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Abstract

Understanding the complex and evolving interactions between ecosystem services and
socio-economic development is crucial for addressing ecological challenges and achiev-
ing harmony between humans and nature. However, multi-objective nexus optimiza-
tion models that reveal the interdependencies of socio-ecological systems have received
little attention. This study therefore aims to propose a species–carbon–water–food–
economy functional nexus and explore trade-offs and synergies across China’s provinces
from 2000 to 2020, using the InVEST model, correlation analysis, and redundancy analysis.
The results revealed that the species protection function exhibited an “increase–decrease”
trend, while the carbon sink, water conservation, food supply, and economic development
functions increased. Both ecosystem functions and economic development functions exhib-
ited spatial differences. Although synergies dominated the functional nexus, a trade-off
was observed between species protection and food supply, with functional interactions
showing spatial heterogeneity at the provincial scale. Complex interactions between social
systems and ecosystems were observed in 2000, 2010, and 2020, with explanatory powers
of 52.5%, 59.7%, and 59.1%, respectively. Functional policy goals exhibited both trade-offs
and synergies. To achieve the sustainable development of the socio-ecological system, a
“multi-goals driven, multi-sectoral linkage, and multi-policies synergy” framework should
be implemented to balance the species–carbon–water–food–economy functional nexus.

Keywords: ecosystem functions; socio-ecological system; species–carbon–water–food–
economy; interaction; policy implication

1. Introduction
The natural ecosystems and human social systems are interlinked. The natural ecosys-

tems contribute substantially to human well-being through their various material and
non-material contributions [1]. However, human activities have led to environmental
changes that affect the quality and stability of ecosystems, reducing the reliability and
durability of ecosystem services [2]. A recent “comprehensive planetary health assessment”
revealed that six out of nine observed indicators of the Earth’s environmental stability had
already surpassed “safe boundaries” [3]. Concurrently, trade-offs between socio-economic
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development and ecosystem quality enhancement are increasingly prominent. Issues linked
to climate change [4], biodiversity loss [5], ecosystem degradation [6], declining ecosys-
tem regulation [7], regional water scarcity [8], and increased risks to food and ecological
safety [9] have received much attention. This global pattern is also evident in China, where
inputs for staple crop production have driven a burden shift in water and carbon footprints
that have already exceeded some provincial Earth’s boundaries [10], and the blue water
footprint is expected to exceed the sustainable boundary by 2025 [11].

The socio-ecological system (SES) provides an essential framework for understanding
the complex interactions among human beings, social systems, and the environment [12].
Initial studies primarily addressed single elements, such as the impact of biodiversity on
ecosystems [13] and the internal functions of the water system [14]. As human disturbance
to natural ecosystems has increased, the multi-objective nexus optimization model [15]
and the mutual feedback relationships within SES research have provided critical insights
toward realizing harmony between human beings and nature, including “water–energy–
carbon” [16], “water–energy–food–ecology” [17], and “energy–food–water–air” [18]. In
terms of the study area, this has gradually expanded from typical regions [19], water-
sheds [20] and urban clusters [21] to national and global scales [22,23]. Meanwhile, research
methods have also evolved from the early historical reconstruction, in-depth interviews,
and questionnaire surveys [24] to interdisciplinary approaches, such as structural equa-
tion modelling [25], life-cycle assessment [26], and input-output analysis [27]. Overall,
researchers have utilized interdisciplinary approaches at the national scale to conduct
research utilizing multi-objective nexus studies, but there is a lack of research combining
ecology and economics. Given that socio-economic development derives from the services
and products provided by ecosystems, and is also the driver of changes in ecosystem
functions and services [28]. Therefore, it is necessary to integrate ecological functions
and socio-economic functions and fully explore the trade-offs and synergies within the
species–carbon–water–food–economy functional nexus. This will enable economic growth
and ecological improvement to be coupled, promoting sustainable regional development.

In response to intensifying ecological problems and the growing demand for natural
resources, the three dimensions of development involved, social, economic, and environ-
mental, need to be thoroughly addressed. The United Nations (UN) adopted 17 Sustainable
Development Goals (SDGs) in 2015 [29]. However, the latest UN study points out that hu-
mankind has seriously deviated from the intended path to achieving the SDGs and is facing
serious challenges in several areas, including the economy and ecology, thus indicating the
need to realize synergies among the multiple goals [30]. Since species–carbon–water–food–
economy are important elements that align with specific SDGs, it is therefore imperative to
study the species–carbon–water–food–economy functional nexus from a SES perspective to
promote the synergistic achievement of the SDGs [31].

Since 2016, China has combined the implementation of the SDGs with ecosystem
governance and high-quality socio-economic development [18]. Remarkable achievements
in the SDGs have been made, such as completing the task of poverty alleviation on sched-
ule, maintaining steady economic growth, and continuously improving environmental
quality [32]. At present, China is still facing a contradiction between the people’s growing
need for a better life and unbalanced and inadequate development [33]. Therefore, there is
an urgent need to develop a friendly economy based on ecosystem quality, to change the tra-
ditional resource-dependent mode of economic development, and to establish the friendly
economy as an important form of national economic development [34]. However, due
to China’s vast territory and regional disparities in natural resources and socio-economic
development, the coupling degrees between provincial ecosystem quality and economic
growth vary considerably [35].
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Accordingly, we conducted a multi-functional nexus analysis at provincial level from
a SES perspective. The present study aims to (1) construct an evaluation index system of
the species protection–carbon sink–water conservation–food supply–economic develop-
ment functional nexus from a SES perspective to reveal its spatio-temporal patterns and
evolutionary characteristics; (2) clarify the trade-offs and synergies among these five types
of functions at the provincial level; (3) and propose strategies for their coordinated develop-
ment based on the analysis of the interactions among policy goals. Overall, these findings
can support China’s goals of enhancing ecosystem quality and achieving high-quality
economic development.

2. Materials and Methods
2.1. Functional Nexus Linkage Mechanisms

Ecosystems provide essential benefits to human society, including healthy and bene-
ficial organisms, green and renewable energy, clean freshwater, diverse food, fibers and
medicinal plants [36]. In particular, human socio-economic development benefits from the
species protection, carbon sink, water conservation, and food supply functions. The species
protection function is the core and foundation of all ecosystem functions and values, serv-
ing as the biological basis for both ecosystem functions and socio-economic development.
Moreover, the carbon sink function regulates climate change within the SES, while the
water conservation and food supply functions support the development of human society
by providing essential and irreplaceable resources for human survival [37].

The ecosystem component–structure–process–function–service relationships and
factor–system–environment feedback mechanisms determine the coupling between ecosys-
tems and social systems [34]. Ecosystems are multifunctional, and their functions of species
protection, carbon sink, water conservation, and food supply are closely linked to the
development of an eco-friendly economy through the flow and consumption of ecosystem
products and services to meet human social needs. Finally, the high-quality development
and sustainability of socio-economic systems require healthy ecosystems as support, and
ecological investments are needed to restore and repair damaged or lost ecosystem services
and products, thereby enhancing ecosystem quality and ecological benefits and promoting
sustainable socio-economic development (Figure 1).

Figure 1. A framework of functional linkage mechanisms from a SES perspective.

2.2. Ecosystem Functions Evaluation

The evaluation of ecosystem services, such as species protection, carbon sink, water
conservation, and food supply, is crucial to human well-being. In general, ecosystem
services evaluation methods mainly involve physical quantity and value assessment. The
methods for physical quantity evaluation mainly include the energy value method and
model-based approaches such as Invest and SoLVES, while value methods mainly used the
equivalence factors and functional value methods [38].
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Species protection, carbon sink, water conservation, and food supply functions were
evaluated based on previous studies and existing methods (Table 1). Specifically, habitat
quality was evaluated to reflect biodiversity and represent the species protection func-
tion [39]. Vegetation carbon sequestration and oxygen release were evaluated to assess
carbon sequestration and represent the carbon sink function [40]. Water retention capac-
ity was evaluated to represent the water conservation function [41], while Normalized
Difference Vegetation Index (NDVI) data were used to estimate food supply capacity,
representing the food supply function [42].

Table 1. Evaluation of the four types of ecosystem functions.

Ecosystem Functions Assessment Method Computational Formula Variable

Species protection Invest model habitat quality
module HQxj = Hj ×

[
1 − DZ

xj/
(

DZ
xj + KZ

)]
Where HQxj represents the habitat

maintenance dimension of land use type j
raster x, Dxj represents the degree of habitat

degradation for land use type j raster x, and Hj
represents the degree of habitat suitability of

land use type j.

Carbon sink
Estimated as a function of
Net Primary Production

(NPP)
COi = 1.63 × NPPi + 1.2 × NPPi

Where COi represents the amount of oxygen
sequestered by image i, and NPPi represents

the value of NPP of image i.

Water conservation Water balance equation WY =
n
∑

i=1
Ai × (Pi − Ri − ETi)× 10−3

Where WY represents water yield, Pi
represents flow-producing rainfall, Ri

represents surface runoff, ETi represents
evapotranspiration, Ai represents ecosystem

area, i represents ecosystem type, and n
represents total number of ecosystem types.

Food supply NDVI estimation method MPi = MPsum × (NDVIi/NDVIsum)

Where MPi and MPsum represent the output
of material products of image i, the total
output of material products (grain, meat,
vegetables) of each county, NDVIi and

NDVIsum represent the NDVI of farmland (or
grassland) of image i, and the total value of

farmland (or grassland) of the whole county.

2.3. Economic Development Functions Evaluation
2.3.1. Evaluation Indicator System

The economic development involves three aspects of ecological investments, environ-
mental outputs and social benefits [34]. Government investment in ecological restoration
aims to produce positive environmental outcomes, such as biodiversity conservation, water
security, carbon reduction, and stable food production. These environmental outputs are
essential for ensuring sustainable socio-economic development, while social benefits reflect
the value of these outputs and the coupling of ecological and social capital. Therefore,
to stabilize ecosystem functions like species protection, carbon sink, water conservation,
and food supply, an evaluation index system for the economic development functions was
constructed based on the “investment–output–benefit” perspective [43].

In terms of ecological investments, indicators such as investment in ecological con-
struction and protection, expenditure on energy conservation and environmental protection,
investment in drainage and pollution control, and the growth rate of investment in agri-
culture, forestry, animal husbandry and fishery were selected to characterize inputs into
ecosystem functions, including species protection, carbon sink, water conservation, and
food supply. For environmental outputs, forest and grass cover, carbon emission intensity,
the proportion of Classes I–III water quality sections, and the growth rate of primary indus-
try output were selected. Meanwhile, per capita GDP, per capita disposable income, Gini
coefficient, and urban–rural consumption ratio were selected to characterize the differences
in socio-economic development (Table 2).
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Table 2. Evaluation of the economic development functions.

Economic Development Functions Indicator Unit Causality Weights

Ecological investments

Investment in ecological construction and protection 104 yuan + 0.2554
Expenditure on energy conservation and

environmental protection 108 yuan + 0.3471

Investment in drainage and pollution control 104 yuan + 0.3875
Growth rate of investment in agriculture, forestry,

animal husbandry and fishery % + 0.0099

Environmental outputs

Forest and grass cover % + 0.3769
Carbon emission intensity t/104 yuan − 0.0876

Proportion of Classes I-III water quality sections % − 0.3615
Growth rate of primary industry output % + 0.1740

Social benefits

per capita GDP yuan + 0.3538
per capita disposable income yuan + 0.4008

Gini coefficient - − 0.2077
Urban-rural consumption ratio - − 0.0377

2.3.2. Measurement of Economic Development Functions

The entropy method is commonly used in multi-indicator evaluations to determine
weights based on data entropy [21]. To address the varied dimensions of the indicators,
this study applied range standardization for normalization.

Zij =


(Uij−Ujmin)
(Ujmax−Ujmin)

, Positive indicator

(Ujmax−Uij)
(Ujmax−Ujmin)

, Negative Indicator
(1)

where Uij represents the evaluation value for each indicator, Ujmax and Ujmin represent the
maximum and minimum values for the j indicator, and Zij represents the standardized
value for each indicator.

The entropy method determined the weights (Table 2), quantifying the levels of ecolog-
ical investments, environmental outputs, and social benefits. Their weighted summation
characterizes the economic development function of social systems.

Ei =
m

∑
j=1

Wj × Zij (2)

E = ∑3
i=1 Wi × Ei (3)

where Ei represent the levels of ecological investments, environmental outputs, and so-
cial benefits, Wj represents the weights of each indicator, Zij represents the standardized
values of each indicator, E represents the economic development function, and Wi repre-
sents the weights of the three dimensions. In this study, we set the weights of the three
dimensions equally.

2.4. Functional Nexus Trade-Offs and Synergies

The Pearson analysis method is widely used to study trade-offs and synergies in
ecological research [44]. This study analyzed the trade-offs and synergies between species–
carbon–water–food–economy functions at the provincial level using Pearson correlation.

Rxy =

[
∑N

i=1
(
Xi − X

)(
Yi − Y

)][√
∑N

i=1
(
Xi − X

)2
√

∑N
i=1

(
Yi − Y

)2
] (4)
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where R represents the correlation coefficient, X and Y represent the two factors, and i
represents the number of samples. When R is positive, it indicates a synergy between the
two functions; when R is negative, it indicates a trade-off between them.

Bivariate spatial autocorrelation analysis has been widely applied to reveal the cluster-
ing and differentiation relationships between variables [45]. This study applied bivariate
local Moran’s I to analyze the spatial distribution characteristics of trade-offs and synergies
among provincial functions.

Ii =

[
n(xi − x)∑n

j=1 wij
(
xj − x

)]
∑n

i=1(xi − x)2 (5)

where Ii represents the local Moran’s I, n represents the number of spatial units, xi and xj

represent function values, and wij represents the spatial weight matrix.

2.5. Redundancy Analysis

Redundancy analysis (RDA) can identify correlations between response variables
and explanatory variables [46]. In a two-dimensional ordination, smaller angles indicate
stronger correlations, and longer projections suggest more significant impacts. Angles
of less than 90◦ indicate positive correlations, angles of more than 90◦ indicate nega-
tive correlations, and angles of around 90◦ indicate weak relationships. This study used
Canoco software (Version 5.0) to analyze the relationships between economic development
functions (ecological investments, environmental outputs, and social benefits) and the
ecosystem functions of species–carbon–water–food.

2.6. Functional Policy Goals

China’s governmental model of “compartmentalization relationship” determines the
top-down and territorial management strategies for species protection, carbon sink, water
conservation, food supply, and economic development [47]. The intersection of sectoral
functions and policies inevitably leads to synergies or trade-off effects between policy goals.

Based on the summarization of important national and sectoral policy documents, pol-
icy sub-goals under the functional nexus were identified from the perspectives of species
protection, carbon sink, water conservation, food supply and economic development
(Appendix A Table A1). In terms of the species protection function, the corresponding poli-
cies mainly focus on monitoring and protecting endangered species, managing invasive
species, promoting technological progress, and improving ecosystem quality. In terms of
the carbon sink function, the corresponding policies mainly focus on energy transition,
green consumption, and carbon sequestration. In terms of the water conservation func-
tion, the corresponding policies mainly focus on water resource protection and allocation,
utilization efficiency, and pollution prevention. In terms of the food supply function, the
corresponding policies mainly focus on farmland protection, food security, agricultural
technology application, and waste recycling. In terms of the economic development func-
tion, the corresponding policies mainly focus on green finance, smart tourism, ecological
value realization, and the new energy industry (Appendix A Table A1).

2.7. Data Sources

The data used in this study included land use, vegetation, meteorological, soil, and
statistical data (Table 3). All raster data were resampled to 1000 m spatial resolution and
projected using the China Albers Equal Area Conic system.
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Table 3. Data description and sources.

Data Description Source

Land use data Land use types Resource and Environmental Science Data Platform (http://www.resdc.cn/ (accessed on 8
July 2024)) (2000–2020)

Vegetation data NDVI data and NPP data

National Ecosystem Science Data Center (http://www.nesdc.org.cn/ (accessed on 8 July
2024)) (2000–2020)

Earth Resources Data Cloud Platform (http://www.gis5g.com/ (accessed on 9 July 2024))
(2000)

MODIS_MOD17A3 on Google Earth Engine (GEE)
(https://lpdaac.usgs.gov/products/mod17a3hgfv061/ (accessed on 9 July 2024))

(2001–2020)

Meteorological data Rainfall data and
evapotranspiration data

National Earth System Science Data Center (https://www.geodata.cn/ (accessed on 10 July
2024)) (2000–2020)

National Tibetan Plateau Data Center (https://data.tpdc.ac.cn/ (accessed on 10 July 2024))
(2000–2020)

Soil data World soil dataset
International Institute for Applied Systems Analysis (IIASA) and the Food and Agriculture

Organization (FAO) of the United Nations (https://iiasa.ac.at/models-tools-data/hwsd
(accessed on 10 July 2024))

Statistical data

Food production,
ecological investments,
environmental outputs,

and social benefits

China County Statistical Yearbook, China Environmental Statistical Yearbook, China
Ecological and Environmental Status Bulletin, and so on (2000–2020)

3. Results
3.1. Temporal Variation

From 2000 to 2020, the ecosystem species protection function showed an increased
and then decreased trend, while the carbon sink, water conservation, and food supply
functions showed an overall upward fluctuation (Figure 2a). Specifically, the carbon sink
function increased by a total of 7.70 × 108 t, with an average increase rate of 16.78%. The
water conservation and food supply functions increased by 7.10 × 1010 m3 and 5.10 × 108 t,
respectively, with average increase rates of 10.27% and 48.57%, respectively (Figure 2a).

From 2000 to 2020, the economic development function, as well as its ecological
investments, environmental outputs, and social benefits, all showed an upward trend
(Figure 2b). In particular, the economic development function increased from 0.241 to
0.496, with an increase of 1.06 times. Ecological investments, environmental outputs, and
social benefits increased from 0.079 to 0.332, from 0.499 to 0.702, and from 0.147 to 0.453,
respectively, representing increases of 3.20, 0.41, and 2.08 times, respectively (Figure 2b).

Figure 2. Temporal variations in ecosystem functions (a) and economic development functions (b)
from 2000 to 2020. Note: S: Species protection, C: Carbon sink, W: Water conservation, F: Food supply;
E: Economic development, EI: Ecological investments, EO: Environmental outputs, SB: Social benefits.

http://www.resdc.cn/
http://www.nesdc.org.cn/
http://www.gis5g.com/
https://lpdaac.usgs.gov/products/mod17a3hgfv061/
https://www.geodata.cn/
https://data.tpdc.ac.cn/
https://iiasa.ac.at/models-tools-data/hwsd
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3.2. Spatio-Temporal Patterns
3.2.1. Spatio-Temporal Patterns of Ecosystem Functions

From 2000 to 2020, the ecosystem functions differed significantly across the Hu Huany-
ong Line (Hu Line), which connects Heihe City in Heilongjiang Province and Tengchong
City in Yunnan Province (Figure 3). The species protection function showed a pattern of
“higher in northwest, and lower in southeast,” while the carbon sink, water conservation,
and food supply functions showed a trend of “higher in southeast, and lower in northwest”
(Figure 3).

Figure 3. Spatio-temporal patterns of ecosystem functions from 2000 to 2020.

In particular, the areas with high-value of the species protection function accounted for
25%, were primarily located in the “Three-North Shelter Forest” and the Tibetan Plateau,
while 73% of the areas with low-value were mainly located in the eastern coastal region
(Figure 3). High-value areas for the carbon sink function fluctuated around 10%, and were
mainly concentrated in Yunnan, Inner Mongolia, and Heilongjiang provinces, whereas
low-value areas accounted for about 70% and were mainly concentrated in Shanghai,
Tianjin, and Ningxia provinces (Figure 3). The water conservation function in high-value
areas covered approximately 15%, mainly located in Heilongjiang, Guizhou, and Yunnan
provinces, while low-value areas fluctuated around 70%, mainly appeared in the Tibetan
Plateau, Ningxia, Xinjiang, and Gansu provinces (Figure 3). The food supply function in
high-value areas fluctuated around 7%, and was mainly concentrated in the traditional
main grain-producing areas, such as the Huang-Huai-Hai Plain, the Northeast Plain, the
Jianghan Plain, the Sichuan Basin, and some areas in the western oases (Figure 3).
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3.2.2. Spatio-Temporal Patterns of Economic Development Functions

From 2000 to 2020, the economic development functions improved with significant
spatio-temporal differences (Figure 4). The economic development function and its ecologi-
cal investments and social benefits showed a pattern of “higher in southeast, and lower in
northwest,” while the level of environmental outputs shifted towards “higher in southwest,
and lower in central-east” (Figure 4). The proportion of provinces with high-value economic
development function and its ecological investments, environmental outputs, and social
benefits increased from 0% to 84%, 0% to 23%, 10% to 58%, and 0% to 55%, respectively.
Conversely, the proportion of provinces with low-value economic development function
and its ecological investments, environmental outputs, and social benefits decreased from
81% to 0%, 100% to 19%, 71% to 26%, and 100% to 13%, respectively (Figure 4).

Figure 4. Spatio-temporal patterns of economic development functions from 2000 to 2020.

The high-value regions of the economic development function were concentrated in
southern provinces such as Hunan, Guangxi, and Zhejiang, while the low-value regions
were found in western provinces such as Ningxia, Gansu, and Xinjiang (Figure 4). The
high-value regions of ecological investments were concentrated in provinces like Sichuan,
Guangdong, Shandong, and Hebei, while low-value regions of ecological investments
were concentrated on the Tibetan Plateau (Figure 4). The environmental outputs peaked in
southwestern provinces such as Guangxi and Sichuan, while they were lower in eastern
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provinces such as Shandong, Jiangsu, and Beijing (Figure 4). The social benefits were
highest in provinces like Shanghai and Beijing, and lowest in the western Xinjiang and
Tibet provinces (Figure 4).

3.3. Trade-Offs and Synergies Among Different Functions

From 2000 to 2020, in terms of the interrelationships among ecosystem functions,
synergies between species protection and each of carbon sink and water conservation were
strengthened, with correlation coefficients exceeding 0.3 and 0.4, respectively (Figure 5a,b).
In contrast, trade-off between species protection and food supply was weakened. Carbon
sink was synergized with water conservation and food supply, with correlation coefficients
exceeding 0.8 for water conservation. Water conservation shifted from a trade-off to a
synergistic relationship with food supply (Figure 5a,b).

Figure 5. Trade-offs and synergies among different functions from 2000 (a) to 2020 (b) (* p < 0.05;
** p < 0.01; *** p < 0.001). Note: S: Species protection, C: Carbon sink, W: Water conservation, F: Food
supply, E: Economic development.

In terms of the interrelationship between ecosystem and economic development
functions, a shift from synergy to trade-off was found between species protection and
economic development (Figure 5a,b). Conversely, the relationship between food supply
and economic development was shifted from trade-off to synergy. In addition, weakened
synergies were found between economic development and each of carbon sink and water
conservation (Figure 5a,b).

Spatially, in terms of the interrelationships among ecosystem functions, trade-offs
between species protection and each of carbon sink, water conservation, and food supply
were observed mainly in Xinjiang and Hubei provinces, while synergies were concentrated
in Chongqing Municipality (Figure 6). Synergies between carbon sink and each of water
conservation and food supply occurred in Gansu, Inner Mongolia, Heilongjiang, Guang-
dong, Fujian, and Zhejiang provinces, while trade-offs occurred in Ningxia and Shanxi
provinces. Synergies between water conservation and food supply were most significant in
Yunnan Province (Figure 6).
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Figure 6. Spatial distribution of functional trade-offs and synergies from 2000 to 2020. Note: S: Species
protection, C: Carbon sink, W: Water conservation, F: Food supply, E: Economic development;
S–C: Trade-offs and synergies between species protection and carbon sink, and so on.

In terms of the interrelationships between ecosystem and economic development func-
tions, trade-offs between species protection and economic development occurred mainly in
Xinjiang, Tibet, and Hunan provinces, while synergies occurred in Chongqing Municipality
and Guangxi Province (Figure 6). Trade-offs between carbon sink and economic devel-
opment appeared mainly in Gansu, Inner Mongolia, and Guangdong provinces, while
synergies appeared in Shaanxi and Jilin provinces. In addition, synergies between water
conservation and economic development occurred in Yunnan Province, and synergies
between food supply and economic development occurred in Hubei, Shandong, and Anhui
provinces (Figure 6).

3.4. Redundancy Analysis of SES

The RDA explanatory power of social systems over ecosystems was 52.5%, 59.7%,
and 59.1% in 2000, 2010, and 2020, respectively (Figure 7). From 2000 to 2020, ecological
investments had a positive effect on food supply, but had negative effects on species pro-
tection and carbon sink. Environmental outputs had positive effects on species protection,
carbon sink, and water conservation, with the largest impact on water conservation, while
a negative impact on food supply was found. Social benefits had a positive effect on food
supply, but had negative impacts on species protection, carbon sink, and water conservation
(Figure 7).

Figure 7. Redundancy analysis of SES from 2000 to 2020. Note: S: Species protection, C: Carbon
sink, W: Water conservation, F: Food supply; EI: Ecological investments, EO: Environmental outputs,
SB: Social benefits.
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3.5. Trade-Offs and Synergies Among Policy Goals

The interactions among policy goals showed synergies, trade-offs, or both positive and
negative effects (Figure 8). Overall, the relationships between the policy goals were mainly
characterized by synergies. Trade-offs were mainly found between water conservation and
each of carbon sink and economic development, as well as between species protection and
food supply. Specifically, water utilization (W3, W4) traded off with carbon sequestration
capacity enhancement (C4), water utilization and development (W3) traded off with new
energy industry development (E4), and species protection (S2) traded off with farmland
protection (F1). Within the food supply function, trade-offs occurred between farmland
protection (F1) and grain for green (F2) (Figure 8).

Figure 8. The interrelationship among the policy goals of the five functions. Note: S1–S5: The policy
goals of species protection; C1–C4: The policy goals of carbon sink; W1–W5: The policy goals of water
conservation; F1–F5: The policy goals of food supply; E1–E5: The policy goals of economic development.

4. Discussion
4.1. Functional Evolution Characteristics

In terms of ecosystem functions, previous studies have indicated that human activi-
ties, including urbanization, agriculture, industry, mining, and energy use, have severely
impacted the Earth’s critical zone, accelerated biodiversity loss, and caused fluctuations in
the species protection function [48]. The fluctuating trend of increased and then decreased
species protection function was also found in our study (Figure 2a). China has invested
heavily in protecting and restoring natural capital since 2000, and has strengthened the re-
gional supply of ecosystem services [49]. We also found similar results, with increases in the
carbon sink, water conservation, and food supply functions from 2000 to 2020 (Figure 2a). It
is worth noting that ecosystem functions exhibited significant spatial heterogeneity across
the Hu Line (Figure 3). This is closely linked to the regional disparities in resource endow-
ments. It is widely known that species protection and carbon sink are related to land cover
types [50]. Grasslands in China’s northwest enhance species protection, while forests in
the south, particularly in Yunnan Province, exhibit stronger carbon sink capabilities. Water
conservation is primarily influenced by precipitation and evapotranspiration [51], which
results in the high-value areas being located in the tropical-subtropical monsoon regions,
including provinces such as Heilongjiang, while low-value areas occur in the arid Tibetan
Plateau and temperate regions, including provinces such as Ningxia. Topographic condi-
tions and farmland distribution affect food supply [44]. The southeast with plains and hills
supporting agricultural production, maintains superior farmland resources that sustain



Land 2025, 14, 2336 13 of 19

main grain-producing areas, while the northwest exhibits limited agricultural suitability
due to arid climates, mountainous terrain, and fragmented farmland distribution.

In terms of economic development functions, an increasing trend was found in all three
aspects of ecological investments, environmental outputs, and social benefits (Figure 2b).
The increased issuance of green finance, such as ecological investments, from 2001 to 2020
has increased funding for eco-friendly initiatives [52]. Ecological investments have shown
positive trends in favor of preserving natural wealth [53], accompanied by increases in
environmental outputs such as forest and grass cover. At the same time, social benefits have
increased along with the level of investments and outputs, such as improved community
livelihoods from tree planting and agroforestry restoration [54]. In addition, the “higher
in southeast, and lower in northwest” spatial distribution pattern of China’s economic
development, ecological investments, and social benefits (Figure 4) is consistent with the
spatial pattern of ecosystem service value [55]. For instance, Yunnan Province has enhanced
its economic development functions by increasing the ecological service value generated
by the Grain for Green Program [56]. Meanwhile, ecosystem services play a critical role in
shaping the distribution of environmental outputs with a pattern of “higher in southwest,
and lower in the central-east” (Figure 4). This finding is supported by previous results
showing that high ecological quality areas are predominantly located in the southwestern
region [57]. In regions such as Shandong Province, the supply-demand relationship for
ecosystem services is strained, resulting in suboptimal environmental output levels [58].

4.2. Functional Trade-Offs and Synergies

At the provincial scale, the relationships between ecosystem functions and social
system functions tended to be synergistic, but trade-offs still existed (Figure 5). Before
2000, China’s large-scale economic development caused serious SES problems, such as
environmental pollution and significant regional disparities in socio-economic growth.
However, with a shift in government focus and the successive implementation of ecological
restoration projects, ecosystem protection and economic development have been balanced
to some extent [59]. Programs such as the Western Development Initiative, which began
in 2000, and the targeted poverty alleviation carried out in recent years have promoted
regional ecological protection and high-quality socio-economic development [60]. However,
conflicts within ecosystem functions and between ecological conservation and economic
growth still persist [61]. In this study, the trade-offs between food supply and species pro-
tection, water conservation, and economic development were most evident (Figure 5). This
suggests that food production in China has resulted in certain socio-ecological problems.
Specifically, although investment in agriculture has increased food supply, it has also led to
environmental impacts [62], and continued agricultural expansion and intensification have
accelerated habitat loss and led to biodiversity decline [63].

In Xinjiang and Hubei provinces, species protection showed trade-offs with carbon
sink, water conservation, food supply, and economic development, while Chongqing Mu-
nicipality exhibited synergies (Figure 6). Chongqing’s complex topography and abundance
of natural resources facilitate synergistic socio-ecological system functions [64]. However,
the trade-offs of ecosystem services in Xinjiang Province result from urbanization, ecologi-
cal engineering, and climate change, especially as economic development has accelerated
grassland degradation and habitat loss, leading to a decline in biodiversity and highlighting
these trade-offs [65]. Additionally, the trade-offs in Hubei, Ningxia, and Shanxi provinces
(Figure 6) highlight the conflict between resource utilization and protection, requiring a
balance between ecological preservation and economic development to enhance ecosystem
service efficiency.
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4.3. Coordinate the Five-Pool Functional Nexus of SES

The trade-offs and synergies between species protection, carbon sink, water conser-
vation, food supply, and economic development functions reflect the interconnectedness
of the SES, and, in particular, the significant impact of economic development functions
on ecosystem functions (Figures 5 and 7). The species–carbon–water–food–economy func-
tional nexus is a cross-sectoral methodological approach for the sustainable development
of SES [66]. There existed a trade-off and synergistic relationship among the policy goals of
the five functions (Figure 8). Recognizing these trade-offs and promoting targeted policy
coordination can promote the synergistic development of the ecosystem functions and
social system functions [67].

Natural ecosystems are pools of biological genes and species of the Earth’s living sys-
tems, as well as pools of green organic carbon and clean freshwater resources. Biologically
healthy ecosystems with a suitable climate, clean water, and fertile soil serve as the pools for
supplying human beings with the means of subsistence and food resources [36]. Through
the comprehensive management and operation of the ecosystem’s “species pool, carbon
pool, water pool and food pool,” the development of a friendly economy will increase the
economic pool and realize the goal of “lucid waters and lush mountains are invaluable
assets” [37]. The integration of the species–carbon–water–food–economy pool functions
provides a comprehensive and coordinated response to the major challenges of global
biodiversity protection, global climate change, global water crisis, global food crisis and
global poverty alleviation [68] (Figure 9).

 

Figure 9. Coordination framework of the species–carbon–water–food–economy pool functions.

China’s government has set a number of development goals to address the socio-
ecological challenges facing humanity [69]. This requires economic development and
ecological quality improvement to go hand in hand in order to realize the coordinated
development of the five-pool functions. As the policies related to the five-pool functions
fall under different sectors, a framework of “multi-goals driven, multi-sectoral linkage, and
multi-policies synergy” is proposed to manage the species–carbon–water–food–economy
functional nexus (Figure 9). Under multi-goals guidance, collaboration among the National
Development and Reform Commission, the Ministry of Agriculture and Rural Affairs,
the Ministry of Ecology and Environment, the Ministry of Natural Resources, the Na-
tional Energy Administration, and the National Forestry and Grassland Administration
is necessary [70]. Specifically, the Ministry of Agriculture promotes green agriculture
and waste resource utilization [71], the Ministry of Natural Resources focuses on land
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resource allocation and ecological protection [72], and the National Food and Strategic
Reserves Administration ensures food security and supports the green transformation of
food production [73]. Various sectors collaborate within their functions to promote the
formulation and implementation of policies on the protection of ecological red lines, the
optimal allocation of soil and water resources, green transformation and development, and
food security [74]. The trade-offs and circumventions between policy goals are conducive
to the promotion of cross-sectoral policies that complement and coordinate each other,
maximizing the efficacy of resource utilization, and promote the sustainable development
of the species–carbon–water–food–economy pool functions [75] (Figure 9).

Guided by the integrated five-pool framework, differentiated provincial strategies are
proposed for regions at different stages of development to achieve sustainable development of
the SES. In provinces dominated by trade-offs, such as Xinjiang, Hubei, Ningxia, and Shanxi
(Figure 6), institutional reforms are needed to ease sectoral interest conflicts, reduce resource
allocation pressures, build ecological property rights and compensation systems, enhance
cross-regional governance, and apply policy tools that reconcile or circumvent goal conflicts,
thereby achieving a balance between industrial transition and ecological protection [76]. For
example, in Xinjiang Province, the trade-offs between upstream and downstream ecosystem
services along the Tarim River highlight the need for equitable ecological compensation and
governance strategies to achieve cross-regional balance [65]. In provinces showing both trade-
offs and synergies, such as Tibet, Qinghai, and Guizhou (Figure 6), an institutional framework
for ecological value realization and benefit sharing should be developed by linking the public
good attributes of ecological products to market mechanisms, advancing land property rights
reform, improving green industry incentives, and enabling stakeholders to secure equitable
returns from functional synergies [77]. In Guizhou Province, relocation for poverty allevia-
tion promotes benefit-sharing between origin and destination areas, achieving sustainable
socio-ecological development [78]. In provinces primarily characterized by synergies, such as
Chongqing, Yunnan, Anhui, and Shandong (Figure 6), regional specialization and institutional
integration are required to promote the coordinated reproduction of the five pools, remove al-
location barriers, refine property rights systems, industrialization mechanisms, benefit-sharing
arrangements, and cross-regional factor flow rules to enhance system-wide synergies [79].

5. Conclusions
This study analyzed the spatio-temporal patterns and interrelationships of ecosystem

and economic development functions across China’s provinces from a SES perspective, and
proposed a “multi-goals driven, multi-sectoral linkage, and multi-policies synergy” frame-
work for coordinated management. Key findings summarize that ecosystem functions and
economic development functions exhibited distinct spatial distributions across provinces,
reflecting regional differences in ecological capacity and socio-economic development. Syn-
ergies predominated among most functions, while trade-offs, particularly between species
protection and food supply, existed and varied across regions. Coupling analysis indicated
mutual constraints between SES. The observed interactions emphasized the necessity of
integrated management of multiple functions to balance ecological conservation and eco-
nomic development. Recognizing trade-offs and promoting coordinated policies can further
enhance the sustainability of SES. These findings advance the theoretical understanding of
functional linkages within SES, demonstrating the importance of coordinated management
across ecological and socio-economic domains. Nevertheless, the mechanisms driving these
interdependencies remain insufficiently understood. Future research should focus on eluci-
dating the dynamic mechanisms underlying the five-pool functions and explicitly incorporate
political economy perspectives to evaluate the influence of policy trade-offs on ecological
and economic outcomes. Such insights will inform the development of integrated policies
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that reconcile competing objectives, optimize resource allocation, and promote sustainable
development at national and global scales.
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Appendix A

Table A1. The policy goals of the five functions.

Functions Dimensions Policy Goals

Species protection

S1 Improve biodiversity monitoring and establish the regulatory system
S2 Protect wild, rare, and endangered species
S3 Enhance the management and control of invasive alien species
S4 Improve the biotechnological level of germplasm resource variety improvement
S5 Protect natural resources, reduce environmental pollution, and enhance ecosystem quality and stability

Carbon sink

C1 Promote clean production and the transformation of traditional energy industries
C2 Significant improvement in utilization efficiency
C3 Promote green and low-carbon consumption patterns
C4 Enhance the carbon sequestration capacity of ecosystems

Water conservation

W1 Ensure the safety of centralized drinking water sources
W2 Optimize the water resource allocation pattern and improve allocation efficiency
W3 Control the total water resource utilization and development intensity
W4 Improve the utilization efficiency
W5 Strengthen water pollution prevention and control

Food supply

F1 Strictly adhere to the farmland red line and build high-standard farmland
F2 Convert farmland back to forests and grasslands
F3 Ensure stable food supply and prices
F4 Implement the “Technology-Driven Grain” initiative
F5 Enhance the capacity for agricultural waste recycling

Economic development

E1 Increase fiscal and tax support and develop green finance
E2 Develop smart tourism

E3 Strengthen the management of natural resource assets and improve the mechanism for realizing the
value of ecological products

E4 Vigorously develop the new energy industry
E5 Increase the added value of agricultural products
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