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The sustainability of coupled human and natural systems (CHANS), linked to
several of the United Nation's Sustainable Development Goals, affects both
global sustainable development and human wellbeing. However, few studies
have explored the relationship between the whole human system and the
natural system from the perspective of supply and demand. Based on
ecosystem service concept and Maslow's hierarchy of needs, we
constructed an ecosystem services supply index (ESSI) and a human demand
index (HMDI) and then analyzed the spatial mismatch of the ESSI and HMDI in
338 prefecture cities in China. We propose a supply-demand balance index
inspired by the doughnut theory and demonstrate the conflicts and synergies
between ecosystems and human systems. Our results show that the ESSI
decreased from 2000 to 2010, but remained almost unchanged from
2010 to 2020. The low ESSI values were mainly distributed over the North
China Plain, the Yangtze River Delta, and the Sichuan Basin. The HMDI increased
from 2000 to 2020, but the rate of increase has slowed since 2010. The high
HMDI values were mainly distributed over the east coast of China, Inner
Mongolia, and part of Xinjiang province. From 2000 to 2020, the cities with
spatial mismatches of the ESSI and HMDI showed a significant increase and
spatial agglomeration. The sustainability of most regions showed a decreasing
trend, and the higher the value of the supply-demand balance index, the faster
the speed of decrease. Overall, there were more regions in a state of conflict
between the natural ecosystem and humans than in a synergistic state, although
this number has decreased since 2010. Urban agglomerations and western
regions should receive more attention for their ecological health. This study
provides a new methodology to assess the sustainability of CHANS that could
be applied to other locations. Our findings could support the Chinese
government in regional ecosystem governance and territorial space planning.
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1 Introduction

Harmony between humans and nature is at the core of the
sustainable development of human societies (Giddings et al.,
2002; Fang et al., 2020). Many ancient civilizations and city states
failed because they did not find a good balance between human
activities and natural ecology (Diamond, 2005; Degroot et al.,
2021). The industrial revolution in the late 18th century
accelerated the effects of humans on the natural world. The
destruction and occupation of the eco-environment by humans
have increased exponentially since the middle of the 20th century
(Steffen et al., 2015a). Some planetary boundaries have been
exceeded in terms of biodiversity, climate change and nitrogen
cycles (Steffen et al., 2015b). Many researchers now believe that
the Earth has entered the Anthropocene (Waters et al., 2016;
Folke et al., 2021). Changing human-nature conflicts into more
synergistic relationships is essential for global sustainable
development. The Stockholm Declaration on the Human
Environment adopted by the United Nations in 1972 was a
landmark event. Since then, the global society has paid increasing
attention to the eco-environment. In 2015, the United Nations
put forward 17 Sustainable Development Goals; several of them,
including Goals 6, 7, 11, 12, 13, 14, and 15, aim to balance
socioeconomic development with the eco-environment (Liu
et al,, 2018; Cheng et al,, 2021). In recent years, many global
research organizations or programs—such as Future Earth, the
and the
Intergovernmental Science-Policy Platform on Biodiversity

Intergovernmental Panel on Climate Change,
and Ecosystem Services—have also committed to exploring
the coupling mechanisms and rules between humans and
nature, with the aim of seeking solutions to mitigate and
adapt to climate change (Liu et al., 2020a). Coupled human
and natural systems (CHANS) have become one of the main
areas of research in Earth system science and sustainability
science in recent years (Clark, 2007; Steffen et al., 2020).
Measuring the sustainability of CHANS is therefore in
important scientific issue related to the fate and wellbeing of
humans and has great practical significance.

The sustainability of CHANS has been evaluated from
various dimensions, perspectives, and methods (Lu et al,
2019; Moallemi et al., 2020). Environmental footprints and
the human appropriation of net primary production have
been proposed as measures of human pressure or resource
occupation (Krausmann et al, 2013; Vanham et al., 2019;
Bowler et al, 2020). Theories such as the resource and
environmental carrying capacity (Gao et al, 2021), planetary
boundaries (Brown, 2017), and ecosystem services (Fu et al,
2022) have been developed to explore the supply or service
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capacity of nature to human society at different spatial scales.
The sustainability of CHANS has been measured using
comprehensive indicator systems—for example, the indicator
of the Goals, the
Environmental Performance Index (Hsu et al., 2013), and the
Happy Planet Index (Abdallah et al., 2009). The sustainability
and complexity of CHANS have been simulated using systems

system Sustainable Development

dynamics and multiagent modeling approaches (Ostrom, 2009;
Fang et al., 2019; Yoon et al., 2021; Jiang et al., 2022). However, it
is lacking to explore the relationship between the whole human
system and the natural system from the perspective of supply and
demand.
Ecosystem services are an important perspective in
researching the relationship between humans and the natural
world (Costanza et al., 2017). Ecosystem services refer to the
direct and indirect benefits people obtain from natural
ecosystems, and they have a fundamental role in supporting
and sustaining human survival and wellbeing (Costanza et al.,
1997). The ecosystem service supply (ESS) represents the total
amount of ecosystem service products provided within a specific
area and can be seen as the upper limit of the natural world’s
carrying capacity for human activities. More attention has
recently been paid to ecosystem services demand (ESD),
which refers to the ecosystem service products consumed or
utilized within a certain area. Many human activities (e.g.,
the of

agriculture and animal husbandry) rely on a bundle of

industrialization, urbanization, and development
ecosystem service products (Cumming et al., 2014; Wang C.
et al, 2022; Chen and Chi, 2022). However, with the
intensification of human-nature interactions worldwide, the
ESS is increasingly struggling to meet human demands (Cord
etal, 2017a; Wei et al., 2017), especially in developing countries
such as China (Chen et al., 2021; Liu et al., 2022). For example,
continuing population growth and urban expansion pose a
significant risk to food production services (Qiao et al., 2022)
and affect the maintenance of biodiversity (Cao et al.,, 2022).
Measuring the supply-demand status of ecosystem services may
therefore be a feasible way to evaluate the sustainability of
CHANS.

The supply and demand for diverse ecosystem services can be
measured by a number of different methods. For provisioning
services, food and water yield are often used to represent ESS
(Boithias et al., 2014; Liu et al., 2022), whereas food and water
consumption by people indicates the ESD (Quintas-Soriano
et al., 2014; Feurer et al,, 2021). For other services (including
regulation, maintenance, and cultural services), models based on
ecological processes—such as the revised universal soil loss
equation (Ouyang et al.,, 2016; Li M. et al, 2022), the i-Tree
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Canopy (Bar¢ et al., 2015), the habitat quality model (Wang L.-
J. et al, 2022), and the recreation opportunity spectrum
framework (Paracchini et al., 2014)—are often applied to
evaluate the ESS of soil conservation, carbon sequestration,
the maintenance of biodiversity, and recreation potential. Both
qualitative and quantitative methods are used to evaluate ESDs,
such as the revealed preference method, the expert scoring,
ecological footprint, text analysis of the social media, and the
carbon emission accounting method (Pefia et al., 2015; Wei et al.,
2017; Deng et al., 2021; Pan and Wang, 2021). The expert-based
land use ranking matrixes proposed by Burkhard et al. (2012)
have been widely used to assess the supply-demand status of
ecosystem services. However, the constructed matrixes rely
highly on local expertise, which cannot be directly applied
between regions with heterogeneous ecological and economic
characteristics (Peng et al., 2020; Jiang et al., 2021). The trade-offs
and synergies between the different types of ecosystem services
are increasingly being incorporated into important societal
decisions (Goldstein et al., 2012; Cord et al., 2017b; Xu et al,,
2020).

The research on ecosystem service supply and demand in
China is increasing (Wang et al., 2019; Liu and Wu, 2021; Pan
and Wang, 2021). Researchers often select several typical
ecosystem services based on the study area (Ni et al, 2022).
The land use ranking matrixes were also used to quantify the
relevant capacity of the ecosystem service supply, demand, and
balance in China (Wu et al., 2019). Although these studies can be
used to explore spatiotemporal mismatches in the supply-
demand of certain ecosystem service functions, they are less
suitable for measuring conflicting or synergistic relationships
between whole human systems and ecosystems, which are
essential in appraising the sustainability of CHANS. Another
major challenge is how to construct a comprehensive
measurement framework for ESD. Currently, several simple
indicators (e.g., population density and economic output) are
used as a proxy for ESD in China (Peng et al., 2017; Wang et al.,
2019; Zhai et al., 2021). However, the needs of human systems for
ecosystem services are diverse and multifaceted, ranging from
basic physiological needs (e.g., food and water) to aesthetic needs
(e.g., natural scenery and cultural heritage). Simple indicators
cannot fully encompass the diverse needs of human systems. In
addition, current research mainly investigates the supply-
demand status of ecosystem services in a local area or river
basin at a particular time (Zhang H. et al., 2022; Zhou et al.,
2022), whereas few studies have explored the dynamic
interactions of this status on large spatial scales.

This research aims to fill these research gaps and evaluate the
sustainability of CHANS from the perspective of supply and
demand. We firstly constructed an ecosystem services supply
index (ESSI) and a human demand index (HMDI) based on
ecosystem service concept and Maslow’s hierarchy of needs.
These indices reflect the per capita supply and demand of
ecosystem services in one place. Based on these two indices,
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we then analyzed the change in the spatial mismatch of ESS and
the human demands of 338 prefecture cities in China between
2000 and 2020. We propose a supply-demand balance index of
CHANS to measure the sustainability of all cities, and analyzed
the conflicts and synergies between ESS and human demands in
this 20-year period. We make some suggestions from the supply
and demand sides to realize both ecological protection and meet
local development needs.

2 Methodology and data

2.1 Understanding CHANS from the
perspective of ecosystem services supply
and human demands

Research on CHANS highlights reciprocal interactions (or
feedbacks) between natural and socioeconomic subsystems to
explain systems dynamics and resilience (Kline et al., 2017).
There is a natural supply and demand relationship between the
two subsystems. The challenge of meeting the growing demands
of humans for natural resources while sustaining essential
ecosystem functions and resilience requires an in-depth
understanding of the complex relationships between human
and natural systems. Nature provides the materials and
services humans depend on for survival, most of which are
directly or indirectly supplied to us by natural ecosystems
(Daily, 2003; Ellis et al., 2019). Nature’s supply in this study is
therefore focused on the supply of ecosystem services, including
the supporting, provisioning, regulating, and cultural services of
different land types, such as forests, grasslands, farmland,
wetlands, and areas of water (Millennium ecosystem
assessment, 2005). The last three types of services are directly
related to human demands. Supporting is the basis for all other
ecosystem services and essentially refers to ecosystem processes
and functions. Figure 1 details the four types of service in
CHANS.

The dimension of human demand in this study is different
from that used in previous studies of ESD, which simplified
human demand as the size of the population or economy, and
from economics, which abstracts humans as rational people
buying products. According to Maslow’s hierarchy of needs,
we consider people’s comprehensive needs for the ecosystem.
This psychological theory, often depicted as hierarchical levels
within a pyramid, was first presented as a five-tier model of
human needs, which was then extended to eight levels. It explains
that people’s needs are closely related to human wellbeing from
an individual perspective and has been widely recognized and
applied in a number of different fields (Maslow, 1958; Maslow
et al., 1987; Kaur, 2013). Maslow believed that human beings are
motivated by a hierarchy of needs and that most behaviors have
multiple motivations. Human needs lead to various types of

effects on the natural environment. In the eight-stage model
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Natural systems provide diversified services to human social systems.
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FIGURE 1

ecosystem services and human needs.

hierarchy, the human needs closely related to ecosystem services
include four levels, from low to high: physiological needs (e.g.,
food, clean water, and air, and clothing); safety needs (e.g., health,
property, employment, and personal security); cognitive needs
(e.g., knowledge and understanding, curiosity, and exploration);
and aesthetic needs (e.g., an appreciation and search for beauty,
balance, and form) (Figure 1). The other four types of needs,
belonging, self-esteem, self-actualization, self-transcendence, can
only be obtained on the basis of meeting the physiological and
safety needs.

These human needs are closely related to the different
types of ecosystem services, but they do not strictly
correspond to each other. For example, ecosystem
provision services provide physiological needs (e.g., food,
wood, and fuel) and safety needs (e.g., medicinal materials
and shelter). People’s aesthetic needs come not only from
biodiversity and ecosystem diversity but also from the
cultural services (e.g., tourism and recreation) provided by
the ecosystem. The supply and demand sides therefore form
a complex network relationship in the CHANS. Different
ecosystem services may have different impacts on human
demand. Referring to previous studies, we use the arrow’s
width to represent the intensity of linkages between
ecosystem services and human demands (Millennium
ecosystem assessment, 2005; Dominati et al., 2010; Wu,
2013).

Human demands and nature’s supply exist as reciprocal
interactions and feedbacks. Ecosystems provide diversified

services to human social systems, and their carrying capacity
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to a large extent determines the quality of human survival and
development. The impacts of humans on ecosystems are mainly
through population growth, industrialization, and urbanization
(Liu et al., 2022a). Most of these effects are negative, but humans
can also generate positive feedback through better investment,
technology, and management. For example, investment in the
restoration and preservation of natural capital has improved
most of the major ecosystem services measured in China
(Ouyang et al., 2016).

2.2 Methods

2.2.1 Ecosystem services supply index

A large body of literature has evaluated the supply of
ecosystem services at different spatiotemporal scales using
various methods, such as the InVEST model (Ouyang et al,
2016), the benefit transfer method (de Groot et al, 2012;
Costanza et al., 2014), and the equivalent factor method (Xie
et al, 2017). We used the equivalent factor method to calculate
the ESST in the prefecture cities in China, which has recently been
applied in many areas (Ketema et al., 2021; Sun et al., 2022; Zhou
et al., 2022). This method has the advantages of expert-based
matrixes and can be easily extended to large spatial scales
through appropriate spatiotemporal adjustments of the factors
(Xie etal, 2017; Xing et al., 2021). This study focuses on the stock
of ecosystem services. The calculation results reflect the service
capacity, which is an ecosystem’s potential to deliver services
based on biophysical properties, social conditions, and ecological
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functions (Villamagna et al., 2013). Our purpose is to investigate
the severity of human-nature conflict in a city by comparing the
total capacity to the total demand without relying on the flows
from other areas. Thus, we assume that all ecosystem services in a
city come from local sources and do not consider the ecosystem
service flows across cities, to compare better with the local
people’s needs.

The equivalent factor table adopted here refers to the
research of Xie et al, 2017. To match the ecosystem
classification in this study, we averaged the coefficients of the
secondary classification of forests and grasslands in the study of
Xie et al. (2017). The final table is shown in Table 1, which
includes four primary ecosystem service types and 11 specific
ecosystem services. The coefficients in Table 1 represent the ESS
coefficient per unit area. However, the coefficients are static and
therefore cannot reflect the spatiotemporal heterogeneity of
ecological processes and functions (Richardson et al.,, 2015).

Referring to the research of Xing et al., 2021, we selected five
indicators (the net primary productivity, precipitation, migration
resistance level, soil erosion level, and road density) to adjust the
coefficients in space and time. We then took the average net
profits of rice, wheat, and corn as the economic value of one
standard equivalent coefficient. Given that grain yield and price
are subject to climate and market fluctuations, we averaged the
net profits over 5 years from 2010 to 2014. The formula is as
follows:

12014

SV = gZy:mry(P; x NP, +PY x NP¥ + P, x NP) (1)
where SV is the economic value of one standard equivalent
coefficient; P;,, P;’, and Pj, are the proportions of the area
sown with rice, wheat, and corn in the total planted area;
NP;,, N Py, and NP; are the net profits of rice, wheat, and
corn in year y; and r is the agricultural price index, which is used
to convert the price to the year 2000.

We then obtained the total ESS value of Chinese cities using
the following formula:

iye

ESSViy =SV x ) 3 (ESSCY,; xAue )

where ESSVy is the total ESS value in city i and year y, ESSCY,, ,
is the adjusted dynamic ESS coefficient for ecosystem e and
function f, and A;. is the area of ecosystem e in city i and year y.
Next, to reflect the dependence of human systems on natural

systems, we calculated the ESS value per capita:
ESSP;, = ESSV,, [TP;, (3)

where ESSP;, and TP;, are the ESS value per capita and the total
population in city i and year y. In addition, to make the results
comparable and reduce variability, we applied the logarithmic
range normalization to normalize the calculated ESS value per
capita:
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TABLE 2 Human demand indicator system.

Indicator

Maslow’s

10.3389/feart.2022.1025787

hierarchy of needs

Population density"*** A, B, C, D
Urban population share">** A, B, C, D
GDP per capita'? A, B
Retail sales of consumer goods per capita'** A, B, D
Per capita electricity consumption'? A,B,C D
Per capita area of construction land"*** B,C, D
Per capita water consumption'? A, D

Per capita area of green parkland®** B,C,D
Wastewater discharge per capita"*’ A, B
Sulfur dioxide emissions per capita® A B
Carbon dioxide emissions per capita’ A B
Fertilizer use intensity"’ A B

Unit Weight
people/km* 0.10
% 0.07
10,000 yuan 0.10
yuan 0.08
KWH 0.09
km? 0.09
t 0.09
m’ 0.11
t 0.09
t 0.07
t 0.07
t/km?* 0.07

Notes: 1, 2, 3, and four represent the provision, regulation, support, and cultural services of the ecosystem, respectively. A, B, C, and D represent human physiological, safety, cognitive, and

aesthetic, respectively.

ESSI;, = (LnESSP;, — Ln ESSP ,1,) | (Ln ESSP a5

— LnESSP 1) (4)

where ESSI is the ESSI in city i and year y, and ESSP 0, and
ESSP iy, are the maximum and minimum ESS value per capita.

2.2.2 Human demand index

Following Maslow’s hierarchy of needs and the availability of
data, we selected 14 relevant indicators to reflect the human
demand for natural ecology. The principle is that these indicators
should be able to reflect Maslow’s four levels of needs, and the
needs reflected by these indicators should also be closely related
to the ecosystem. Through a multicollinearity test, smoke dust
emissions and pesticide use intensity were deleted to ensure that
all the variance inflation factors were <10. Table 2 lists the
remaining 12 human demand indicators. To make a better
horizontal comparison, the indicators used were the per capita
or relative value. Most of these indicators reflect people’s
physiological and safety needs. The cognitive and aesthetic
needs of human beings in the information era are increasingly
dependent on electricity and some indoor space. Parkland green
space can provide a place to recognize nature directly and can
also meet the aesthetic needs of citizens. Water can be drunk
directly and also experienced as a landscape for entertainment
and viewing. Population density and urban population share
both represent the total human demand.

These indicators also correspond to one or more ecosystem
services. Population growth is the most direct cause of increasing
human pressures on regional ecosystems. Many researchers use
population density as a proxy variable for human activities or
ESD (Wei et al, 2021; Cheng et al, 2022). The ecological
footprint of urban populations is significantly higher than that
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of rural inhabitants (Rees and Wackernagel, 1996). The urban
population share is also an important indicator reflecting the
relative pressure of populations on ecosystems. A large number
of products depend on ecosystem services, GDP can reflect the
overall production of a region, and the social consumption of
goods can reflect overall consumption. We consume water,
electricity (fossil fuels), land, and other resources in our daily
production and life, which are also directly related to ecosystems.
Many kinds of pollution produced by production and
consumption activities significantly impact ecosystems. For
example, the discharge of wastewater and sulfur dioxide
directly causes water and air pollution, and carbon dioxide
emissions are the most crucial factor leading to climate
warming. Excessive fertilizer applications cause soil pollution
and a decline in fertility. These are closely related to ecosystem
regulation and support services.

Because the order of magnitude and units of each indicator
are different, the data are standardized using the minimax
standardization method:

Xij — minx;;

Vi = max x;j — min x;; (>
where x;; and y;; represent the before and after standardization
value of the jth indicator of the ith city.

We used two methods to determine the weights of each
indicator. One is a subjective approach—the analytic hierarchy
process method (Okoli and Pawlowski, 2004)—and we invited
10 scholars in the fields of geography, ecology, and sociology to
score the weights anonymously. The weight w; was obtained by
averaging the 10 scores. The other is the entropy method (Cui
etal., 2019), where the weight w; was calculated according to the
information entropy of each indicator:
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The proportion of the jth indicator of ith city:

x,-]-

Pij=%= (6)
DY
The information entropy e of the jth indicator:
1 n

ej = —ln (n)Zi:IPij X ln(P,J)(OSe] < 1) (7)

The entropy redundancy d of the jth indicator:
d i= 1-e j (8)

The weight of the jth indicator:

w=d; /3" d; ©)

The average values of the subjective weight and objective
weight were calculated in the following way (Wang et al., 2014)
and the results are listed in Table 2:

w;j = (w;+w;)/2 (10)
The HMDI could then be calculated as:
HMDI; = Y w;y;; (1n

=

2.2.3 Supply-demand balance index of coupled
human and natural systems

According to the World Commission on Environment and
Development, sustainable development meets the needs of the
present without compromising the ability of future generations
to meet their own needs (Brundtland, 1987). Based on this idea,
the global-scale planetary boundaries concept was developed.
This presents a set of nine planetary boundaries within which
humanity can continue to develop and thrive for generations to
come (Rockstrom et al., 2009). Raworth (2012) proposed a
doughnut theory, which combines the boundary of the human
socioeconomic system with the planetary boundary. He believed
that human development should lie between the two circles to
simultaneously achieve ecological safety, social equity and justice,
and inclusive and sustainable economic development. This
theory indicates that the essence of sustainable development is
to achieve a balance between nature’s supply and human
demands. We believe that if the human demand in a region
exceeds the nature’s supply without considering the ecosystem
service flows across regions, it indicates that the regional system
(CHANS) is unsustainable.

Inspired by the idea of this doughnut theory, based on the
ESSI and the HMDI, we constructed a supply-demand balance
index (SDBI) of the CHANS to measure the sustainability of an

area:

SDBI = ESSI/HMDI (12)
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FIGURE 2
Quadrant identifying the trade-offs and synergies between
ecosystem services and human demands.

The SDBI expresses a relative value calculated based on
comprehensive indexes. The larger the value, the more
sustainable the region’s state, and vice versa.

2.2.4 Identification of trade-offs and synergies
between ecosystem services and human
demands

The trade-offs (conflicting) and synergies (synergistic)
between ecosystem services and human demands decide the
future evolution direction of CHANS. Especially in the early
and middle stages of industrialization and urbanization,
people destroy or change the original ecosystem to pursue
development, such as deforestation, overgrazing, and the
disordered discharge of pollutants. Human needs grow
continuously, while the ecosystem services supply is
diminishing. During this period, human demand for
nature is disorderly and unbridled, and the trade-offs are
mostly at the expense of ecosystems without any thought of
sustainability. There is also a secondary form, in which
human needs decrease while the ecosystem services tend
to increase. Decreases in human demand usually occur in
shrinking areas with a declining birth rate, economic
downturns, or during natural disasters and wars. If the
system is in trade-off evolution for a long time, the
human-Earth system is likely to cross the two boundaries
of the doughnut, leading to the collapse of the whole system.
The two trade-off types are therefore undesirable and
that
operate in

unsustainable. Recent research shows socially

successful countries often do not an

environmentally sustainable way, while environmentally
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Map of the research area.

sustainable ones suffer from serious social shortfall (Fanning
2022).
Synergy evolution could ensure that the system stays within

et al.,
the boundaries of the doughnut, leading to sustainable
development. This requires the proper control of those
excessive human demands that come at the cost of ecosystem
destruction, and an improvement in resource utilization
efficiency, such as improving the natural resources property
rights system and laws, developing low-carbon and circular
economies, and reducing industrial and domestic pollution
emissions. It is also necessary to actively increase the supply
of ecosystem services, such as afforestation, water purification,
and air quality improvement. The collaborative and positive
development of human social systems and ecosystems can be
realized to achieve a win-win situation. In addition, there may be,
to a lesser extent, an opposite scenario in which both human
demand and ESS tend to decrease.

Trade-off evolution implies a negative association between
the ESS and human demand. We can therefore identify trade-off
development regions where the product of the change rate of the
two systems is negative in a certain time period (Pradhan et al.,
2017). There are two theoretical types: trade-off I (the change rate
of the ESSI is negative and the change rate of the HMDI is
positive) and trade-off II (the change rate of the ESSI is positive

and the change rate of the HMDI is negative). In Figure 2, the
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horizontal axis represents the change rate of the ESSI within a
certain time period and the vertical axis represents the change
rate of the HMDI. Trade-off I lies in the second quadrant and
trade-off I is in the fourth quadrant. Synergy evolution implies a
positive association between the changes in the ESSI and the
HMDI. Therefore, we identify a synergy development region
where the product of the rate of change of the two systems is
positive in a given period. Theoretically, there are two types:
synergy I (the change rates of the ESSI and HMDI are both
positive) and synergy II (the change rates of the ESSI and HMDI
are both negative). Synergy I lies in the first quadrant and synergy
IT in the third quadrant (Figure 2). In addition, if the change rate
of the ESSI or HMDI is <1% during the given period, we consider
the change to be insignificant.

2.3 Research area and data

The research area includes 338 prefecture-level cities,
autonomous prefectures, and leagues in China, covering most
of mainland China. Taiwan, Hong Kong, Macao, and some parts
of Hainan Province were not included in this study because no
data was available (Figure 3).

Land use and cover data with a resolution of (1 km x 1 km)
were obtained for 2000, 2010, and 2020 from the Resource and
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Environmental Science and Data Center, Chinese Academy of
Sciences (http://www.resdc.cn). We further classified these data
into 10 types: drylands, paddy lands, forests, grasslands,
wetlands, deserts, barren lands, areas of water, glaciers, and
construction land. The total resident population and the
urban population were from the China census database. The
GDP, retail sales of consumer goods, electricity consumption,
water consumption, area of green parkland, waste water
discharge, and sulfur dioxide emissions were obtained from
the China Urban Statistics Yearbook. The data on agricultural
fertilizer use were obtained from the statistical yearbooks of each
province. Precipitation, net primary productivity, and soil
erosion data with a resolution of (1km x 1km) were
obtained from the Resource and Environmental Science and
Data Center. Road and railway vector data were provided by
DIVA-GIS
emissions were calculated based on energy consumption data

(http://swww.diva-gis.org/). ~ Carbon  dioxide
and the Intergovernmental Panel on Climate Change’s carbon
emission coefficients for different kinds of energy (Yona et al.,
2020; LiT. et al., 2022), and the data for 2020 were replaced by the
data for 2019. There were no prefecture-level statistics on
wastewater and sulfur dioxide emissions in Tibet and Qinghai,

so the average value for the whole province was used instead.

3 Results

3.1 Spatiotemporal variations in
ecosystem services supply and human
demands

Figure 4Ashows the evolutionary trend of the average
ESSI and HMDI in China. The per capita ecosystem services
level decreased slightly from 2000 to 2010, but remained
almost unchanged from 2010 to 2020. The per capita human
demand level increased from 2000 to 2020, but the rate of
increase has slowed down in the last 10 years. It should be
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noted that there is some uncertainty in using the data of three
individual years to reflect the changing trend, especially for
HMDI. For example, due to the impact of COVID-19 in
2020, the intensity of human activities and human needs in
some cities decreased compared to a normal year (Liu et al,,
2020b). Figure 4B shows the regional differences in the ESSI
and HMDI. Overall, the regional difference in the ESSI is
more significant than that of the HMDI, and the differences
in the ESSI show an increasing trend, whereas the HMDI
shows a decreasing trend. This evolving trend may lead to an
increase in the spatial imbalance between supply and
demand.

Figure 5 shows the spatial patterns of the ESSI and HMDI
in 2000 and 2020. The high values of the ESSI were mainly
distributed over the Qinghai-Tibetan Plateau, the Yunnan-
Guizhou Plateau, the Southeast Hills, the Greater Khingan
Mountains, and other regions. The low values of the ESSI
were mainly distributed over the North China Plain, the
Yangtze River Delta, and the Sichuan Basin. The areas with a
of the ESSI significantly
2020 compared with 2000 and were distributed in
Xinjiang, Gansu, Ningxia, and other places. The spatial

low value increased in

pattern of the HMDI changed considerably more than
that of the ESSI from 2000 to 2020, increasing in most
areas. The number of cities with an HMDI >0.1 was 54 in
2000 and 272 in 2020. The high HMDI values were mainly
distributed on the east coast of China, Inner Mongolia, and
parts of Xinjiang, whereas the low HMDI values were
distributed primarily in Qinghai, Tibet, Gansu, and
Yunnan. The HMDI reflects the per capita state. With the
low population density of Inner Mongolia and Xinjiang,
many cities of the two provinces, such as Erdos, Baotou,
Alxa, Hami, have very developed mining and chemical
industries, large per capita construction land area, and
high per capita sulfur dioxide and carbon dioxide
emissions, which leads to the more per capita demand for
ecosystem services in these areas.
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Spatial evolution of the ESSI and HMDI in China from 2000 to 2020.

3.2 Spatial mismatches of ecosystem
services supply and human demand

Referring to the research of Wang et al. (2019), the ESSI and
HMDI were taken as the horizontal and vertical axes, respectively, of
the plane Cartesian coordinate system and the 3-year average of the
two indexes (0.614 and 0.237) was taken as the original point
(Figure 6). The coordinate system was divided into four
quadrants: high ESS and high human demand (H, H); low ESS
and high human demand (L, H); low ESS and low human demand
(L, L); and high ESS and low human demand (H, L).

The number of cities in the first and second quadrants
gradually increased from 2000 to 2020, whereas the number
of cities in the third and fourth quadrants decreased. In 2000,
there were only 30 cities in the (L, H) category, including
megacities (e.g., Beijing, Shanghai, Guangzhou, Nanjing, and
Tianjin) and heavy industrial cities in the north (e.g,
Jiayuguan, Wuhai, and Jinchang). By 2020, the number of (L,
H) cities had reached 157, mainly distributed in Shandong,
Shanxi, Hebei, Henan, and Xinjiang provinces. The cities with
an uncoordinated relationship between the ESS and human
spatial
agglomeration. The (H, L) type was the weakest contradiction
between ESS and HD. In 2000, most areas in China belonged to
this type and, by 2020, this type was mainly distributed in the
Qinghai-Tibetan Plateau and southwest China.

demand showed a significant increase and
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3.3 Sustainability assessment of coupled
human and natural systems based on the
SDBI

Figure 7Ashows the average SDBI from 2000 to 2020.
Most of the high-value areas were distributed in the
southwestern half of China, whereas the low-value regions
were mainly distributed in the northeastern half. Although
Lhasa is located on the Qinghai-Tibetan Plateau, its SDBI is
relatively low (<5). In addition, in northeast China, only
Suihua and Chengde are >5. Figure 7B shows the growth rate
of the SDBI from 2000 to 2020. The SDBI shows a decreasing
trend in most regions—that is, the sustainability of these
regions is constantly decreasing. It is worth noting that the
higher the SDBI value, the faster the decrease, and the cities
with the most rapid rate of reduction include Qingyang,
Pingliang, Dingxi, Longnan, Pu’er, and Lincang. The possible
reason is that increasing heavy industry and manufacturing
have moved from the eastern regions to the west, and these
western cities with rapid industrialization and urbanization
do not have enough financial support to protect and restore
the ecology. Moreover, most of these areas are ecologically
fragile, and ecosystems are more vulnerable to damage under
the same human pressures. Thus, more attention should be
paid to the health of the ecosystems of these cities in the
future.
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3.4 Trade-offs and synergies between
ecosystem services and human demands

We identified the conflicting or synergistic status of various cities
based on the rate of change of ecosystem services and human demand.
Overall, there were more trade-offs than synergies, although the
number of synergy areas has increased since 2010. From 2000 to
2010, trade-off T accounted for 67% and synergy I accounted for 26%,
mainly distributed in the Yangtze River basin, Gansu Province, and
some cities in northeast China; the evolution status of 7% of the areas
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was not significant (Figure 8A). From 2010 to 2020, the number of
trade-off areas decreased and there were six trade-off II cities (Wuhai,
Anshan, Dandong, Liaoyang, Daqing, and Qitaihe), all in northeast
China. The number of synergy areas has increased, but these are not
concentrated, with many in border areas and Sanjiangyuan region
(the sources of the Yangtze, Yellow, and Lancang rivers). Three
synergy II cities appeared, including Siping, Hechi, and Shaoguan.
However, the situation in many cities along the middle and lower
reaches of the Yangtze River has changed from synergy to conflict
(Figure 8B).
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4 Discussion
4.1 Methodology of the research

This research provides a new perspective for evaluating CHANS
based on the idea of supply-demand balance. Previous research
frameworks have focused on the supply or support functions of
natural systems (Zhang Z. et al,, 2022)—for example, resource and
environmental carrying capacity and ecosystem services. Some have
focused on the pressure or damage on natural systems caused by
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human activities (Fan and Fang, 2022)—for example, the
environmental and ecological footprints. Other methods are
mainly applied at the global or national scale—for example,
planetary boundaries and the doughnut theory. The methodology
of this study integrates the supply and demand sides well and can be
applied at the city scale.

Previous studies focused on the trade-offs and synergies
between different ecosystem services (including supporting,
provisioning, regulating, and cultural services), indicating the
way one ecosystem service responds to the changes in another
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service that result in the increasing provision of one ecosystem
service at the cost of the other services (Haase et al., 2012; Deng
et al.,, 2016). Our horizon was broadened to the trade-offs and
synergies between the whole human system and natural systems.
These trade-offs are mainly reflected in the conflict between the
development of the two systems. We proposed a supply-demand
balance index for the CHANS and a method for identifying the
trade-offs and synergies between two systems. Among them,
nature’s supply is based on the concept of ecosystem services, and
the theoretical basis of human demand is Maslow’s hierarchy of
needs. Compared with previous trade-off analyses of ecosystem
services, this approach could better judge the harmonious degree
of the human-nature relationship in different cities, which could
provide a reference for local governments to make decisions
about sustainable urban development and ecological
environment governance.

The methodology has some limitations. Although we
referred to Maslow’s hierarchy of needs theory, it is
challenging to find entirely consistent indicators with this
theory. The HMDI system constructed in this work is to some
extent subjective. The quantitative evaluation results in this
research are some relative values to reflect the sustainability of
the CHANS and can be used for horizontal and longitudinal
comparisons and analyses, but the specific value has no physical

significance.

4.2 Supply-demand balance of CHANS
from the perspective of telecoupling

Figure 6 shows that the supply and demand of ecosystem
services in China are significantly unbalanced, with the
southwestern half of China being better than the northeastern
half. In many areas, it is difficult for people to meet their needs
from the local ecosystem alone. This spatial imbalance facilitates
the increasing flow of ecosystem services across regions. On a
national scale, for example, China’s South-to-North Water
Diversion Project directs the rich water resources in the south
to the north (Liu et al, 2016), and the West-to-East Power
Transmission Project transfers the power generated by the
abundant energy in central and western regions to China’s
coastal areas (Chen et al,, 2010). At the watershed scale, the
upstream regions provide more quality ecological products for
the downstream regions through water protection and
afforestation schemes (Foley et al, 2007; Zhai et al., 2021).
Human activities can also affect remote ecosystems, such as
the impact of urbanization on remote air quality and forest
health (Liu et al., 2020a) and the effects of local human activities
on global land use (Yu et al., 2013). As a consequence, the trade-
off results are often felt at a distant location (Rodriguez et al.,
2006). Some areas of population agglomeration can maintain
sustainable development as a result of this telecoupling effect (Liu
et al., 2016).
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Although some ecosystem services (e.g., food, water, and energy
supplies) can be deployed remotely to address supply-demand
conflicts in a particular region, this service mobility comes with
the loss of ecosystem services and distance costs: the further the
distance, the higher the cost (Shi et al., 2020). Some services flow out at
the expense of local residents (Schroter et al, 2018) and many
supporting and cultural services are not mobile. To solve the
imbalance between supply and demand, we need to combine
improvements in the supply capacity of local ecosystems with the
deployment of remote services to achieve sustainable development of
CHANS at the lowest cost. Moreover, if feedbacks between regions are
considered across time horizons, such as when short-term decisions
affect long-term ecosystem services, the situation becomes more
complex (Carpenter et al., 2009; Liu et al., 2022c). Therefore, how
to integrate both long-range and long-term effects into the research
framework and form a more long-term and systematic ecological
management thinking should be considered in the future.

4.3 Policy implications

The key to the sustainable transformation of CHANS is to
realize the harmony between humans and nature from conflict to
synergy, so that a supply-demand balance can be achieved even if
human needs continue to grow and the whole system can be
maintained within the doughnut. On the supply side, measures
such as ecological restoration, pollution emissions reduction, and
improving natural protected areas can be adopted by the
government to improve the supply ability and level of the
ecosystem in areas with prominent supply-demand conflicts.
For example, the Three-North Shelter Forest System Program,
the Natural Forest Conservation Program, and the Grain for
Green Program in China have significantly improved the supply
of ecosystem services, especially in northern China (Cao et al.,
2021). From the demand side, the ecological transformation of
industries is an integral approach to achieve supply-demand
balance, including promoting the circular economy mode,
improving energy efficiency, and controlling pollution
emissions. The government should exert the role of territorial
space planning in managing land use and strictly define red lines
for ecological protection and urban construction land (Bai et al.,
2016). It is also essential to raise citizens’ awareness of ecological
protection and resource conservation (Liu et al., 2022b).

Figure 6 shows that the regions with high ESS and low human
demand are mostly underdeveloped regions, among which the
Qinghai-Tibetan Plateau and the Yangtze River basin are
considered to be the ecological security barriers of China and
have ecological service functions on national and even global
scales. Realizing the win-win situation of ecological protection
and local development in these areas is therefore related to the
sustainable development of the whole country. First, based on the
suppliers and receivers of ecosystem services, a cross-regional

horizontal compensation mechanism for ecosystem services can
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be established. In addition to financial compensation, we can
explore more compensation approaches by industries, projects,
technologies, and talents. Second, we could promote the reform
of the property rights of water, forestry, mining, and other
natural resources, monetize part of the mobile ecosystem
of
different types of ecosystem services. Third, we could

services, and explore the cross-regional transactions
strengthen the construction of a green financial system and
focus on supporting projects with ecological benefits, such as
green agriculture and animal husbandry, green energy,
understory industries, and ecotourism.

For the urban agglomeration areas with low SDBI scores
(Figure 7), more active intervention policies tailored to local
conditions should be implemented, including optimizing the urban
system structure, designing applicable ecological corridors, and
curbing the land sprawl of big cities (Fang et al, 2017; Huang and
Liao, 2021). As an essential way, the remote service deployment
should be coordinated to make up for the shortage of local ecosystem
services in urban agglomerations. Figure 8 shows that from 2000 to
2020, the status of many cities in the middle and lower reaches of the
Yangtze River has changed from synergy to conflict. This is due to
rapid economic and population growth in these areas, as well as
shrinking wetlands and lakes, serious non-point source pollution, soil
erosion, and biodiversity loss (Fang et al., 2006; Wang et al,, 2015).
Therefore, the local governments should strengthen the protection of
water ecology and environment, enhance the comprehensive
management of the watershed, reduce the intensity of pesticide
and fertilizer use, and follow the nature-based solutions in
constructing artificial facilities (Liquete et al,, 2016; Tozer et al,, 2020).

5 Conclusion

This study has made the following contributions to research. First,
inspired by the doughnut theory, we propose a supply-demand
balance index of CHANS based on ecosystem services to measure
the sustainability of an area. Second, from the perspective of the
system dynamics, we put forward a method to judge the trade-offs
(conflicting) and synergies (synergistic) between ecosystem services
and human demand. Third, we quantified the dynamic evolution of
CHANS at the city scale in China over the past 20 years and identified
the areas with severe human-natural conflict and possible risk.
Overall, this study provides a new methodology to assess the
sustainability of CHANS, which can be applied to other places.
The results could support the Chinese government in regional
ecosystem governance and territorial space planning. Our main
conclusions are as follows.

The ESSI decreased from 2000 to 2010 in China, but
remained almost unchanged from 2010 to 2020. The low
ESSI values were mainly distributed over the North China
Plain, the Yangtze River Delta, and the Sichuan Basin. The
HMDI increased from 2000 to 2020, but the rate of increase
has slowed down in the last 10 years. The high HMDI values
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were mainly distributed over the east coast, Inner Mongolia,
and part of Xinjiang. From 2000 to 2020, the cities with
spatial mismatches of the ESSI and HMDI showed a
The
sustainability of most regions showed a decreasing trend,
and the higher the SDBI value, the faster the speed of
decrease. Overall, there are more regions in a conflicting

significant increase and spatial agglomeration.

state than in a synergy state between ecosystem and humans,
although this number has decreased since 2010. The
ecological health of urban agglomerations and western
regions should be paid more attention.
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