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Abstract: Taking 736 counties in the Yellow River Basin of China as the research area, the compre-
hensive urbanization development level and ecosystem service capacity from 2000 to 2020 were
measured. Combined with spatial autocorrelation, the spatial pattern evolution characteristics of the
two systems in the Yellow River Basin were revealed. The spatio—temporal geographically weighted
regression (GTWR) model was used to analyze the spatio-temporal heterogeneity of the impact of
various elements of the system on urbanization and ecosystem service capacity. The results showed
that (1) the urbanization level and ecosystem service capacity of the Yellow River Basin were on
the rise but the urbanization level and ecosystem service capacity were low, while the spatial and
temporal heterogeneity was significant. (2) The two systems are positively correlated in space, and
the agglomeration characteristics are significant. The evolution trend of urbanization from an L-L
agglomeration area to an H-H agglomeration area is occurring gradually. The spatial change in the
ecosystem service agglomeration area is small, and the stability is strong. (3) The impact of ecosystem
services on comprehensive urbanization is enhanced by time, and the spatial ‘center—periphery’
diffusion characteristics are significant. (4) The influence of urbanization on the comprehensive
ecosystem service capacity is enhanced and shows the law of east-west differentiation in space.
There are obvious transition zones in the spatial heterogeneity interval of the interaction between the
two systems.

Keywords: urbanization; ecosystem services; spatial-temporal geographically weighted regression
(GTWR); spatio—temporal heterogeneity; Yellow River Basin

1. Introduction

China is the fastest developing country in the world regarding urbanization. The
urbanization rate of the resident population has increased by 46.8% from 1978 (17.92%) to
2022 (64.72%) [1]. The urban spatial expansion and large-scale population agglomeration
brought by rapid urbanization have caused multi-dimensional stress and even irreversible
degradation of the ecosystem. The relationship between urbanization and ecological factors
has aroused social concern [2]. In the 1960s, ecosystem services (ESs) were first proposed [3].
Urbanization is an important driving force affecting the trade-off and synergy of ecosystem
services [4], the supply—demand relationship [5], functional capacity change, and value as-
sessment [6]. Population agglomeration [7], urban land area expansion [8], urban-rural gap
change, urban-rural energy resource consumption [9], etc., have promoted the evolution of
the contradiction between the supply and demand of ecosystem services [10]. Domestic
and foreign scholars use data space overlay [11], the coupling coordination model [12], the

‘state—pressure-response’ model of the ecological environment [13], the gray correlation

model [14], and other methods to study the coupling coordination degree of urbanization
and the ecosystem. The STIRPAT model [15], the system dynamics (SD) model [16], the
interactive stress model [17], the geographical detector technique [18], the spatio—temporal
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geographically weighted regression model [19], the OLS least squares method [20], and
other methods are used to study the interaction between the single factors and multi-factors
of the system. Population urbanization is an important factor that disturbs changes in
the ecosystem. Macro policies to control urban spatial expansion can effectively reduce
ecological pressure. Scholars have explored the relationship and interaction mechanism
between urbanization and ecosystem services on the global, national, provincial, and mu-
nicipal scales and achieved good results. However, at the watershed and county scales, the
research depth needs to be strengthened. Some scholars have studied a single city and some
groups in the region for the counties in the Yellow River Basin [21], using the ecosystem
service value equivalent table to quantitatively analyze the ecological level of the basin [22],
but the relevant parameters lack regional characteristics. Strengthening the county scale of
the whole Yellow River Basin and exploring the response mechanism between the elements
of urbanization and the dimensions of ecosystem services from the spatial and temporal
dimensions are conducive to the ecological protection and high-quality development of
the Yellow River Basin [23]. This paper constructs a comprehensive index system of the
urbanization level in the Yellow River Basin, calculates the comprehensive urbanization
development level, uses the IN'VEST model to quantitatively measure the ecosystem service
capacity, and analyzes the temporal changes and spatial agglomeration characteristics of
the elements of the two systems in 736 counties in the Yellow River Basin from 2000 to
2020. The spatio—temporal heterogeneity of the interaction between ecosystem service
function and comprehensive urbanization development in the Yellow River Basin is ana-
lyzed by using the spatio-temporal geographically weighted regression (GTWR) model,
which provides a reference for urban development and ecological protection in the Yellow
River Basin.

2. Overview of the Study Area

The Yellow River originates from the Bayan Har Mountains on the Qinghai-Tibet
Plateau and flows through nine provinces (autonomous regions): Qinghai, Gansu, Sichuan,
Ningxia, Inner Mongolia, Shaanxi, Shanxi, Henan, and Shandong. It is located between
32°6'53"” N—41°48'18" N and 95°50'29" E-119°06'53" E [24], with a total length of 5464 km
and a basin area of about 3.6 x 10° km2. The Yellow River Basin is an important ecological
barrier and economic zone in China. In 2019, ecological protection and high-quality
development of the Yellow River Basin rose due to a national strategy. Based on the
principles of the integrity of regional research units and socioeconomic relevance [25],
the study area of this paper was determined to be eight provinces and 90 cities, except
Sichuan (belonging to the Yangtze River Economic Belt); four cities (leagues) in eastern
Inner Mongolia (Hulunbuir City, Chifeng City, Tongliao City, and the Xing’an League,
which belongs to the northeast region); and 736 counties after processing due to the lack of
data for some administrative division adjustments (Figure 1).

In 2021, the gross domestic products (GDPs) of Shandong and Henan were RMB
8.74 trillion and RMB 6.13 trillion, respectively, ranking first and second. The GDPs of
Ningxia and Qinghai were the lowest at RMB 0.45 trillion and RMB 0.33 trillion, respectively.
The urbanization rate of the Yellow River Basin is 61.3%, which is about three percentage
points lower than the national average urbanization rate. The regional difference in urban-
ization in the Yellow River Basin is large. The highest is the Inner Mongolia Autonomous
Region, where the urbanization rate is 62.71%. The lowest is Qinghai Province, which is
about 12 percentage points lower than the national urbanization rate. The urbanization
level and quality of cities along the Yellow River are also obvious [26].

In 2021, the Outline of the Yellow River Basin Ecological Protection and High-quality
Development Plan promulgated by the Central Committee of the Communist Party of China
and the State Council emphasized the exploration of an effective path for the construction
of ecological civilization in the Yellow River Basin: implement the outlined ‘1 + N + X’
requirements; coordinate the upstream and downstream, trunk and tributaries, and left
and right banks; and adjust measures to local conditions. In 2022, the proportion of surface
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water sections in the Yellow River Basin reached 87.5%, up 5.6% year-on-year, and the
water quality of the main stream continued to improve. The proportion of excellent days in
prefecture-level and above cities in the basin reached 80.3%, and the ecological environment
was greatly improved [27].
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Figure 1. Location of the Yellow River Basin. Note: based on the standard map from the Ministry
of Natural Resources standard map service website GS(2020)4619 [28], the map boundary has not
been modified.

3. Data Source and Research Method
3.1. Data Source and Preprocessing

Selecting 2000, 2005, 2010, 2015, and 2020 as the times, the urbanization data of the
Yellow River Basin were obtained from the statistical yearbooks of provinces (autonomous
regions) and cities from 2000 to 2020 and the statistical bulletin data of cities in the corre-
sponding years.

Data sources of ecosystem services: The data obtained by the Resource and Environ-
mental Science Data Center of the Chinese Academy of Sciences (http://www.resdc.cn/
(accessed on 20 October 2022)) mainly include land-use data (resolution of 30 m x 30 m),
vector data (administrative area map and watershed boundaries), 1 km population grid
data, etc. The meteorological data are from the National Meteorological Science Data
Center (http://data.cma.cn/ (accessed on 24 October 2022)) and include precipitation data,
evapotranspiration, sunshine, and average wind speed data in the study area. The soil
data mainly come from the National Qinghai-Tibet Plateau Scientific Data Research Center
(http:/ /data.tpdc.ac.cn/ (accessed on 1 November 2022)) and mainly include soil type, soil
organic matter content, and root depth; scale 1:1 million. The elevation data (DEM) and
NDVI data are derived from the geospatial data cloud platform (http://www.gscloud.cn/
(accessed on 12 November 2022)); resolution: 30 m and 250 m.

Different source data are projected and transformed in ArcGIS10.8, and the unified
projection coordinate is WGS_1984_World_Mercator. After resampling and projection
transformation of the original raster data, the unified resolution is 300 m.

3.2. Research Method
3.2.1. Entropy Method and Analytic Hierarchy Process

Combined with relevant research results [29], the comprehensive index system of
urbanization level in the Yellow River Basin was constructed from four dimensions: popu-
lation, economy, land, and society (Table 1).
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Table 1. Comprehensive evaluation index system of urbanization level.
Analytic Comprehensive
Indicators Weights Secondary Indicators Entropy Method Hierarchy pre
Weights
Process
. Urbanization rate of resident

ngu.latlc')n 0.162 population (%) X; 0.071 0.073 0.072
urbanization Population density (person/km?) X, 0.051 0.129 0.090
Per capita GDP (CNY) X3 0.096 0.088 0.092
Economic 0391 Proportion of non-agricultural industries 0.066 0113 0.089

urbanization ’ in the total GDP (%) X4 ’ ’ ’
Per capita financial expenditure (CNY) X5 0.083 0.115 0.099

Savings balance of urban and rural
residents (CNY) X 0.123 0.099 0.111
Proportion of urban bu.llt—up area in the 0.181 0121 0.151
Land-use 0335 total area of a city (%) Xy
urbanization ’ Urban spatial expansion intensity (%) Xg 0.105 0.085 0.095
Transit network extent (km) Xg 0.099 0.079 0.089
. Number of primary and secondary school

bSo.c1al. 0.112 students (person) X1o 0.064 0.052 0.058
urbanization Number of hospital beds (beds) X1 0.061 0.046 0.054

A combination of the analytic hierarchy process (AHP) and entropy method is used to
assign subjective and objective weights. AHP is no longer repeated, with reference to [30].
The entropy method formula and comprehensive weight are as follows:

n
E lnn ZPz] ln pz] 1)

w; = 0.5w4; + 0.5wp; 2)

where E; is the index information entropy, 7 is the number of indicators (Formula (1)), and
the weight of each factor is calculated by using the comprehensive weight (Table 1). w4;, wp;
are the weights obtained by the ith index entropy method and the analytic hierarchy
process, respectively.

From the weight score, in the current stage of urban development in the Yellow River
Basin, economic urbanization (0.391) and land urbanization (0.335) are the main factors
of urbanization development. Population urbanization (0.162) is the external symbol of
urbanization development, and social urbanization (0.112) is the symbol of urbanization
development quality, but the two elements have not yet received due attention.

According to Northam’s ‘S curve theory’ [31], the development level of urbanization
in the Yellow River Basin is divided into the embryonic stage (0.00, 0.10), initial stage
(0.10, 0.25), rapid development stage (0.25, 0.50), and highly developed stage (0.50, 1.00).
According to the calculated comprehensive urbanization development score, the urban rate
and stage change of counties in the Yellow River Basin from 2000 to 2020 are measured.

The InVEST model is used to evaluate the ecosystem services of the Yellow River Basin.
The model avoids the problem of poor practicability of a set of system standards to a certain
extent and considers the regionality of the actual ecosystem. Based on the relevant research
on ecosystem services [26,32], this paper selects four modules, carbon sequestration service,
habitat quality, soil conservation, and water conservation, to evaluate the ecosystem service
capacity of the Yellow River Basin (Table 2).
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Table 2. Quantitative module for ecosystem services assessment.

Ecosystem Services

Entropy Analytic Comprehensive
Weights Calculation Formula and Content Method Hli:;:zcslsly Weights

Carbon
sequestration Yq

Habitat quality Y»

Soil conservation Y3

Water
conservation Yy

0.172

0.262

0.331

0.235

Carbon sequestration parameters were
determined according to the related
literature, and carbon sequestration stock
was calculated by using InVEST model 0.173 0.171 0.172
with aboveground biomass carbon,
belowground biomass carbon, soil carbon,
death carbon, and land-use types [33].
The InVEST model analyzes the habitat
suitability, habitat degradation degree,
and habitat quality calculation formula of
the Yellow River Basin by using the
characteristics of threat and sensitivity
under spatial and temporal changes and
calculates the ecological security of
biodiversity in the Yellow River Basin [34].
Soil conservation is a key project for
sustainable development and high-quality
ecological development in the Yellow
River Basin. The InVEST model is based
on the soil erosion force equation and is 0.297 0.365 0.331
calculated based on data such as landform,
precipitation, vegetation, and root depth.
The specific parameter settings refer to the
relevant literature [35].
Water conservation is an indispensable
part that affects biomass, carbon cycle, and
other ecological functions. The evaluation
standard of water conservation is of great
significance to the shortage of water
resources in the Yellow River basin. The 0.239 0.231 0.235
water production module of the InVEST
model links the ratio between actual
evapotranspiration and precipitation to
potential evapotranspiration for water
production statistics [36].

0.291 0.233 0.262

Soil conservation (0.331) was the primary factor in the evaluation of ecosystem service
capacity in the Yellow River Basin, followed by water conservation (0.235), habitat quality
(0.262), and carbon sequestration services (0.172). Using SPSS 27 and other relevant statisti-
cal software, the ecosystem service capacity of the Yellow River Basin was divided into four
categories, primary (0.00, 0.15), intermediate (0.15, 0.39), senior (0.39, 0.53), and advanced
(0.53, 1.00), using the K-means clustering method [37]. Based on the comprehensive weight
score of the entropy method and analytic hierarchy process, the comprehensive ecosystem
service capacity was calculated to evaluate the spatial and temporal characteristics of the
ecosystem service capacity of each county in the Yellow River Basin from 2000 to 2020.

3.2.2. Bivariate Spatial Autocorrelation

Moran’s I index is used to measure global spatial autocorrelation:

X B Wii(xi = X) (xj = )
S2Yq Tty Wy

®)

where [ is the global autocorrelation index; x; and Xj represent the observed values of unit
i and unit j, respectively; n is the number of spatial samples; and wj; is a spatial weight
matrix. Moran’s I > 0 indicates a positive spatial correlation, so the greater the value is, the
stronger the spatial similarity is; Moran’s I < 0 indicates a negative spatial correlation, so
the greater the value is, the greater the spatial difference is; Moran’s I = 0 indicates that the
spatial distribution pattern tends to be random. A LISA cluster map combined with unit
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significance was used to reflect the local spatial agglomeration area. The agglomeration was
divided into four distributions: high-high (H-H), high-low (H-L), low-high (L-H), and
low-low (L-L). High—-high correlation means that high-level observations are surrounded
by high-level adjacent units, and low—low correlation means that low-level observations
are surrounded by low-level critical units, both of which are spatial-positive correlations,
while low-high correlation and high—low correlation are spatial-negative correlations [38].

3.2.3. Geographically and Temporally Weighted Regression

In order to compare the goodness of fit of different models, SPSS 27 software was
used to test the collinearity of each index of urbanization and each function of ecosystem
services [39]. Excluding the expansion factor (VIF > 5), the selected factors were population
density (X3), per capita GDP (X3), the proportion of urban land area (X7), urban spatial
expansion intensity (Xg), and the number of hospital beds (X11). Ordinary least squares
(OLS), geographically weighted regression (GWR), time-weighted regression (TWR), and
spatio-temporal geographically weighted regression (GTWR) were used for simulation
estimation (Table 3).

Table 3. Model regression coefficient results.

Regression System Parameter Criterion OLS GWR TWR GTWR
2
Response of ecosystem services to di Ii 4R2 8822 8;32 giig ggzg
comprehensive urbanization level adjuste ) : : :
AlCc —10,346 —11,077 —11,077.6 —11,630.8
2
Response of urbanization to di R dR2 8;% 8228 0033225 82;3
integrated ecosystem service capacity adjuste : ’ ’ )
AICc —9866 —12,403 —10,041.1 —12,556.2

Through model comparison, R? (coefficient of determination) and adjusted R? are as
follows: OLS < TWR < GWR < GTWR; and the Akaike information criterion (AICc) is as
follows: OLS > TWR > GWR > GTWR. The maximum coefficient of determination R? of
the GTWR model reaches 0.673, which is greater than that of the other three models. The
maximum AICc drops to —12,556.2, which is significantly lower than that of the other three
models, indicating that the fitting degree of the GTWR model is better than that of the
other models.

The spatio—temporal geographically weighted regression (GTWR) model is based on
the geographically weighted regression (GWR) model and introduces the time factor [40].
This can solve the problems of limited cross-sectional data samples and time and space
non-stationarity and effectively estimate the factor parameters (Formula (4)):

Yi = Bo(ui, 01 ti) + Y _jo_y Br(ui, 03, 1) Xig + & 4)

In the formula, (u;,v;,t;) denotes the space-time coordinates of the ith sample; x
and Y are explanatory variables and explained variables, respectively; p is the number of
explanatory variables; Bo(u;, v;, t;) is the intercept, which is the estimated parameter; and
Bx (1, v;, t;) is the model residual [35]. The GTWR model expresses the influence of each
factor on the research system by using the regression coefficient. The regression coefficient
is greater than 0, which is the promotion effect, and less than 0, which is the inhibition
effect. The greater the absolute value of the regression coefficient is, the greater the impact
intensity is. In this paper, the GTWR model is based on ArcGIS10.8 and uses the GTWR
plug-in made by Huang et al.
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4. Research Results and Analysis

4.1. Spatio-Temporal Evolution of Urbanization and Ecosystem Services in the Yellow River Basin
4.1.1. Spatial-Temporal Evolution Characteristics of Comprehensive Urbanization Level in
the Yellow River Basin

(1) Temporal dimension

The comprehensive urbanization level of the Yellow River Basin in 2000 (0.139),
2005 (0.165), 2010 (0.115), 2015 (0.161), and 2020 (0.187) showed an upward trend from
2000 to 2005 and a downward trend from 2005 to 2010 (Table 4). The level of urbanization
increased by 34.53%. There were 242 counties in the whole basin from the low stage to the
high stage, accounting for 32.9% of the counties in the whole basin. From 2015 to 2020,
there was one highly developed urbanization county (Yanta District of Xi'an), 157 counties
from the embryonic stage to the initial development stage, and 84 counties from the initial
stage to the rapid development stage. Except for 2010, the development level of county
comprehensive urbanization was concentrated in the initial stage, accounting for 84.6% of
the total number for the basin (2020). By 2020, there were seven counties in the embryonic
stage, which was 21.1% lower than in 2000, and the initial stage and rapid development
stage accounted for the main positions (98.8%).

The number of counties in the initial stage is much larger than that in the other stages,
reaching 83.7% in 2015, an increase of 32.4% and 8.8% compared with 2010 and 2000,
respectively. In 2020, this continued to rise compared with 2015, and the average value of
the initial stage increased by 0.025 and 0.011, respectively, compared with 2010 and 2015,
indicating that the overall level of urbanization increased at this stage. The number of
counties in the rapid development stage increased by 3.32 times from 2000 (22) to 2020 (105),
but the average decreased by 0.002. The number of counties in the rapid urbanization stage
decreased in 2010, and the average increased by 0.016.

(2) Spatial scaling

The overall pattern of the comprehensive urbanization level in the Yellow River Basin
is high in the southeast and gradually decreases to the northwest (Figure 2). The provincial
and municipal regional units show that the central municipal districts of each province
and city are high, the surrounding counties are low, and the spatial normal distribution
is strong.

[ Sprout stage

Initial stage

Fast developing stage
Il Highly developed stage

0 1000 2000
e km

Figure 2. The evolution of urbanization level in the Yellow River Basin from 2000 to 2020.
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Moran’s I index showed a trend of decreasing first and then increasing. The p values
were all less than 0.001, and the z scores were much larger than 2.58, showing a strong
spatial positive correlation distribution.

A total of 157 counties have achieved cross-stage development of urbanization, with
a uniform spatial distribution, indicating that the overall urbanization development of
the Yellow River Basin has increased in a balanced manner. In the counties that have
developed from the initial stage to the rapid development stage, the municipal districts of
the prefecture-level cities in each province account for a large proportion, and the municipal
districts are spread to the periphery. In 2020, 106 counties at or above the stage of rapid
development gradually weakened from the southeast to the west and north. Among the
84 counties that have experienced rapid development, there are 71 urban municipal districts
(including county-level cities), accounting for 84.5%. The comprehensive urbanization
of counties in the Yellow River Basin presents the ‘core—edge’ law, that is, the urban
municipal districts (county-level cities) are the core, and the surrounding counties are the
edge (Figure 3).

N 2005
Moran's I =0.4878

2000
Moran's I =0.5267

Yanta District
of Xi'an City

[ | Not Significant
Il High - High Cluster
[ IHigh - Low Outlier
[ ] Low - High Outlier
I Low - Low Cluster

. g . 0 1000 2000
Yanta Distric SRE s km

of Xi'an City

Figure 3. Spatial agglomeration characteristics of urbanization level in the Yellow River Basin.

From 2000 to 2020, the spatial agglomeration of the urbanization level in the Yellow
River Basin is mainly manifested in the fact that the H-H agglomeration area is mainly
distributed in the Shandong Peninsula and the eastern and central regions of Henan,
showing a zonal extension trend; the L-H agglomeration area is distributed in the periphery
of the high—high correlation area and is surrounded by the periphery of the high-high
agglomeration area. The low-low agglomeration areas are widely distributed, mainly with
a northeast-southwest distribution in 2000 to the central Yellow River Basin in 2020; the H-
L negative correlation area is mainly distributed at the edge of the low-low agglomeration
area, which is small.
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4.1.2. Spatio-Temporal Evolution Characteristics of Ecosystem Service Capacity in the
Yellow River Basin

(1) Temporal dimension

The overall development trend of the ecosystem service capacity in the Yellow River
Basin is obvious. The number distribution of counties from the primary stage to the
advanced stage is a ‘pyramid’ (Table 5). The average value increased by 0.003 from
2000 (0.358) to 2020 (0.361), and the highest average value was in 2015 (0.364).

From 2000 to 2020, there were seven counties rising from the primary level to the inter-
mediate level, two counties rising from the intermediate level to the senior level, seventeen
counties falling from the intermediate level to the primary level, and nine counties falling
from the senior level to the intermediate level. The primary and intermediate levels have
a large number of reductions, indicating that the ecosystem service capacity at this stage
is fragile.

(2) Spatial scaling

The overall pattern of ecosystem services in the Yellow River Basin is high in the
southwest and gradually decreases in the southeast. The lower reaches of the middle
reaches of the Yellow River are the low-value areas of the ecosystem service capacity
(Figure 4). The Weihe River Basin in Shaanxi Province, the Fenhe River Basin in Shanxi
Province, and the Hexi Corridor in Gansu Province are all in low-value areas, with a weak
ecosystem service capacity. The average ecosystem service capacities of Golmud City,
Zhiduo County, Zaduo County, Qumalai County, and Yushu City in Qinghai Province are
the high-value concentration area of the Yellow River Basin, and the average capacity value
reaches 0.752.

I primary

[ | Intermediate
[ Senior
I Advance

— Yellow River Basin

1000 2000
km

Figure 4. Spatial distribution of ecosystem service capacity in the Yellow River Basin from 2000
to 2020.

The agglomeration characteristics of the ecosystem service capacity in the Yellow River
Basin were high in the west and low in the east. From 2000 to 2020, Moran’s I index showed
a fluctuating trend, but there was no significant increase or decrease, and the stability was
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strong. The p value of the spatial autocorrelation is less than 0.001, and the z value is
much larger than 2.58. The normal distribution is strong, showing a strong spatial positive
correlation distribution. Natural background factors determine the level of the ecosystem
service capacity, and socioeconomic factors maintain the ecosystem service capacity.

The local LISA cluster diagram confirms that the change in the ecosystem service
capacity is small. Different from the spatial distribution of the urbanization level, the
H-H agglomeration area of the ecosystem service capacity is in Qinghai Province, Gansu
Province, and southern Ningxia. The H-L and L-H agglomerations are scattered around,
while the L-L agglomeration is mainly concentrated in Shanxi Province, Henan Province,
and Shandong Province (Figure 5).

2000
Moran's 1=0.7618

2005
Moran's 1=0.6454

2010
Moran's 1=0.7622

m&*

=
a7
Ny

Not Significant
Il High - High Cluster

High — Low Outlier

Low — High Outlier
I Low - Low Cluster

0 1000 2000
I km

Figure 5. Spatial agglomeration characteristics of ecosystem service capacity in Yellow River Basin.
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Table 4. Urbanization stage changes in the Yellow River Basin from 2000 to 2020.

2000 2005 2010 2015 2020 Variable Quantity
Urbanization Level Mean Mean Mean Mean Mean Cross-
Amounts Proportion Amounts Proportion Amounts Proportion Amounts Proportion Amounts Proportion Stage Variation
Value Value Value Value Value Number
Sprout stage 163 0.221 0.082 63 0.086 0.087 343 0.466 0.076 71 0.097 0.091 7 0.01 0.092 1]157 1 +0.010
Initial stage 551 0.749 0.15 617 0.838 0.161 378 0.513 0.143 617 0.837 0.157 623 0.846 0.168 0]8471 +0.018
Fast developing stage 22 0.03 0.301 56 0.076 0.303 15 0.021 0.317 47 0.064 0.305 105 0.142 0.299 11 —0.002
Highly developed stage 0 0 0 0 0 0 0 0 0 1 0.002 0.554 1 0.002 0.511 / /
Total catchment 736 1 0.139 736 1 0.165 736 1 0.115 736 1 0.161 736 1 0.187 242 +0.048
The arrow 1 indicates rise; the arrow | indicates decline.
Table 5. Changes of ecosystem service capacity in the Yellow River Basin from 2000 to 2020.
2000 2005 2010 2015 2020 Variable Quantity
Ecosystem Service Mean Mean Mean Mean Mean Cross-
Amounts Proportion Amounts Proportion Amounts Proportion Amounts Proportion Amounts Proportion Stage Variation
Value Value Value Value Value Number
Primary 406 0.552 0.022 416 0.565 0.021 395 0.536 0.021 383 0.521 0.023 416 0.565 0.021 7117 —0.001
Intermediate 288 0.391 0.229 278 0.378 0.230 296 0.401 0.218 308 0.418 0.228 281 0.382 0.244 2191 +0.015
Senior 36 0.049 0.431 37 0.050 0.401 41 0.055 0.444 40 0.053 0.445 35 0.048 0.446 012] +0.015
Advanced 6 0.008 0.748 5 0.007 0.753 6 0.008 0.774 6 0.008 0.753 4 0.005 0.734 /11 —0.014
Total catchment 736 1 0.358 736 1 0.351 736 1 0.364 737 1 0.362 736 1 0.361 38 +0.003

The arrow 1 indicates rise; the arrow | indicates decline.
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4.2. The Interaction Mechanism between Urbanization and Ecosystem Services in the Yellow
River Basin

The regression coefficient changes of the impact factors in 2000, 2005, 2010, 2015, and
2020 were analyzed (Figure 6). The interaction strength of the two systems was evaluated
by quartile Q1, lower quartile Q2, quartile difference (Q = Q1—Q2), mean, and range on
the box plot. At the same time, the spatial characteristics of the impact of urbanization and
ecosystem services were analyzed.
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Figure 6. The time evolution of regression coefficient of urbanization and ecosystem services in
the Yellow River Basin. (a) Regression coefficient of ecosystem services impact on comprehensive

urbanization; (b) regression coefficient of urbanization impact on ecosystem services.

4.2.1. Impact of Ecosystem Services on Comprehensive Urbanization Level

(1) Temporal dimension

The impact of ecosystem services on comprehensive urbanization, from the perspective
of the intensity of action, was carbon sequestration services (Y1) > habitat quality (Y) > water
conservation (Y4) > soil conservation (Y3); thus, from 2000 to 2020, the impact increased.

Carbon sequestration services (Y1). The regions with a negative regression coefficient
for carbon sequestration, found in 736 counties in the Yellow River Basin, showed an
inhibitory effect from 2000 (91.99%) to 2020 (94.36%). The range of the coefficient increased
from 2.23 in 2000 to 3.74 in 2020, and the quartile difference increased by 1.15, indicating that
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the numerical distribution of the box part (the area where the coefficient is concentrated)
tended to be discrete, and the inhibitory effect of carbon sequestration service in the Yellow
River Basin on comprehensive urbanization was enhanced.

Habitat quality (Y7). In 2020, the influence coefficient of the habitat quality of the
whole basin on the comprehensive urbanization of the Yellow River Basin was positive, the
influence of habitat quality on comprehensive urbanization was promoted, the mean value
of the influence coefficient increased from 0.85 to 1.59, the quartile difference increased
from 2000 (0.99) to 2015 (2.18) to 2020 (2.11), and the range increased by 1.32, indicating
that the habitat quality function of the Yellow River Basin played a role in promoting the
development level of comprehensive urbanization, while the time series changes of each
region became larger.

Soil conservation (Y3). The areas showing inhibitory effects accounted for 99.61% of
the counties in the whole basin. The absolute value of the regression coefficient was small,
which was less than the intensity of the other three ecosystem service functions, indicating
that the inhibitory effect was weak. The quartile difference of the coefficient increased
slightly from 2000 (0.13) to 2020 (0.15), and the range decreased by 0.49 from 2000 (1.87) to
2020 (1.38). The distribution of outliers was discrete, indicating that the regional interaction
coefficient changes were relatively large on the time scale.

Water conservation (Y4). The regions with a positive regression coefficient on the com-
prehensive urbanization of the Yellow River Basin accounted for 93.4%, and the influencing
factors had a significant promoting effect. From 2000 (0.33) to 2020 (0.36), the coefficient
quartile difference only increased by 0.03, with little change, indicating that the influence of
the water conservation function on the development of comprehensive urbanization from
the time scale was stable.

(2) Spatial scaling

Carbon sequestration services (Y1). The impact on the comprehensive urbanization
level was a north—-south and east-west spatial differentiation (Figure 7). The influence
coefficient of the upper reaches of the Yellow River, namely Qinghai Province, western
Ningxia, and western Inner Mongolia, was positive and was promoted. The negative effect
of the middle and lower reaches of the Yellow River gradually increased, and the intensity
of the inhibitory effect reached —3.478 in the Shandong Peninsula and northeastern Henan.
The boundary line of the positive and negative effects was at the junction of the upper and
middle reaches of the Yellow River, which indicates that the lower the carbon sequestration
stock in the middle and lower reaches of the Yellow River is, the higher the comprehensive
urbanization development level is, while the upper reaches of the Yellow River were the
opposite, showing that carbon sequestration inhibits urbanization development.

Habitat quality (Y2). The influence coefficient of urbanization on comprehensive
urbanization showed a zonal distribution, and the influence coefficient was positive. It
gradually increased from west to east, reaching a peak of 3.182 in the Shandong Peninsula.
In 2000, 3.51% of the regional habitat quality inhibited the development of comprehensive
urbanization. In 2020, the habitat quality of the whole basin promoted urbanization,
indicating that the higher the habitat quality of the county is, the more conducive to the
development of urbanization it is.

Soil conservation (Y3). The impact on urbanization was inhibitory, showing a zonal
distribution in the southeast and northwest directions. The high value of negative effects
was mainly concentrated in central Inner Mongolia, the northern part of Shanxi, and the
northern part of Shaanxi. The inhibitory effect on the periphery of the basin gradually
weakened, showing that the stronger the soil conservation function is, the weaker the com-
prehensive urbanization development level is. The positive and negative effect boundaries
were in the upper reaches of the Yellow River in Qinghai and western Gansu, southeast of
the Shandong Peninsula.

Water conservation (Y4). The spatial distribution of the positive effects on compre-
hensive urbanization showed that the stronger the water conservation function is, the
higher the comprehensive urbanization development level is from the central part of Inner
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Mongolia, the northern part of Shanxi, and the central part of Shaanxi to the periphery. The
boundary between the upper and middle reaches of the Yellow River was the boundary
of the positive and negative effects. The negative effects were mainly concentrated in
western Inner Mongolia, western Gansu, and Qinghai Province. The stronger the water
conservation function is, the lower the level of urbanization development is.

3
Carbon sequestration Habitat quality

[ 1-3.478 --2.727(771-2.726 - -2.154 [ 10.026-0.088 [10.109 - 0.301

[ -2.153 - ~1.436 [ -1.435 - 0.000 [N 0.001 - 0.265 990302 - 1.012 WM 1.013 - 2553 [ 2.554 - 3.182

Soil conservation Water conservation
[ ]-0.948--0.521 [ ]-0.520--0.258 -0.271-0.000 10001 - 0.406
[ -0.257 - -0.107 [ -0.106 - 0.000 [N 0.001 - 0.439 [ 0.407 - 0.660 W 0.661 - 0.954 [N 0.955 - 1.258

Figure 7. Spatial differentiation characteristics of the impact of ecosystem services on comprehensive
urbanization level.

4.2.2. Impact of Urbanization on Ecosystem Services

(1) Temporal dimension

Urbanization in the Yellow River Basin has a significant effect on the ecosystem
service capacity (Figure 6). From the perspective of the intensity of the action coefficient,
the intensity of urban spatial expansion (Xg) > per capita GDP (X3) > the number of
beds in hospitals and hospitals (X11) > the proportion of urban construction land area
(X7) > population density (X»).

Population density (X;). The area with a negative regression coefficient increased by
6.8% from 2000 (85.1%) to 2020 (91.9%). The greater the population density is, the stronger
the inhibitory effect of the ecosystem service capacity is; the range of the action coefficient
increased by 4.51 from 2000 (1.72) to 2020 (6.23), indicating that the regional differences in
the inhibitory effect of population density on ecosystem service capacity became larger.

GDP per capita (X3). This has an inhibitory effect on the ecosystem service capacity.
The area with a negative regression coefficient accounted for more than 70%. The higher
the per capita GDP is, the greater the interference with the ecosystem service capacity
is, and there is an obvious degradation of the ecosystem service capacity. The quartile
difference decreased by 0.2 from 2000 (0.44) to 2020 (0.24), and the range decreased by 4.49
from 2000 (10.35) to 2020 (5.86), indicating that the regional differences in the inhibitory
effect of per capita GDP on the ecosystem service capacity became smaller and the stability
became stronger.

The proportion of construction land area (X7). This has an inhibitory effect on the
ecosystem service capacity, and the regression coefficients were all negative, that is, the
larger the urban construction land area is, the weaker the ecosystem service capacity is.
The coefficient range decreased by 2.72 from 2000 (5.86) to 2020 (3.14), indicating that the
regional differences in the impact of urban construction land area on ecosystem service
capacity decreased.
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Urban spatial expansion intensity (Xg). The performance of ecosystem services was
from promoting to inhibiting, and the intensity of action was greater than other urbanization
indicators. The regions with positive regression coefficients decreased by 44.46% from 2000
and 2010 (100%) to 2020 (56.54%), and the average intensity of regional action decreased
year by year from 2000 (2.68) to 2010 (1.69) to 2020 (—0.11). Although most regions are
experiencing promotion, the intensity of urban spatial expansion has gradually evolved into
a process of inhibition at this stage. The range of the effect coefficient reached 13.09, which
was much higher than other factors, indicating that the regional difference in the impact of
urban spatial expansion intensity on the comprehensive ecosystem service capacity was
higher than other factors.

Number of beds in hospitals and clinics (X11). Although from the coefficient point of
view, the impact on the comprehensive ecosystem services was inhibitory, the relationship
between the two was invisible and subtle. The impact of simple hospitals and health
centers on the ecological service capacity can be ignored, but with the development of
urbanization as an essential infrastructure for urbanization [41], the number of hospitals
and health centers is bound to increase, similar to the “urbanization economy” mechanism,
which inhibits the ecological service capacity. This problem needs to be further studied, as
it is beyond the scope of this paper.

(2) Spatial scaling

Population density (X;). The intensity of the effect on ecosystem services gradually
decreased from east to west. The area with a strong negative effect was located in the
western part of the Yellow River Basin, involving western Qinghai and northwestern Gansu,
with an intensity of —6.231. The higher the population density is, the weaker the ecosystem
service capacity is. The region connecting the positive and negative effects included most
of the middle reaches of the Yellow River Basin, involving the central and western regions
of Shandong Province, Henan Province, and Shanxi Province, and the southern part of
Inner Mongolia, which has a large population. The positive effect area was concentrated in
the eastern part of the Shandong Peninsula, and the effect coefficient was very small.

GDP per capita (X3). The impact on ecosystem services showed a positive and negative
effect on interval distribution. The negative effect area spread from southern Ningxia and
southern Shaanxi to Shandong and Henan, and the negative effect weakened from south to
north. The positive effect area was massive and concentrated in the upper reaches of the
Yellow River, with some of the area located at the junction of Shanxi, Shaanxi, and Inner
Mongolia. The boundary area of positive and negative effects has a threshold that can
be explored.

Proportion of construction area (X7). The inhibitory effect on the ecosystem gradually
increased from east to west. In Shandong, Henan, Shanxi, Shaanxi, and central Inner
Mongolia, the proportion of construction land area had a weak inhibitory effect on ecosys-
tem services. In western Qinghai and northwestern Gansu, it was significantly enhanced,
accounting for only 0.80% of the positive effect area, and was scattered between negative
effect patches.

Space expansion strength (Xg). The spatial distribution of the impact on ecosystem
services was concentrated in southwestern Shanxi, central and southern Shaanxi, central
and western Henan, most of Inner Mongolia, and western Qinghai. The area where the
inhibition effect accounts for 43.54% was mainly concentrated in Shandong Province,
eastern Henan, and northeastern Shanxi. The effect of spatial expansion intensity on the
ecosystem service capacity evolved from promotion to inhibition.

Number of beds in hospitals and clinics (X;1). From the perspective of the spatial
distribution of the influence coefficient, most of the Yellow River Basin showed a trend
of increasing inhibition from east to west, while most of Shandong and Henan showed a
promoting effect. The boundary between the positive and negative effects coincided with
the boundary between the middle and lower reaches of the Yellow River (Figure 8).
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Population density Per capita GDP
[ 1-6.231--5.709 [ ]-5.708 - -1.941 [ 1-2.006 - -0.605 1 -0.604 - 0.000
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Propotion of urban built up area
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Figure 8. Spatial differentiation characteristics of the impact of urbanization on comprehensive

ecosystem service capacity.

5. Discussion

The spatial and temporal differences in comprehensive urbanization in the Yellow
River Basin are significant. The ecosystem service capacity along the Yellow River Basin is
weaker than other spatial ranges, and most of the regional ecosystem service capacity is at
the primary level, which is basically consistent with the conclusion of Zhang ].T. et al. [41]
on the interaction between urbanization and ecosystem services nationwide, which is in
the study area of the Yellow River Basin. On this basis, it deepens the research results
of Zhang Y.S. et al. [42] on the relationship between social driving factors and ecosystem
services in the Yellow River Basin and specifically discusses the impact of various elements
of urbanization on ecosystem services.

From 2000 to 2020, the fluctuation of urbanization in the Yellow River Basin was
obvious, and the trend of spatial transition existed from the central and western regions
of the Yellow River Basin to the east, and the ‘edge—core’ characteristics of high-stage
urbanization development were obvious. The change in the ecosystem service capacity was
small, but the ecosystem service capacity in the primary level area had obvious fluctuation,
with strong sensitivity and vulnerability. The above studies are all urban spatial scaling.
This paper discusses the relationship between the two systems from the county scale. In the



Sustainability 2023, 15, 3113

17 of 20

article on multi-spatial scale urbanization and ecosystem services [43], some scholars have
also proved that the correlation and spatio-temporal heterogeneity between multi-systems
at the county scale are obviously better than those at the city scale and smaller scale.

The conclusion of the interaction between urbanization and ecosystem services in this
paper is consistent with Tian et al.’s study [44]: urbanization has a significant inhibitory
effect on ecosystem services. The carbon sequestration service had a great effect on com-
prehensive urbanization, which was higher than the other three functions; habitat quality,
soil conservation, and water conservation function had weak effects on the development of
comprehensive urbanization, which is consistent with related research [33,45]. The impact
of carbon sequestration on urbanization was inhibitory, weakening from west to east. The
main reason for this is that the natural environments in Qinghai, Gansu, Ningxia, and
Inner Mongolia are harsh, and agriculture and animal husbandry are sensitive to climate.
This is consistent with the results of Liu P. et al. [46]. This paper is from the perspective of
integrity to explore the corresponding relationship between the various elements of the
system, rather than just a single element or single system internal mapping relationship,
which is our part of the concern; of course, we still have shortcomings, and our team will
strive to achieve in the future.

Urban spatial expansion had a greater impact on ecosystem service capacity, so rele-
vant policies can effectively reduce ecological pressure. This is the same as the conclusion
of relevant scholars [20]. In the comparison of many research results, we found that the
effect of urban spatial expansion intensity on the comprehensive ecosystem showed a trend
of transition from promotion to inhibition, indicating that there is a critical value for the
relationship between urban spatial expansion intensity and ecosystem services. Urban
spatial expansion intensity promotes ecosystem restoration efficiency within a certain range,
but exceeding the critical value of expansion intensity inhibits ecosystem service capacity,
which is worthy of attention.

This paper has limitations regarding its selection of the number of indicators. In
subsequent research, more indicators can be used to more comprehensively and accurately
judge the urbanization level and ecosystem service capacity of counties in the Yellow
River Basin; at the same time, the critical value of the positive and negative effects in the
relationship between urbanization and ecosystem services has not been obtained, which
will be the direction of our team’s future work.

6. Conclusions

(1) From 2000 to 2020, the comprehensive urbanization and ecosystem service capacity
of counties in the Yellow River Basin were low. In terms of time, comprehensive urban-
ization is currently transitioning from the embryonic stage to the initial stage, and the
urbanization areas in the rapid development stage are unstable; the ecosystem service
capacity is generally at the primary level, and the level of change is small. The number of
ecosystem service counties at the primary level accounts for 56.5%. The sensitivity and
vulnerability of the ecosystem are obvious. The ecosystem service capacity level along the
main stream of the Yellow River is lower than that of other regions. In terms of space, com-
prehensive urbanization and ecosystem service capacity show significant spatial positive
correlation and significant agglomeration characteristics. The comprehensive urbanization
level is characterized by obvious ‘core-periphery’ characteristics. The comprehensive ur-
banization level of each municipal district is higher than that of the surrounding counties,
and the L-L agglomeration area is gradually moving to the east. The agglomeration distri-
bution of the ecosystem service capacity has no obvious migration process in space, and
the stability is strong;

(2) The effect intensity of ecosystem services on comprehensive urbanization is carbon
sequestration service > habitat quality > water conservation > soil conservation. In terms
of time, the effect of each function on comprehensive urbanization shows a significant
increasing trend. Spatially, the influence coefficient of ecosystem services on comprehensive
urbanization shows obvious spatial heterogeneity; the urbanization mechanism influencing
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the ecosystem service capacity shows an inhibitory effect, and the intensity of action is
urban spatial expansion intensity > per capita GDP > number of beds in hospitals and
health centers > proportion of urban construction land area > population density. Among
them, the factors of urban spatial expansion changed from a dominant role in 2000 to a
dominant inhibition trend in 2020, and the influence of other factors showed inhibition
and little change. Spatially, the inhibitory effect of urbanization on the comprehensive
ecosystem service capacity is largely characterized by east-west differentiation, and there
is obvious spatial heterogeneity.
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