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Abstract: Urbanization has an important effect on ecosystem services (ESs) and identifying the
relationship between urbanization and ESs can provide a decision-making reference for regional
ecological protection and management. Taking the areas along the Yellow River of Henan Province
(AYRHP) as a research area, a coupling system of ESs and urbanization is established in this study to re-
veal the coupling relationship between the two. ESs are estimated by using Carnegie–Ames–Stanford
approach, revision universal soil loss equation, and Integrated Valuation of Ecosystem Services and
Trade-offs (InVEST) models. The urbanization level is evaluated from three dimensions, namely,
population, economy, and land. The coupling coordination relationship between various ESs and
urbanization in AYRHP is quantified from 2000 to 2018 on the county scale based on the coupling co-
ordination degree (CCD) model. The lead–lag relationship between ESs and urbanization is identified
by using the relative development degree model, and ecological management zoning is conducted.
Results show that in the study period, net primary production (NPP), soil conservation, and food
production are increased, whereas water yield is decreased. In the study period, population, economy,
and land urbanization level are increasing, and the comprehensive urbanization level is increased by
51.63%. The total CCD between NPP, food production, and water yield and comprehensive urbaniza-
tion is basic or moderate coordination, whereas that between soil conservation and comprehensive
urbanization is moderate maladjustment. In the research period, the coupling coordination between
NPP and food production and comprehensive urbanization is increasing; that between water yield
and comprehensive urbanization is fluctuated; and that between soil conservation and comprehensive
urbanization is decreasing. The result of the research into the relative development degree in 2018
showed that food production, water yield, and soil conservation lag behind the urbanization level in
most regions and counties along the Yellow River of Henan Province. On the basis of the lead–lag
relationship between different ESs and urbanization level, the AYRHP are divided into ecological
reconstruction area, ecological and agricultural improvement area, and ecological conservation area.
CCD and relative development degree models can be used to evaluate the coordination relationship
between ESs and urbanization, which provides scientific support for regional ES management.

Keywords: ecosystem service; urbanization; spatiotemporal monitoring; coupling coordination
degree; relative development degree; areas along the Yellow River of Henan Province

1. Introduction

Since entering the 21st century, global urbanization has been advancing rapidly. By
2018, global urbanization has increased to 55%, which is nearly 130% higher than that
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of 1950. Since reform and opening up, China’s urbanization has also developed rapidly,
growing from 10.6% in 1949 to 59.6% in 2018 [1]. In 2019, China’s urbanization level reached
60.6%, indicating that China has rapidly promoted the urbanization. The rapid develop-
ment of urbanization has brought huge economic and social benefits, which makes more
and more people gather in cities and towns, but intensifies the contradiction and conflict
between people and the environment [2]. Urbanization has driven the rapid development
of society and culture, but it has also led to the increasing degradation of water and soil
resources and the reduction in ecosystem functions; this situation has brought pressure
and challenges to the protection of ecological environment [3,4]. The Future Earth Plan,
2030 Agenda for Sustainable Development, Habitat, and other conferences emphasize that
urbanization shall not only be coordinated with the ecological environment but also adapt
to the carrying capacity of resources and environment [5]. How to promote the devel-
opment of urbanization and minimize its negative effect on ecological environment has
become a hot topic, which arouses concern for society. Identifying the relationship between
urbanization and ecological environment has also become an important basis for China’s
ecological civilization construction [2]. The existing research results of scholars include the
evaluation on the coupling between urbanization and ecological environment [6,7], mutual
relationship [8], and coupling theory and mechanism [9,10]. In the present study, the cou-
pling coordination model [6], gray correlational model [11], double exponential curve [12],
comprehensive response model [13], and value at risk model [14] are mainly used. The
research scale includes national [15], provincial [7], and city levels [16]. Research has shown
that along with the increase in the urban population, the demand for production and living
also increases in urbanization, which puts pressure on the ecosystem and resource carrying
capacity, resulting in serious ecological and environmental problems. At the same time,
the ecological environment will also affect urbanization by environmental degradation,
resource shortage, and other ways [17,18].

Ecosystem services (ESs) can represent ecological elements and functions; thus, ESs
have become an important index for studying the ecological environment [19]. ESs refer
to all types of benefit obtained by people from the ecosystem directly or indirectly [20].
ESs are not only the foundation of human survival and development but also directly
provide clean sources of water, oxygen, and food for human survival. At the same time,
ESs also have indirect functions, such as climate regulation, pollution purification, and soil
conservation [21]. In a Millennium Ecosystem Assessment (MA) report, according to the
relationship between ESs and structural functions, ESs are divided into four categories,
namely, provision, regulating, supporting, and cultural services. Moreover, 60% of the
global ecosystems are being or have been degraded due to the interference of human activi-
ties [22]. The degradation of ESs will directly hinder human survival and the sustainable
development of society. With the deepening of the research on ESs, an increasing number of
scholars have paid attention to the changes of ESs as a result of urbanization and explored
the relationship between them. Mathematical statistics models are often used to identify the
relationship between urbanization and ESs [23]. Huang et al. [24] found that urbanization
will reduce the values of ESs by using SPSS correlation analysis at the county level in China.
Peng et al. [25] studied the linear relationship between ESs and three urbanization indexes
by using a linear regression model and further confirmed the response threshold of ESs
to the three urbanization indexes. Taking the Pearl River Delta Urban Agglomeration as
the research area, Zhang et al. [26] explored the effect of urbanization on the supply and
demand of ESs through a regression analysis based on four categories of typical ESs, water
yield, food production, carbon sequestration, and leisure services. Fu et al. [27] measured
the urbanization level of Beijing using the entropy method and studied the effect of Beijing
urbanization on ESs. Their research results showed that urbanization has a negative effect
on ESs. However, an impact threshold value exists, which is related to the urbanization rate.
Spatial autocorrelation analysis models can explicitly evaluate the relationship between
urbanization and ESs, which has attracted research attention [28–31]. Ouyang et al. [32]
evaluated the spatial interaction between urbanization and ESs in different urban agglom-
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erations by using a Moran index based on the selection of 10 urban agglomerations in
different growth stages. Degefu et al. [33] selected four cities in Ethiopia and compared
the response of ESs to land use change by using a Moran model. Yao et al. [34] calculated
the value of ESs of Wuhan urban agglomeration based on land use data and analyzed the
influence of multidimensional urbanization level on the spatial differentiation of ES value
based on bivariate spatial autocorrelation. Taking the middle reaches of the Yangtze River
as the research unit, Chen et al. [35] identified a significantly negative correlation and a
u-type curve exists between ES value and urbanization by using spatial autocorrelation
and spatial regression models.

The scenario simulation method has been widely used recently to simulate the changes
of ESs in different urban change scenarios [36,37]. Wang et al. [38] simulated the distribution
and change in ESs in Dianchi Lake Basin under natural growth, urban planning, and
ecological protection scenarios using the scenario simulation method. Chen et al. [39]
simulated short-, medium-, and long-term land use changes in the Yangtze River Economic
Belt using FLUS (future land use simulation) model, based on regional SSPs (socioeconomic
shared paths), and quantified and evaluated six categories of ESs based on predicted
land use patterns. Questionnaire surveys can evaluate the perception of ESs by different
groups, and they can be used in studying the relationship between urbanization and
ESs. Narducci et al. [40] found that urban land has a greater negative impact on ESs than
agricultural land, and both urban and agricultural land are negatively correlated with water
quality, air quality, species habitat, and other ESs. To sum up, existing research methods
can be used to explore the effect of urbanization on ESs at different time and space scales
and group scales; however, the coupling coordination relationship between urbanization
and ESs is difficult to identify. Coordination degree is one of the important tools to study
the coordinated development of environment and economy. It aims to quantitatively reflect
the coordinated development degree of environment and economy, that is, whether they
are in a state of imbalance or coordination. Control measures are taken in time according
to the change trend of coordination degree to provide a theoretical basis for regional
sustainable development [41,42]. The coupling coordination model has obvious advantages
in analyzing the complex system relation composed of multiple factors and multiple levels,
and it can better reflect the structure and function of complex systems [43]. Population,
land, economy, and several aspects are involved in the improvement of urbanization. The
urbanization level is evaluated from many dimensions, which can reflect the urbanization
level more comprehensively. Therefore, urbanization and ESs are not one dimensional, and
they are relatively complex systems. The coupling coordination model has great application
potential in identifying the coupling coordination relationship between urbanization and
ESs and between zoning regional coupling and coordination. Some research [4,5,44]
has used the coupling coordination model to couple the relationship between ecosystem
services and urbanization at different scales (e.g., city, river basin, and country) in China,
but there is still a knowledge gap between the coupling coordination results and zoning
policy practice.

A symposium on ecological protection and high-quality development of the Yellow
River Basin was held in Zhengzhou in 2019. Ecological protection and high-quality de-
velopment of the Yellow River Basin have become important development strategies, and
how to protect the ecology of the Yellow River Basin will become an important issue in the
future. At present, many ecological problems exist in the areas along the Yellow River of
Henan Province (AYRHP), such as lack of water resources, shortage of ecological water,
and imbalance of ecosystem functions. Especially in recent years, the pattern of land use
has evolved violently, facing increased ecological risks, serious pollution in some areas, and
many historical ecological problems. The Yellow River Basin is an important ecological bar-
rier, food production base, and economic zone in China, which has an extremely important
strategic position. Some progress has been made on the research of ecosystem services in the
Yellow River Basin. Some researchers [45–47] have identified natural and human factors on
ecosystem services in the Yellow River Basin. Geng et al. [48] analyzed trade-offs/synergies
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among ecosystem services in the Yellow River Basin. Wu et al. [49] and Guo et al. [50]
clarified spatiotemporal patterns of ES value changes. Moreover, the relationship between
ESs and ecological restoration has caused concern in the Loess Plateau [51–53], which is
an important part of Yellow River Basin. The AYRHP are in the middle and lower reaches
of the Yellow River, with dense cities and towns, large population, relatively weak eco-
nomic foundation, and in the rapid development of urbanization, which has a significant
effect on the ecological environment. It is vital to identify spatiotemporal changes of ESs,
urbanization, and their coupling relationship in the AYRHP, but the relevant research
is scare.

Taking AYRHP (counties and districts) as examples, this study estimates ESs using the
Carnegie–Ames–Stanford approach (CASA), revision universal soil loss equation (RUSLE),
and other models by selecting the rapid growth period of urbanization level from 2000
to 2018 as the research period. It evaluates the urbanization level from three dimensions,
namely, population, economy, and land. The coupling coordination relationship between
various ESs and urbanization is quantified based on the coupling coordination degree
(CCD) model. A relative development model is adopted to identify the lead–lag relationship
between ESs and urbanization, and zone the county-level ecological management. Related
policy suggestions are proposed to provide decision-making reference for the ecological
protection and high-quality sustainable development in the Yellow River Basin.

2. Materials and Methods
2.1. The Study Area

The AYRHP are located in the middle and lower reaches of the Yellow River. The
areas are not only the birthplace of Chinese culture but also an important food produc-
tion area of China. The areas are in the middle-east of China, connecting Shanxi in the
north, Henan in the south, Shaanxi in the west, and Shandong in the east. From west to
east, the AYRHP span 9 prefecture-level cities (i.e., Sanmenxia, Luoyang, Jiyuan, Jiaozuo,
Zhengzhou, Xinxiang, Kaifeng, Anyang, and Puyang), including 42 counties and districts
(Figure 1). The population of AYRHP was 34.13 million, accounting for 10.18% of the total
population in the whole Yellow River Basin. In 2018, the urbanization rate of the permanent
population reached 50.41%. The gross domestic product (GDP) growth rate was about
6.9%. The output value of the tertiary industry accounted for 39.24% of the total GDP. The
income gap between urban and rural residents was about 13,786 yuan. The AYRHP have a
complex terrain, with mountains, hills, and plains from the west to the east, and the altitude
gradually decreases. The two banks of the Yellow River from Luoyang to Zhengzhou have
mainly low mountains and hills, with an altitude of 200–500 m. The lowest altitude of the
research area, which is 35 m, belongs to Wuba Town, Taiqian County, and Puyang City.
The plain area to the east of Zhengzhou is the Huanghuaihai alluvial plain in the Eastern
Henan, with flat land, rich land resources, and a long farming history. It is one of the key
areas under agricultural comprehensive development. Our site is located in the junction
zone of the north–south climate and the transitional zone between warm temperate and
north subtropical. The climate type is a humid–semi-humid monsoon climate. The climate
is dry and sandy in spring, rainy and hot in summer, abundant sunshine in autumn, and
dry and cold in winter with little rain. The annual average temperature is 12–16 ◦C. The
main stream in the AYRHP is 711 km long. The area of the regions where the Yellow River
flows through is 36,500 km2. The research area has many reservoirs, among which the most
famous are the Sanmenxia and Xiaolangdi Reservoirs.
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Figure 1. Location of the research area.

2.2. Data Sources

The research data include altitude data, remote sensing data, meteorological data, soil
attribute, and socioeconomic statistics. Table 1 present the details. Altitude data, remote
sensing data, meteorological data, and soil attribute data provide basic parameter input data
for the model to simulate the regulation services of ecosystem in net primary production
(NPP), water yield, and soil conservation. Land use remote sensing monitoring data are
used to obtain the land urbanization rate of various counties and districts. Socioeconomic
statistical data are obtained from Henan Statistical Yearbook, China County-level Statistical
Yearbook, and China County- and City-level Economic Statistical Yearbook, among others.
These data are mainly used to calculate the population and economic urbanization rate of
counties and districts in our site.

Table 1. Data source and usage.

Data Names Data Layout Data Sources Data Usage

Digital elevation model
(DEM)

Raster data with a spatial
resolution of 100 m

Geospatial Data Cloud (http:
//www.gscloud.cn/search,
acquired on 5 January 2021)

DEM of no depression in the
research area

Land use remote sensing
monitoring data

Raster data with a spatial
resolution of 30 m

Resource and Environment
Science and Data Center
(http://www.resdc.cn/,

acquired on 5 January 2021)

Land urbanization rates of
various counties and districts
obtained; simulated the basic
parameter input data of NPP,

water yield, and soil
conservation

MOD13Q1 Raster data with a spatial
resolution of 250 m

NASA official website
(https://www.nasa.gov/,

acquired on 10 February 2021)

Normalized difference
vegetation index (NDVI) data

obtained

China subset and global land
cover data

Raster data with a spatial
resolution of 100 m

Big Data Center of Sciences in
Cold and Arid Regions

(http://bdc.casnw.net/yyzc/
sj/250299.shtml, acquired on

10 October 2020)

Vegetation type in the
research area obtained

Monthly rainfall data List data
China Meteorological Data

Network (http://data.cma.cn/,
acquired on 10 October 2020)

Raster graphics of rainfall
erosion factors and annual
average rainfall obtained

http://www.gscloud.cn/search
http://www.gscloud.cn/search
http://www.resdc.cn/
https://www.nasa.gov/
http://bdc.casnw.net/yyzc/sj/250299.shtml
http://bdc.casnw.net/yyzc/sj/250299.shtml
http://data.cma.cn/
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Table 1. Cont.

Data Names Data Layout Data Sources Data Usage

Soil texture, content of soil
organic matter, and soil depth

Raster data with a spatial
resolution of 1000 m

Big Data Center of Sciences in
Cold and Arid Regions

(http://bdc.casnw.net/yyzc/
sj/250299.shtml, acquired on

10 October 2020)

Simulated the basic parameter
input data of water yield and

soil conservation model

Monthly air temperature,
monthly rainfall, monthly

radiation, and daily
minimum/maximum air

temperature

List data
China Meteorological Data

Network (http://data.cma.cn/,
acquired on 10 October 2020)

Monthly average temperature,
radiation raster data, and

annual potential evaporation
data obtained

Annual food output Statistical data Henan Statistical Yearbook Food output in the basin
obtained

Urbanization rate of
permanent residents Statistical data China County-level Statistical

Yearbook
Urbanization rate of the

population obtained

GDP of primary, secondary,
and tertiary industries Statistical data

Henan Statistical Yearbook,
China County-level Statistical

Yearbook, and Statistical
Bulletin of National Economic

and Social Development

Proportion of non-agricultural
industries in GDP

2.3. Research Framework

By evaluating ESs and urbanization, our study attempts to identify the coupling rela-
tionship between ESs and urbanization and divide ecological management zones (Figure 2).
Based on the research framework, first, we selected four ecosystem services—food produc-
tion, NPP, water yield, and soil conservation and evaluated the four ecosystem services
and then highlighted the spatial-temporal changes in each ecosystem service. Second, we
evaluated urbanization level from three dimensions, namely, population, economy, and
land to obtain comprehensive urbanization. Third, we applied the coupling coordination
degree model to identify the relationship between urbanization and ecosystem services.
Meanwhile, the lead–lag relationship between ESs and urbanization is identified using
the relative development model. Last, ecological management zoning is carried out ac-
cording to the research results and we offered some policy suggestions in each ecological
management zone.

2.4. Evaluation of Ecosystem Services

The southwest of the AYRHP mainly has mountains and hills, and the northeast has
plains. Soil erosion is serious in the AYRHP. Mineral exploitation and human activities
have damaged the local ecosystem. The research area is located in a semi-arid area, with
high population density and great demand for industrial, agricultural, and domestic water.
In the areas along the upper and middle reaches of the Yellow River of Henan Province,
the implementation of ecological protection policies, such as returning the grain plots to
forestry by the local governments, affects safe food production. The selection of ESs meets
the concerns of the government and residents in the research area, and it has the availability
of measurement data. In the study, four categories of ESs, namely, NPP, soil conservation,
water yield, and food production are screened out for evaluation. An evaluation system for
ESs in the AYRHP is constructed based on these categories of ESs (Table 2).

http://bdc.casnw.net/yyzc/sj/250299.shtml
http://bdc.casnw.net/yyzc/sj/250299.shtml
http://data.cma.cn/
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Table 2. Criteria for selecting ESs in the AYRHP.

Ecosystem Services Selection Reason

Provision services

Food production
Food production is directly related to the normal life and wellbeing of local residents. The research
area is the main food production area of China. Agriculture is an important industry in the
research area.

Regulating services

NPP
NPP directly reflects the production capacity of naturalized plant communities under natural
environmental conditions. As an important factor of judging the carbon sources/sinks of ecosystem
and regulating the ecological process, it reflects the carbon sequestration status of the ecosystem.

Water yield
Water is the main factor limiting the construction of ecological environment in the research area, and
it maintains many important functions of the ecosystem. The AYRHP are located in the semi-arid
area; thus, the demand for water is relatively strong.

Soil conservation

The west of the study area is dominated by mountains and hills, whereas the east is dominated by
plains, with large altitude difference and serious soil erosion. In addition, the main channel of the
Yellow River swings seriously, which will erode the plain cultivated land on both sides of the
downstream of the river, thereby affecting food security.

2.4.1. Evaluation on Net Primary Production

The NPP of vegetation refers to the total amount of organic matter remaining in the
vegetation on land by removing the organic matter consumed by autotrophic respiration
from the organic matter produced by photosynthesis per unit time and area. It intuitively
reflects the organic matter production capacity of the vegetation community in the natural
environment. In this study, NPP is estimated by using the CASA model based on the
principle of light energy utilization. The specific model is as follows [54]:

NPP(x, t) = APAR(x, t)× ε(x, t) (1)
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where NPP(x,t) refers to the NPP of pixel x on the tth month (g·C·m−2), APAR(x,t) refers
to the photosynthetically active radiation of pixel x on the tth month (MJ·m−2), and ε(x,t)
refers to the actual light energy utilization of pixel x on the tth month (g·C·MJ−1). For the
use of models and the selection of parameters, refer to Zhu et al. [55].

2.4.2. Evaluation on Soil Conservation

Soil plays an important role in human’s production and life. The important functions
of soil conservation include maintaining soil nutrients, reducing nutrient loss, lowering
risks leading to reservoir sedimentation and flood, and purifying water quality. It is of
great significance to counties and cities with serious soil erosion in the AYRHP. The amount
of soil conservation is equal to the difference between the potential and measured soil
loss. The amount of soil loss without vegetation coverage and without any water and soil
conservation measure is the potential amount of soil loss. At this moment, C = 1, and P = 1.
The amount of soil loss in consideration of vegetation coverage, water, and soil conservation
measures is the measured amount of soil loss. In this study, soil conservation is calculated
by using the Sediment Delivery Ratio module of the Integrated Valuation of Ecosystem
Services and Trade-offs (InVEST) model [56]. The specific calculation formulation is as
follows [57,58]:

Ac = Ap − Am (2)

Am = R × K × C × LS × P (3)

Ap = LS × K × R (4)

where Ac is the average soil conservation (t·hm−2·a−1), Am is the average measured
soil loss (t·hm−2·a−1), Ap is the average potential soil loss (t·hm−2·a−1), R is the rainfall
erosion factor (MJ·mm·hm−2·h·a−1), K is the soil erosion factor (t·h·MJ−1·mm−1), C is the
vegetation coverage management factor, and L and S are topographical factors. Particularly,
L is a slope length factor, and S is a slope steepness factor, which are automatically obtained
by DEM in the model after filling the depression; P is the soil conservation measure factor;
and C and P are valued according to the InVEST model manual and parameters of similar
areas and combined with the actual situation in the research area.

2.4.3. Evaluation on Water Yield

The calculation of regional water yield can provide support for improving the regional
water cycle, controlling soil desertification, and reducing soil loss and rational utilization
of water resources. The evaluation on water yield service also relies on the Water Yield
module of the InVEST model [54]. The difference between the precipitation and the actual
evapotranspiration per unit area is the principle of water balance. On the basis of this
principle, water yield in all raster cells in the research area is measured, considering the
terrain, vegetation type, meteorology, and soil conditions. As a result, the spatialization of
water yield service is realized. The specific calculation formulation is as follows [54]:

WYx =

(
1− AETx

Px

)
× Px (5)

where WY(x) is the annual water yield of raster cells (mm), AET(x) is the annual actual
evapotranspiration of raster cells (mm), and P(x) is the annual precipitation of raster
cells (mm).

2.4.4. Evaluation on Food Production

A large number of fertile cultivated land is found in the AYRHP, which is an important
food production area in Henan Province. Food production is an important service in ESs
and has an important influence on human well-being. Food security plays an important
role in regional stability and social development. Some scholars [25,59] have found that a
linear relationship exists between NDVI and crop yield. The total food output in different
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counties and districts is distributed according to the ratio of the NDVI value to the total
cultivated land NDVI value in each pixel, and the supply level of food production in each
raster cell is obtained. The specific calculation formulation is as follows:

Gi = Gsum ×
NDVIi

NDVIsum
(6)

where Gi is the grain yield in raster cell i (t), Gsum is the total grain yield in the research
area (t), NDVIi is the cultivated land NDVI value in raster cell i, and NDVIsum is the sum of
cultivated land NDVI values in the research area.

2.5. Measurement of Urbanization Level

Urbanization refers to a complex process of transformation from rural to urban, in-
cluding population migration, change in industrial structure, increase in urban land, and
improvement of income level. Specifically, urbanization refers to a new urbanization with
the connotation of people’s livelihood, sustainable development, and quality for the core
goal of pursuing equality, happiness, transformation, green, health, and intensification. It
aims to realize the integration of regional overall planning and coordination, industrial
transformation and upgrading, and intensive efficiency of land. Generally, the single-index
method and comprehensive index method are used to quantify the level of urbanization.
Compared with the single-index method, the comprehensive index method can better
reflect the overall characteristics and level of urbanization. In this study, comprehen-
sive urbanization is evaluated from three dimensions, namely, population, economy, and
land. A total of three indexes, including the urbanization rate of permanent residents, the
proportion of urban construction land area in the total land area, and the proportion of
non-agricultural industries in GDP, are selected to more intuitively reflect the population,
land, and economic urbanization level of counties and cities and build a comprehensive
urbanization evaluation system. The indexes are initially selected to calculate the urban-
ization level at different dimensions. The urbanization levels at the three dimensions
have the same weight. Finally, the weighted summation method is used to calculate the
comprehensive urbanization level (Table 3).

Table 3. Evaluation system for comprehensive urbanization level.

Objectives Dimension Index Weight References

Comprehensive
urbanization

Population
urbanization

Urbanization rate of
permanent residents (%) 1/3 [60,61]

Economy
urbanization

Proportion of
non-agricultural products

in total GDP (%)
1/3 [60,62]

Land
urbanization

Percentage of urban land
in total land area (%) 1/3 [60,63,64]

2.6. Quantification of the Coupling Relationship between ESs and Comprehensive Urbanization

The coupling between the four categories of ESs and comprehensive urbanization can
reflect the degree of interaction between them and the development and change process be-
tween them. The coupling coordination can clearly reflect the stage of coordinated coupling
between the two systems. When the coupling coordination is larger, then the comprehen-
sive urbanization and ESs are more coordinated. The specific calculation formulation is
as follows:

T = aGi + bF(x) (7)

C = {Gi × F(x)/
[(

Gi + F(x)

)
/2
]2
}

k
(8)

D =
√

T × C (9)
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where T is the comprehensive evaluation value of ESs and comprehensive urbanization;
Gi (i = 1, 2, 3, 4) is the evaluation values for NPP, soil conservation, water yield, and food
production, respectively; F(x) is the evaluation value for comprehensive urbanization; C is
the coupling degree; and D refers to the CCD, which is in the range of [0, 1]. Two systems
are of equal importance; thus, a = b = 0.5, and there exist two system layers, k = 2. The
coupling coordination is divided into five types: major maladjustment (0.0–0.2), moderate
maladjustment (0.2–0.4), basic coordination (0.4–0.6), moderate coordination (0.6–0.8), and
high coordination (0.8–1.0).

To further identify the lead–lag relationship between urbanization and ESs in various
counties and districts, their relative development degree is calculated. The types of the
relative development are classified according to the relative development degree. On the
basis of other research results, all counties and districts in the research area are divided into
ES lag type, urbanization–ES synchronous development type, and urbanization lag type.
The specific classification criteria are shown in Table 4.

Table 4. Classification criteria of relative development types of ESs and comprehensive urbanization.

Type Relative Development Degree Classification

Relative development types
0 < β = Gi/F(x) < 0.9 Lag type of ES

0.9 < β = Gi/F(x) < 1.1 Urbanization–ES synchronous development type
β = Gi/F(x) > 1.1 Lag type of comprehensive urbanization

3. Results
3.1. Spatiotemporal Change in ESs
3.1.1. Net Primary Production

In 2000–2018, the total amount of NPP in the AYRHP increased. Particularly, the
increment of NPP service amount in 2000–2015 was the highest (i.e., 18.19%). In 2000–2018,
the amount of NPP service per unit area in the AYRHP increased from 502.8 g·C·m−2 to
563.6 g·C·m−2, with a growth rate of 12.09%. On the county scale, the amount of NPP
service in 7 of 42 counties along the Yellow River of Henan Province decreased in 2000–2018.
According to their decline ranges in total NPP, they ranked from large to small as follows:
the urban area of Zhengzhou, Xinzheng City, Boai County, Wuzhi County, Zhongmou
County, Wen County, and the urban area of Xinxiang; among which, the largest drop rate
was 10.56% in the urban area of Zhengzhou. The amount of NPP service in the remaining
35 counties and districts increased. The growth rate of the amount of NPP service was
38.41% in Yima City.

From the spatial distribution (Figure 3), on the raster scale, the NPP in the AYRHP was
high in the southwest and low in the northeast in 2000–2018. The low-value areas show a
trend of agglomeration and expansion, whereas the spatial distribution in the high-value
areas is stable. On the county scale, NPP spatial high-value areas at the county level were
mainly distributed in the southwest of the research area in 2000–2018 (e.g., Luanchuan
County, Song County, Lushi County, and Luoning County), whereas the low-value areas
were mainly distributed in the urban areas of Zhengzhou and Luoyang. The combination
of the two scales indicates that the NPP high-value areas in the research area were basically
unchanged in 2000–2018, whereas the low-value areas expanded radially around from
the urban area of Zhengzhou as a core, with the radius including Xinzheng City and
Zhongmou County.
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3.1.2. Soil Conservation

In 2000–2018, the total soil conservation amount in the AYRHP initially increased,
then decreased, and increased again, and it rose during the entire research period. In
2000–2010, the growth rate of soil conservation was the highest (i.e., 50.71%). The soil con-
servation amount per unit area in the AYRHP in 2000–2018 increased from 4.6 t·hm−2·a−1

to 5.6 t·hm−2·a−1, with a growth rate of 21.74%. On the county scale, the soil conservation
service in 15 of 42 counties in the AYRHP in 2000–2018 was growing, and the growth rate in
the urban area of Sanmenxia was the highest (i.e., 77.51%). The soil conservation amount in
the remaining 27 counties was decreasing. The decline rate of the soil conservation amount
in the urban area of Xinxiang was the highest (i.e., 74.63%).

From the spatial distribution (Figure 4), on the raster scale, the soil conservation
in the AYRHP was high in the southwest and low in the northeast in 2000–2018. The
soil conservation services from the middle to the northeast of the research area were
considerably lower than those in the southwest of the research area. On the county scale,
the high-value areas of soil conservation service were mainly distributed in Luanchuan,
Song, Lushi, and Lingbao Counties, presenting centralized and continuous distribution in
space. The low-value areas of soil conservation service were mainly distributed in Taiqian,
Wen, Wuzhi, and Yuanyang Counties, also presenting a concentrated and continuous
distribution trend in space. The low-value areas were significantly different from the
high-value areas in distribution. The main reason is that there exist mostly mountains
and hills in the southwest, with rich vegetation cover types and strong soil conservation
ability; whereas vast plains are present in the northeast area, where the land use type is
mainly cultivated land, the land development is strong, and the soil conservation ability is
thus weak.
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3.1.3. Water Yield

In 2000–2018, the total water yield in the AYRHP initially decreased, increased, and
then decreased again, and it dropped during the whole research period. The water yield
in 2010 was the highest. In comparison with that in 2000, the growth rate was 3.05%. In
2000–2018, the water yield in the AYRHP decreased from 431.4 mm to 331.3 mm, with a drop
rate of 22.97%. On the county scale, the amount of water yield in 34 of 42 counties along the
Yellow River of Henan Province decreased in 2000–2018. The top three counties and districts
in the decline of water yield are as follows: the urban area of Xinxiang (74.15%), Weihui City
(69.78%), and Xinxiang County (68.31%). The water yield in the remaining eight counties
and districts was increasing. According to growth rate, they ranked as follows: Yima City
(17.19%), Mianchi County 15.16%), the urban area of Sanmenxia (10.15%), Luoning County
(10.07%), Ruyang County (9.66%), Yiyang County (8.64%), Yichuan County (8.32%), and
Dengfeng City (2.91%).

In 2000–2018, the spatial distribution of water yield in the AYRHP changed greatly,
and the high- and low-value areas changed constantly (Figure 5). On the raster scale, the
spatial distribution of water yield in 2000–2015 was low in the southwest and high in the
northeast. The distribution range of high-value areas in the northeast of the research area
was expanding. The spatial distribution of water yield in 2010 was low in the middle and
high on both sides. In 2015, the spatial distribution of water yield was high in the southwest
and low in the northeast. The regional difference of water yield service in 2018 became
smaller. The high-value areas were mainly distributed in the middle and the northeast of
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the research area. On the county scale, the low-value areas of water yield were narrowed
to four counties in the southwest (Lingbao County, Lushi County, Luoning County, and
Sanmenxia City) from 2000 to 2005. The low-value areas of water yield service in 2010 were
mainly distributed in Qinyang City, Mengzhou City, Wen County, Mengjin County, Yanshi
City, Gongyi City, and Luoyang City. The low-value areas of water yield in 2015 were
mainly distributed in Fan County, Puyang County, Hua County, Changyuan City, Fengqiu
County, Yanjin County, and Yuanyang County. In 2018, the amount of water yield in all
counties and districts decreased compared with those in previous years. The high- and low-
value counties and districts were distributed in patches. From the spatiotemporal pattern
of spatial distribution, the spatial distribution of water yield in the research area tended to
be evenly distributed; however, the high-value areas of water yield continued to decrease
sharply, and the amount of water yield in the research area showed a downward trend.
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3.1.4. Food Production

In 2000–2018, the total food output in the AYRHP continued to grow, from 8.1576 million
ton to 12.881 million ton. The total growth rate was 57.90%. Additionally, the food output
volume per unit area in the study area increased from 3.97 tons/hm2 to 6.02 tons/hm2,
an increase of 51.64%. On the county scale, the food output of only the urban area of
Zhengzhou among 42 counties and districts of AYRHP was decreasing in 2000–2018, with
a drop rate of 32.69%. The food output of the remaining 41 counties and districts were
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increasing. The top three areas with the highest growth rate in food output were Xinmi
City (104.27%), Lingbao City (103.2%), and Lushi County (87.01%).

From the spatial distribution (Figure 6), on the raster scale, the spatial distribution of
food output service in the AYRHP was low in the southwest and high in the northeast in
2000–2018. The distributed patches of food output correspond to the spatial distribution
of cultivated land in the research area. On the county scale, the number of counties and
districts in high-value areas of food output continued to increase in 2000–2018. The high-
value areas were mainly distributed in Hua County, Puyang County, Fengqiu County,
Yuanyang County, Lingbao City, Yiyang County, and Luoning County. The low-value
areas of food production service were mainly distributed in the middle of the research area,
namely, the urban area of Zhengzhou, Gongyi City, and Wen County.
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3.2. Spatiotemporal Change in Urbanization Level
3.2.1. Single-Dimensional Urbanization

In 2000–2018, the population urbanization in the AYRHP continued to grow. Popu-
lation urbanization level increased from 6.6% to 17%, with a growth rate of 157.58%. In
comparison with that of 2000, the growth rate of urbanization level in 2010 was the lowest
(i.e., 18.18%). In comparison with that of 2010, the population urbanization level in 2018
increased sharply. On the county scale, the population urbanization in all 42 counties and
districts along the Yellow River of Henan Province were increasing in 2000–2018 (Figure 7).
The top five areas with the highest growth rate of population urbanization were Fengqiu
County (526.46%), Changyuan City (524.83%), Yanshi City (517.55%), Xinxiang County
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(500.47%), and Yichuan County (438.9%). The high-value areas in the population urban-
ization level were mainly distributed in Sanmenxia City, urban areas of Zhengzhou and
Luoyang, and their surrounding counties and districts. The main reason is that various
industries in the central urban area develop rapidly, which can provide a large number of
jobs and attract a large number of people. The population density and the urbanization
rate of permanent residents were also higher than those in the surrounding cities.
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In 2000–2018, the economy urbanization in the AYRHP continued to grow. The econ-
omy urbanization level increased from 25.5% to 30.1%, with a growth rate of 18.04%. On
the county scale, the economy urbanization in all 42 counties and districts were increasing
in 2000–2018. The top five areas with the highest growth rate of economy urbanization
were Fengqiu County (65.43%), Hua County (56.89%), Puyang County (43.29%), Yuanyang
County (42.47%), and Yanjin County (37.52%). The distribution of high-value areas with
economy urbanization level was similar to that of high-value areas with population urban-
ization level.

In 2000–2018, the land urbanization in the AYRHP continued to grow. The land
urbanization level increased from 1.6% to 3.9%, with a growth rate of 143.75%. On the
county scale, the land urbanization in all 42 counties and districts along the Yellow River of
Henan Province were increasing in 2000–2018. According to the growth rate, the top five
counties or districts were Xinzheng City (471.46%), Changyuan City (369.74%), Xinxiang
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County (348.54%), Mengjin County (295.09%), and Xin’an County (279.7%). The land
urbanization in the AYRHP continued to grow, but the overall level was relatively low.
Except for the central urban area, the land urbanization levels of other counties were at
an extremely low level. The AYRHP still focus on agriculture, where the land use type
is mainly cultivated land. At the same time, China’s cultivated land protection policy is
extremely strict, which is the main reason for the low level of land urbanization in most
counties in the research area.

3.2.2. Comprehensive Urbanization

In 2000–2018, the comprehensive urbanization in the AYRHP continued to grow. The
comprehensive urbanization level increased from 33.7% to 51.1%, with a growth rate of
51.63%. On the county scale, the comprehensive urbanization levels in all 42 counties and
districts were increasing in 2000–2018. According to the growth rate, the top five counties
or districts were Fengqiu County (123.17%), Changyuan City (95.03%), Hua County (89%),
Xinxiang County (83.07%), and Yuanyang County (82.88%). In addition, the three counties
or cities with the lower growth rate of comprehensive urbanization were Yima City (18.8%),
Xinzheng City (27.03%), and the urban area of Sanmenxia City (29.99%).

From the spatial distribution (Figure 8), the comprehensive urbanization level in the
AYRHP was high in the middle and low in the southwest and northeast in 2000–2018. The
high-value areas in comprehensive urbanization level were mainly distributed in the urban
area of Zhengzhou, Yima City, and the urban areas of Luoyang and Xinxiang City. The
comprehensive urbanization levels of other counties were at a low level. The main reason
is that these areas belong to the core cities, with a concentrated population, high economic
development level, and high land use intensity. Social and economic preferential policies
are inclined to these areas. The infrastructure and public services are perfect in these areas,
with good employment and living environment. From the spatial change, the counties and
districts with a large growth rate of comprehensive urbanization level are located in the
middle and northeast of the research area.

Remote Sens. 2022, 14, x FOR PEER REVIEW 17 of 27 
 

 

3.2.2. Comprehensive Urbanization 
In 2000–2018, the comprehensive urbanization in the AYRHP continued to grow. The 

comprehensive urbanization level increased from 33.7% to 51.1%, with a growth rate of 
51.63%. On the county scale, the comprehensive urbanization levels in all 42 counties and 
districts were increasing in 2000–2018. According to the growth rate, the top five counties 
or districts were Fengqiu County (123.17%), Changyuan City (95.03%), Hua County (89%), 
Xinxiang County (83.07%), and Yuanyang County (82.88%). In addition, the three counties 
or cities with the lower growth rate of comprehensive urbanization were Yima City 
(18.8%), Xinzheng City (27.03%), and the urban area of Sanmenxia City (29.99%). 

From the spatial distribution (Figure 8), the comprehensive urbanization level in the 
AYRHP was high in the middle and low in the southwest and northeast in 2000–2018. The 
high-value areas in comprehensive urbanization level were mainly distributed in the ur-
ban area of Zhengzhou, Yima City, and the urban areas of Luoyang and Xinxiang City. 
The comprehensive urbanization levels of other counties were at a low level. The main 
reason is that these areas belong to the core cities, with a concentrated population, high 
economic development level, and high land use intensity. Social and economic preferen-
tial policies are inclined to these areas. The infrastructure and public services are perfect 
in these areas, with good employment and living environment. From the spatial change, 
the counties and districts with a large growth rate of comprehensive urbanization level 
are located in the middle and northeast of the research area. 

 
Figure 8. Spatiotemporal distribution patterns of comprehensive urbanization in the AYRHP on the 
county scale. 

3.3. Coupling Relationship between ESs and Comprehensive Urbanization 
3.3.1. Spatiotemporal Change in the CCD between ESs and Comprehensive Urbanization 

In 2000–2018, the CCD between NPP and comprehensive urbanization in the AYRHP 
increased from 0.615 to 0.741, with a growth rate of 20.5% (Figure 9). The total coupling 
coordination between NPP and comprehensive urbanization was moderate. From the spa-
tial distribution, the CCD was high in the southwest and low in the northeast (Figure 10). 
Most counties and districts were in a moderate coordination. The CCD of 31 counties and 
cities in the research area increased in 2000–2018. Of all counties and districts, Fengqiu 

Figure 8. Spatiotemporal distribution patterns of comprehensive urbanization in the AYRHP on the
county scale.



Remote Sens. 2022, 14, 2277 17 of 26

3.3. Coupling Relationship between ESs and Comprehensive Urbanization
3.3.1. Spatiotemporal Change in the CCD between ESs and Comprehensive Urbanization

In 2000–2018, the CCD between NPP and comprehensive urbanization in the AYRHP
increased from 0.615 to 0.741, with a growth rate of 20.5% (Figure 9). The total coupling
coordination between NPP and comprehensive urbanization was moderate. From the
spatial distribution, the CCD was high in the southwest and low in the northeast (Figure 10).
Most counties and districts were in a moderate coordination. The CCD of 31 counties and
cities in the research area increased in 2000–2018. Of all counties and districts, Fengqiu
County had the highest growth rate of CCD (i.e., 56.18%). The proportion of counties and
districts with moderate coordination increased from 76.19% to 95.24% in 2000–2018.
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In 2000–2018, the CCD between soil conservation and comprehensive urbanization
in our site decreased from 0.239 to 0.235, with a drop rate of 1.67% (Figure 9). The total
coupling coordination between soil conservation and comprehensive urbanization was
moderate maladjustment. From the spatial distribution, the CCD between soil conservation
and comprehensive urbanization was high in the southwest and low in the northeast and
decreased from the southwest to the northeast (Figure 10). Most counties and districts
were in serious and moderate maladjustment. The CCD of only 10 counties increased
in 2000–2018. Of all the counties and districts, the urban area of Sanmenxia had the
highest growth rate (i.e., 34.88%). The CCD of 32 counties and districts in the research area
decreased, in which Xinxiang County had the highest drop rate of CCD (i.e., 77.07%).

In 2000–2018, the coupling coordination between food production and comprehen-
sive urbanization in our site increased from 0.399 to 0.492, with a growth rate of 23.31%
(Figure 9). The total coupling coordination between food production and comprehensive
urbanization was basic. From the spatial distribution, the CCD between food production
and comprehensive urbanization was low in the middle and high in the southwest and the
northeast (Figure 10). Most counties and districts were in moderate and basic coordination.
From 2000 to 2018, only the CCD of the urban area of Zhengzhou and Xinxiang, Xinzheng
city, decreased, and that of the other 39 counties and districts increased. Of all counties and
districts, Xinmi City had the highest growth rate in CCD (i.e., 70.03%). The proportion of
counties and districts with moderate coordination in the research area increased from 0 to
42.86% from 2000 to 2018.

In 2000–2018, the CCD between water yield and comprehensive urbanization in our
site fluctuated. The coupling coordination in 2000 was the lowest (i.e., 0.603), whereas that
in 2015 was the highest (i.e., 0.675; Figure 9). The total coupling coordination between water
yield and comprehensive urbanization was moderate. From the spatial distribution, the
basic and moderate coordination areas were concentrated and distributed in a continuous
manner in space, and all counties and districts were in a coordinated state (Figure 10).
The CCD of the 32 counties and districts in the research area increased in 2000–2018. Of
all the counties and districts, Fengqiu County had the highest growth rate (i.e., 49.46%).
In addition, the CCD of the remaining 10 cities and counties decreased. The urban area
of Zhengzhou had the largest drop rate (i.e., 25.08%), followed by Xinzheng City and
Zhongmou County.

Overall, the coupling coordination between NPP, food production, and water yield
and comprehensive urbanization is basic or moderate, whereas that between soil con-
servation and comprehensive urbanization is moderate maladjustment. Specifically, the
CCD between NPP and comprehensive urbanization is the highest, followed by the CCD
between water yield and food production and comprehensive urbanization. The CCD
between soil conservation and comprehensive urbanization is the lowest.

3.3.2. Spatiotemporal Change in the Relative Development Degree of ESs and
Comprehensive Urbanization

In 2000–2018, the relative development of comprehensive urbanization and NPP in
the AYRHP was mainly comprehensive urbanization lag type (Figure 11). The number
of counties and districts with the lag type of comprehensive urbanization from 2000 to
2018 decreased from 40 to 34. At the same time, the number of cities and counties in the
synchronous development of comprehensive urbanization and NPP also increased from 0
to 5.
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In 2000–2018, the relative development of comprehensive urbanization and soil con-
servation in the AYRHP was mainly soil conservation lag type (Figure 11). The counties
and districts with the lag type of soil conservation service were mainly distributed in the
middle and southeast of the research area and continued to expand. From 2000 to 2018, the
proportion of counties and cities of the lag type of soil conservation service increased from
85.71% to 95.24%.

In 2000–2018, the relative development of comprehensive urbanization and food pro-
duction in the AYRHP was mainly food production lag type (Figure 11). The counties
and districts of the lag type of food production service were mainly distributed in the
middle and southeast of the research area and continued to decrease. Conversely, the
counties and districts of comprehensive urbanization lag type were unchanged in num-
ber and spatial distribution. In addition, the number of counties and districts of food
production–comprehensive urbanization synchronous development type increased from 2
to 5.

In 2000–2018, the relative development of comprehensive urbanization and water
yield in our site changed greatly. The comprehensive urbanization lag type was dominant
in 2000–2010, whereas the water yield lag type was dominant in 2018 (Figure 11). The
proportion of counties and districts of the comprehensive urbanization lag type from 2000
to 2018 decreased from 90.48% to 0, whereas that of water yield lag type increased from
4.76% to 78.57%. The number of counties and districts in water yield–comprehensive
urbanization synchronous development increased from 2 to 9.
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4. Discussion
4.1. Influencing Factors on the Coupling Relationship between ESs and Urbanization

Some scholars have analyzed the relationship between urbanization and ecological en-
vironment in the Yellow River Basin using the coupling coordination model. Zhao et al. [1]
constructed a new coupling coordination model between urbanization and ecological
environment to quantitatively measure the spatiotemporal patterns of both and their de-
velopment state. As a result, the mean value of the coordination between urbanization
and ecological environment in the Yellow River Basin was obtained, that is, 0.20–0.60,
which is in the low and moderate coordination on the whole. Sun et al. [65] measured
the coupling coordination of urban agglomeration in the Yellow River Basin by using
models in 2000–2019 and predicted that the coupling coordination between urbanization
and ecological environment in the central plains in the Yellow River Basin will reach a
primary or higher coordination state by 2025. According to this research, the total coupling
coordination between multiple ESs (NPP, food production, and water yield) and compre-
hensive urbanization is basic or moderate. This conclusion is consistent with the research
results of Zhao et al. [1] and Sun et al. [65].

In this study, the spatiotemporal change in the coupling coordination between ESs
and urbanization in the AYRHP in 2000–2018 is identified using the coupling coordination
model. The CCD between NPP and food production and comprehensive urbanization
continues to increase because NPP, food production, and comprehensive urbanization in
the AYRHP continue to grow in the research period. The main reason for the rise of NPP is
the promotion of a series of ecological protection policies and measures in the AYRHP. Since
2003, the Henan Forestry Bureau has successively issued relevant policies and laws on the
Green for Grain Project, Afforestation Method, and Natural Forest Protection Project. In
2018, Henan Province promulgated the Forest Henan Ecological Construction Plan, which
provides a detailed deployment plan for the forestry ecological construction of the whole
province. The increase in food production is affected by many factors. The annual food
output in the AYRHP accounts for one-fifth of total food output of the Henan Province. It is
an important food production area in Henan Province. A strict farmland protection system
is implemented in China, implementing the strategy of better management of the granary
and technologically using cultivated land resources into effect. The Henan provincial
government has actively responded to national policies, continuously performed actions to
protect and improve the quality of cultivated land, resolutely curbed the “non-agricultural”
and “non-grain” problems of cultivated land, thereby promoting a series of measures and
policies, such as the construction of high-standard farmland. The improvement of farmland
infrastructure and the enhancement of agricultural technology are also important factors
for the continuous increase in total grain output. Although the total grain output in the
AYRHP is increasing, the grain output in some areas, such as Zhengzhou City, is decreasing.
The main reason is that the main urban area of Zhengzhou has been expanding in recent
years, and a large amount of land use has been converted from cultivated land to urban
construction land. Therefore, the cultivated land has decreased sharply.

The CCD between water yield and comprehensive urbanization fluctuates during the
research period due to the fluctuation of water yield. In comparison with 2000, water yield
increases in 2010, but it drops in 2018. The calculation result of the relative development
degree shows that the water yield of the AYRHP in 2018 is lag type. The main reason is
the decrease in the amount of water yield. The AYRHP are located in a semi-arid area
with a concentrated population and high agricultural intensity. Therefore, it has a shortage
of water resources. Utilization and development of groundwater in some counties and
districts along the Yellow River of Henan Province exceed 100%, and water resources are
over-developed. The area of the funnel region of groundwater shows an upward trend.
Agricultural water consumption accounts for about 80% of the total water consumption,
and the utilization efficiency of agricultural water resources is low. When promoting
the urbanization, the first issue to be concerned with is how to improve water yield and
improve or solve the shortage of water resources. During the research period, the CCD
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between soil conservation and comprehensive urbanization is moderate maladjustment,
and it is serious maladjustment in some counties and districts. The calculation result of
the relative development degree shows that the soil conservation of most counties and
districts along the Yellow River of Henan Province is lagged. Soil conservation generally
increased in 2000–2018. However, the increased area is concentrated in the high-value areas
of soil conservation in the southwest of the research area, whereas the low-value areas in
the northeast are slightly changed. A Yellow River alluvial plain is present in the northeast
along the Yellow River of Henan Province, with fertile soil and relatively loose soil. The
Yellow River directly passes through the counties and cities in the northeast. The Yellow
River has a relatively large curvature and a relatively serious swing. In addition, the land
use types in these counties and districts are mostly cultivated land; thus, the soil erosion is
serious, and the soil conservation level is low. By 2019, the area of soil loss in the Yellow
River Basin accounts for about half of the basin area, which explains the reason for the
maladjustment between soil conservation and comprehensive urbanization.

The CCDs between NPP, water yield, and soil conservation and comprehensive ur-
banization show a similar spatial distribution, that is, the distribution trend of high in the
southwest and low in the northeast. The counties and districts in the southwest are located
in the upper and middle reaches of the river, with high forest land coverage. Therefore,
the ecosystem regulation services, including NPP, water yield, and soil conservation are
relatively high. NPP, water yield, and soil conservation in these counties match the local
comprehensive urbanization level; thus, the CCD is correspondingly high. The CCD be-
tween food production and comprehensive urbanization is low in the middle and high
in the southwest and the northeast. The main reason is that the urbanization level of the
central region is relatively high. It is the core region, but the grain output level of these
regions is relatively low, which does not match the comprehensive urbanization level.
Therefore, the coupling level is low.

4.2. Ecological Management Zoning on the County Scale and Policy Suggestions

With the continuous development of urbanization and economy, the strained relations
between human and land, between human and water, and between human and environ-
ment in the AYRHP will continue to intensify in the future. In the AYRHP, as an important
food output and densely populated area, how to realize the coordinated development be-
tween urbanization and ecological environment is its important development strategic goal.
The ecological management zoning on the county scale can provide a scientific support for
ecological protection and high-quality development in the AYRHP.

Although the degree of coupling coordination between some ESs and comprehensive
urbanization is rising, the results of relative development show that food production and
soil conservation in most AYRHP lag behind the level of urbanization. In 2018, water yield
in most counties and districts also lagged behind the level of comprehensive urbanization.
The relative development index can accurately identify the lead–lag relationship between
urbanization and ESs in various counties and districts. From the results of the relative
development types of ES and comprehensive urbanization, the types of various counties
and districts are clearly identified, namely, comprehensive urbanization lag type, ES lag
type, or ES–comprehensive urbanization synchronous development type. Therefore, based
on the relative development types of comprehensive urbanization and ES, the ecological
management zoning is conducted. In 2018, except for NPP, the relative development
types of soil conservation, food production, and water yield services and comprehensive
urbanization are dominated by ES lag type and are in most counties and cities of the research
area (Figure 10). In view of the restrictive role of ESs in urban sustainable development,
the ES lag is taken as the reference of ecological management zoning. The counties and
districts along the Yellow River of Henan Province are divided into three types of ecological
management area, namely, ecological reconstruction area, ecological and agricultural
improvement area, and ecological conservation area (Figure 12).
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The counties and districts of NPP–soil conservation–water yield–food production
lag type are classified as the ecological reconstruction area, including four urban districts,
which are the core areas of social and economic development along the Yellow River of
Henan Province. High comprehensive urbanization level and low ES capacity are the
main characteristics of the area. Ecological protection should be taken as the premise of
development in future development planning. The government should strictly control
the boundaries of urban development and use the land intensively and economically.
The urban green infrastructure and the area of urban green space should be increased.
Nationwide water-saving action should be implemented to inhibit unreasonable water
resource utilization. The core policy of the area is to control the urbanization and conduct
ecological engineering construction to improve the level of ESs.

The three types of ecological and agricultural improvement area are soil conservation–water
yield–food production lag type, soil conservation–food production lag type, and water
yield–food production lag type. In particular, the soil conservation–water yield–food
production lag type involves 21 counties and districts, which is the largest among the
counties and districts of all ecological management types. These counties and districts are
concentrated in the middle of the research area. Soil conservation–food production and
water yield–food production lag types involve three counties and one county, respectively.
These counties are distributed in the northeast and the southwest of the research area. The
comprehensive urbanization level of ecological and agricultural improvement area is lower
than that of ecological reconstruction area. According to the three lag types, we could find
that both provision and regulating services lag behind the comprehensive urbanization in
the ecological and agricultural improvement area. Therefore, the coordinated promotion
of agricultural development and ecological construction should be noted in the process
of policy implementation in this area. The local government should initially focus on
adjusting and optimizing the land use structure, formulate a strict ecological protection
red line, and clarify the agricultural and ecological spaces. In addition, the government
should promote ecological construction to reduce soil erosion on both sides of the Yellow
River by constructing a compound ecological corridor with organic integration of river,
forest, and grass. In the construction of ecological engineering, excellent tree species with
the ability to improve soil should be popularized to improve the level of soil conservation.
The government should vigorously promote agricultural water conservation, continuously
develop water-saving industries and technologies to improve the utilization efficiency
of agricultural water resources and transform the utilization of water resources from an
extensive way to an economical and intensive one. To improve the utilization efficiency of
cultivated land resources, the existing permanent basic farmland is strictly protected, and
high-standard farmland construction is conducted. River and road networks are taken as
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the backbone to promote the construction of shelter forest belt for farmland and improve
food production.

The three types of ecological conservation area are soil conservation–water yield lag
type, soil conservation lag type, and water yield lag type, which involve six, six, and
one counties and districts, respectively. These counties and districts are distributed in
the southwest mountainous area or the northeast plain of the research area. The com-
prehensive urbanization level in the ecological conservation area is relatively low, with
lagged regulation service. Therefore, the soil conservation and water yield services in this
area should be improved. Attention should be given to different policies in areas with
different landforms. Song, Yichuan, Yiyang, Luoning, and Lushi Counties, the urban area
of Sanmenxia, and Lingbao City are located in the upstream mountainous area with a high
altitude. In these counties and districts, the government should build a comprehensive
management with small watersheds as units and perform ecological conservation through
transforming slope to ladder, economic fruit forest, soil and water conservation forest, and
other measures. The government should actively implement strict ecological protection
policies, such as returning farmland to forests and closing mountains for afforestation, and
strictly abide by the ecological bottom line. They should also focus on the improvement
of the quality of forests, coordinate the restoration of degraded forests, restore ecological
forests in mountainous areas, and construct water conservation projects. Yuanyang County,
Yanjin County, Changyuan City, Huaxian County, Fengqiu County, and Puyang County are
located in the northeast plain area, with rich cultivated land resources. In these counties
and districts, a planning idea that determines the city, land, people, and production by
water should be proposed. We should reduce the use of pesticides and chemical fertilizer in
farmland, reduce the pollution of water resources, and continuously improve the efficiency
of agricultural water use. The local government should suit measures to local conditions,
establish and perfect the characteristic industrial structure, improve the regional economic
level and forest coverage, and orderly promote the urbanization and the construction of
ecological projects.

5. Conclusions

In this study, the spatiotemporal evolution in the coupling coordination between ESs
and urbanization in the 42 counties and districts along the Yellow River of Henan Province
in 2000–2018 is quantified by means of InVEST, RUSLE, CASA, and coupling coordination
models, and the coupling coordination relationship between ESs and comprehensive
urbanization is identified. The conclusions drawn are as follows:

(1) In 2000–2018, the total sum of NPP, soil conservation, and food production in the
AYRHP increased, whereas water yield decreased. NPP and soil conservation are high
in the southwest and low in the northeast. The food production is low in the southwest
and high in the northeast. The water yield service shows different distribution trends
in different time periods.

(2) In 2000–2018, the comprehensive urbanization level in the AYRHP shows an upward
trend, with a growth rate of 51.63%, showing a distribution trend of high in the middle,
and low in the southwest and northeast.

(3) The total coupling coordination between NPP, food production, and water yield and
comprehensive urbanization is basic or moderate, whereas that between soil conser-
vation and comprehensive urbanization is moderate maladjustment. In 2000–2018,
the CCD between NPP/food production and comprehensive urbanization increased.
The CCD between water yield and comprehensive urbanization fluctuated, and that
between soil conservation and comprehensive urbanization decreased.

(4) Although the degree of coupling coordination between some ESs and comprehensive
urbanization is rising, the results of relative development show that the food produc-
tion and soil conservation lag behind the level of urbanization in most districts and
counties of the AYRHP. On the basis of the lead–lag relationship between different ESs
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and urbanization level, the AYRHP are divided into ecological reconstruction area,
ecological and agricultural improvement area, and ecological conservation area.
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