010, the number of grids with CESI value > 0.60
increased in most cities, and the distribution pattern changed
slightly. In 2020, the region with significant changes in the CESI
was still the northeast region, showing a downward trend. The
change in the southwest was weak, and the characteristic of high
in the southwest was more significant. At the same time, the
low-value areas showed an expanding trend. Among them, the
low-value areas in Zhengzhou, Jinan, and Zibo were relatively
concentrated, so their overall CESI was also low.

Table III presents that the I value of the CESI from 1990 to
2020 was positive. The I value decreased from 0.325 in 1990 to
0.306 in 2000, and then continued to decline to 0.292 in 2010.
Although it rose in 2020, it was only 0.294, showing a downward
trend during the study period. This shows that the CESI in the
AALYR had a positive spatial correlation, but the degree of
positive correlation showed a weakening trend.

TABLE III
GLOBAL SPATIAL CORRELATION OF CESI IN THE AALYR FROM 1990 TO 2020

Fig. 6. Spatial distribution of CESIs from 1990 to 2020.

Based on calculating the global correlation, the local spatial
autocorrelation characteristics of the CESI were analyzed by
LISA diagram (see Fig. 6). Fig. 6 shows that the aggregation
type of the CESI in the AALYR from 1990 to 2020 was mainly
H–H area, followed by L–L area, and the distribution of H–L
area and L–H area was very small. In 1990, a large area with a
high value of the CESI was concentrated in the northeast region.
Therefore, the area was mainly in the state of H–H aggregation.

The distribution pattern of aggregation types from 2000 to
2020 was relatively similar. Since the distribution characteristics
of the CESI became high in the southwest, the high-value areas
were mainly distributed in the southwest region, so the H–H
aggregation from 2000 to 2020 was mainly distributed in the
southwest region. There were also H–H clusters in the north-
east region, but the overall trend was decreasing. L–L clusters
were mainly distributed in Binzhou, Dongying, Jinan, Zibo,
and Zhengzhou. Among them, there was a decreasing trend in
Binzhou and Dongying, while the L–L clusters in Jinan, Zibo,
and Zhengzhou showed a continuous expansion trend, indicating
that their composite ESs have a negative transformation trend.

B. Correlation Analysis of CESI

We reflected the overall urbanization level using population
density (PD), economic density (ED), and land development de-
gree (LD). The spatial association results are shown in Table IV.
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TABLE IV
GLOBAL STATISTICAL VALUE OF CESI AND URBANIZATION INDEX

FROM 1990 TO 2020

Table IV presents that Moran’s I between the CESI and
population density, economic density, and land development
degree in the AALYR from 1990 to 2020 has changed from
positive to negative, but there were differences in the evolution
process. In 1990, Moran’s I between the CESI and the three
urbanization indicators was positive, of which the ED had the
highest positive correlation, reaching 0.30, followed by the PD,
0.15, and the LD had a weak positive correlation, only 0.01.
It shows that the CESI of the surrounding areas with high PD
and ED in the AALYR in this year was also relatively high,
while the impact of LD on the CESI was small. In 2000, the I
value of PD changed slightly and still had a significant positive
correlation, while the I value of ED and LD became negative,
but only −0.01 and −0.04, and the spatial negative correlation
was weak. The I value of the three urbanization indicators
continued to decrease in 2010. The I value of PD in this year
was still positive, but only 0.02. The spatial positive correlation
was weak, and the negative correlation of ED was also weak.
The I value of LD decreased to −0.12, and the spatial negative
correlation was gradually significant. In 2020, the I values of the
three urbanization indicators became negative, and the I values
of PD, ED, and LD were−0.09,−0.15, and−0.12, respectively,
indicating that the spatial negative correlation between the CESI
and urbanization indicators gradually became obvious, and the
negative impact of urbanization process on the improvement of
the CESI gradually increased.

To further explore the spatial correlation between the CESI
and the urbanization index of the AALYR from 1990 to 2020, a
LISA distribution map was obtained (see Fig. 7).

Fig. 7 shows that the CESI and urbanization indicators from
1990 to 2020 had significant spatial aggregation, but there were
significant differences between the spatial distribution of PD,
ED, and LD aggregation types. This is mainly due to the dif-
ferences in the data dispersion range and spatial aggregation
of the three urbanization indicators in the study area. There
are significant differences in population density and economic
density between regions, and the aggregation of high-value
regions is more significant. In terms of PD, in 1990, the H–H area
was widely distributed, mainly in Jinan, Jining, and Zhoukou,
but it was mostly adjacent to the L–H area. The H–L and L–L
areas were mainly distributed in Binzhou and Dongying in the
northeast. In addition, there was also a small amount of distribu-
tion in Dezhou, Zibo, Jining, and Xinxiang. From 2000 to 2020,
the aggregation effect continued to weaken, and the distribution
areas of various aggregation types continued to decrease, with
the most obvious reduction in the H–H area. H–L and L–L
areas still basically maintained their distribution pattern, and

Fig. 7. Spatial correlation distribution of the CESI and urbanization indicators
from 1990 to 2020.

L–H areas were gradually expanding in Zhengzhou, Jinan, and
Zibo, so the overall spatial negative correlation was weak. In
terms of ED, the existing aggregation types were mainly H–L
and H–H areas. In 1990, the H–L area was widely distributed
in the southwest region and in the northeast. The H–H area was
mainly distributed in Jining, Jinan, and Zibo. From 1990 to 2010,
H–H area and H–L area showed a trend of first shrinking adjacent
to H–H area, and L–L area was adjacent to H–L area. In 2020,
the H–H area was significantly reduced. The study area was
mainly the H–L area, which was distributed in a small area in
many cities. At the same time, the L–L area was still adjacent
to it. The L–H area was mainly distributed in Zhengzhou, Jinan,
and Zibo. In terms of LD, compared with PD and ED, the
aggregate type distribution between the composite index and LD
in 1990–2000 was less, mainly distributed in the H–L and L–L
areas, and the spatial correlation was not significant. From 2010
to 2020, the L–H region continued to expand, and the distribution
characteristics of other aggregation types changed slightly, so its
spatial negative correlation gradually became significant.

C. Spatial Spillover Effects

After the model test and effect selection, the SDM model
under individual fixed effect was selected to explore the impact
mechanism and spatial effect of urbanization indicators on the
CESI (see Table V). Table V presents that the absolute values
of the indirect effects of the three urbanization indicators were
greater than the direct effects, indicating that there was a large
spillover effect in space, with spatial linkage. The direct and
indirect effect coefficients of PD were both positive, 0.099 and
0.423, respectively, which had a weak positive impact on the
local area but had a significant positive spatial spillover effect.
The increase in population density may come from the increase
in the scale of the local population, but it also includes the
population that has migrated from other regions. This may mean
that the population scale of neighboring areas will decrease,



LIU et al.: RESPONSE OF COMPOSITE ESs TO URBANIZATION: FROM THE PERSPECTIVE 8211

TABLE V
SPATIAL SPILLOVER EFFECT OF URBANIZATION INDICATORS

and the pressure on the ecosystem will also decrease, so the
population density has a positive spillover effect. The direct
effect of ED was negative, but the indirect effect was positive,
indicating that it had a negative impact on the local CESI and
a positive effect on the neighboring areas, but the total effect
coefficient was only 0.051, which had a weak impact. The direct
and indirect effect coefficients of LD were −0.184 and −0.345,
respectively, which had a significant negative impact on the CESI
of local and adjacent areas. On the one hand, it may be due to
the existence of demonstration effects of land development. The
increase in the degree of local land development may lead to
increased land development efforts in adjacent areas, resulting
in a negative impact on ESs. On the other hand, the construction
materials used for regional land development may need to be
supplied by other regions, which will affect the ecological envi-
ronment of adjacent regions by affecting resource consumption
and industrial production processes.

IV. DISCUSSION

This article calculates seven types of ESs and then constructs
a CESI to analyze the space–time evolution characteristics of
ESs in the AALYR from 1990 to 2020, and explores the spatial
spillover effect of urbanization indicators on the CESI, which
can provide support for the formulation of ecological construc-
tion policies in the region.

In this article, seven types of ESs in the AALYR from 1990
to 2020 were calculated by InVEST model and related methods.
InVEST model has been widely used on different scales, and
its reliability has been verified. It has good effect in analyzing
the spatial characteristics of ESs [56]. Therefore, the InVEST
model is selected in this article to calculate single ESs, which
is convenient for spatial visualization. Natural processes and
human activities often interact strongly in river basin areas and
provide many important services, such as irrigating cultivated
land, nourishing vegetation, and maintaining biodiversity [57],
[58]. At the same time, the river basin is also a key area to
ensure ecological security. However, facing the dual pressure of
fragile ecological conditions and unreasonable human activities,
it will face many ecological and environmental problems [59].
Therefore, the research on ESs in the basin area has become a
rising research hotspot. This article enriches the research on ESs
in the basin area.

Based on the calculation of the single ESs, the CESI is con-
structed by the AHP to evaluate the overall ESs in the AALYR.
In the previous studies, the evaluation of the overall regional
ESs level was mostly calculated by the equivalent factor method,
which is convenient to obtain the total value of regional ESs [60].
However, the distribution pattern of ESs in this type of research is
mainly determined by the land use in the study area. At the same
time, the weight of various ESs cannot be adjusted according
to the relative importance of single ESs in the study area. In
comparison, based on considering land-use changes, we also add
factors, such as terrain, precipitation, and evapotranspiration,
to the impact of ESs, which relatively reduces the deviation
between the spatial distribution results of ESs and the actual
distribution characteristics, and determine the different weights
of ESs by comparing their relative importance to each other.
Scholars have carried out relevant research on the CESI [61],
[62], but by comparison, the ESs selected in this article are more
abundant, which can relatively more comprehensively evaluate
the regional composite ESs.

In terms of the correlation between urbanization indicators
and CESI, PD, ED, LD, and CESI have significant spatial corre-
lation, which is as good as previous research results effect [63].
We found that PD has a significant positive effect on CESI based
on the SDM. This is mainly because our research period began
in 1990 when the population density in the study area was still
low and continued to grow. Some scholars have found that when
the regional PD is lower than a certain threshold, socioeconomic
and ecological systems can develop together [64]. The spatial
correlation changes between the two obtained in this article also
verify the existence of the threshold, and the positive correlation
has gradually decreased and eventually evolved into a negative
correlation. Therefore, the positive effect obtained in this article
only represents the overall situation during the research period,
but if only the latest year is selected for spatial metrological
analysis, it is likely to have a negative effect. At the same
time, in terms of spatial distribution, the regions where the
CESI and three urbanization indicators show L–H aggregation
are also expanding in Zhengzhou, Jinan, and Zibo, which are
also the regions with relatively high population scale and rapid
socioeconomic development in the study area, indicating that
they have exceeded the reasonable threshold. There is a negative
spatial correlation between the CESI and the degree of LD,
which is consistent with previous studies. Peng et al. [65] found
that there is a negative linear relationship between LD and total
ESs. Other major river basins in the world, such as the Yangtze
River Basin, the Nile Basin, and the Amazon Basin, are areas
of population and socioeconomic aggregation, and may also be
experiencing rapid urban expansion. The natural environment
and ecological functions of these watersheds will be affected by
urbanization, and the spillover effects of urbanization indicators
obtained have a certain reference value for their urbanization
development policies.

Based on the above discussion, we put forward some policy
recommendations.

1) Rationally regulate the population scale in areas with high
PD. The low-value area of the CESI shows an obvious
expansion trend in Zhengzhou and Jinan and other cities



8212 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 16, 2023

with high PD. It is necessary to reasonably regulate its pop-
ulation scale and spatial distribution so that the ecosystem
and social economy can develop together.

2) We need to promote land urbanization in an orderly man-
ner. With the continuous expansion of built-up land, the
pressure on the ecological environment is increasing, and
there is a negative spatial spillover effect. Therefore, the
ecological red line should be set according to the ecologi-
cal carrying capacity, and the area of built-up land should
be strictly controlled.

3) Break administrative boundaries, realize coordinated gov-
ernance of inter-regional ecosystems, implement the sys-
tem and mechanism of ecological linkage and protection
cooperation between administrative boundaries, and pro-
mote regional sustainable development.

This article constructs a CESI by measuring seven types of
ESs to evaluate the overall ESs in the AALYR. Compared with
the separate evaluation of multiple types of ESs, it can more
comprehensively evaluate the regional ESs’ functions, but there
are still some deficiencies. When using the InVEST model to
calculate single ESs, some parameters need to be continuously
adjusted according to the actual situation of the study area to
select the optimal parameter values. This article also carried out
a certain degree of experiments to determine the relatively more
appropriate parameter values. However, according to the choice
of data sources and the different number of experiments, there
should be room for further adjustment so that the calculation
results are more consistent with the actual situation. In future
research, based on building the CESI, we will deeply analyze the
tradeoff and synergy between various ESs, and more specifically
explore the impact of single ESs on the evolution of composite
ESs.

V. CONCLUSION

Watersheds generally have complex ecosystem structures,
which are closely related to human production and activities,
and are easy to cause changes in watershed ESs. We found that
the CESI in the AALYR gradually changed from high in the
northeast to high in the southwest from 1990 to 2020, and there
were significant differences in the changing trend between the
years. At the same time, the CESI has a significant positive
spatial correlation but shows a weakening trend. In terms of
the correlation with urbanization indicators, the relationship
among CESI and PD, ED, and LD has changed from positive
spatial correlation to negative spatial correlation, but there are
differences in the evolution process and spatial distribution of
aggregation types. In terms of spatial spillover effect, there are
significant differences among the three urbanization indicators.
PD has a positive spillover effect on the CESI, and LD has a
significant negative spillover effect. ED has a weak positive
spillover effect overall.
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