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Integrating ecosystem services (ESs) into ecological security patterns (ESPs) provides a comprehensive
framework for recognizing critical conservation areas and enhancing regional ecological security. However,
previous studies are predominantly based on ES supply, while often not fully considering the supply—
demand balance and its dynamic trends. This study proposed a comprehensive framework including
comprehensive supply—demand ratio (CSDR), CSDR trend, total supply trend, and trade-off to revise
ecological source recognition. Subsequently, ecological resistance surfaces were revised using land use
and nighttime light data. Finally, corridors and strategic nodes were further recognized according to circuit
theory to establish a comprehensive ESP. Selecting Three Gorges Reservoir Area as a research case, the
results show that the ecological sources (18,232.59 km?) are predominantly situated in the eastern regions
and parts of the southern bank of the Yangtze River with high supply and low ecological risks and trade-off
levels. The low value of the resistance surfaces is distributed consistently with ecological sources, and
the high value of the resistance surfaces is distributed near the cities with high population density and
demand. Two hundred sixty-six key ecological corridors and 195 pinch points connected the regions into
an organic whole and barrier points, with an area of 285.96 km? overlapping with the potential corridors.
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These findings offer guidance for regional planning and sustainable development.

Introduction

Ecosystem services (ESs) are the benefits derived by humans
from the ecosystems, which create a bridge to nature and social
systems [1,2]. Ecological security means the state in which the
ES supply capacity is in line with the demand for ES of human
social and economic development [3]. Over the past few years,
increased human activities and rapid socioeconomic develop-
ment under climate change have induced widespread ecosystem
function degradation, thereby effectively blocking the sustain-
able delivery of ESs to meet human societal needs [4]. Under
these circumstances, the ecological security pattern (ESP) has
appeared as an essential regulatory mechanism for optimizing
spatial allocation and promoting supply-demand dynamical
balance [5]. However, one of the major challenges in formulat-
ing effective ESP to secure ESs is the insufficient understanding
about the perspective of supply-demand matches [6].

The construction of ESPs supports regional management
by identifying and conserving critical ecological components
[7]. Up to now, a main research paradigm, namely, “source
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recognition-resistance surface analysis-corridor pathway extrac-
tion’, is mainly used to construct ESP [8]. Ecological sources are
critical habitat patches vital for protecting the ecological security,
as they are instrumental in mitigating ecosystem degradation,
providing ESs, and preserving landscape integrity [9]. The rec-
ognition of ecological sources involves the direct selection of
vital natural reserve [10] and a comprehensive assessment of
ecological importance, including ecological risks, ES impor-
tance, and other related factors [11,12]. Ecological resistance
surfaces indicate the degree of species’ migration among differ-
ent landscape patches, serving as a central step in recognizing
ecological corridors [13]. Ecological corridors are predomi-
nantly pathways for the flow of energy and migration of species,
enhancing connectivity among ecological source areas [3].
Ecological strategic nodes are divided into pinch and barrier
points, both of which affect the landscape connectivity [14].
Recently, circuit theory has effectively employed the recogni-
tion of regional landscape connectivity and construction of
ESPs [15]. Thus, the precise recognition of ecological sources
is a critical prerequisite for constructing ESPs.
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Ecological source is mainly identified by assessing ecological =~ region’s socioeconomic growth in a sustainable manner [21,25].
risk in this study, which serves as the inverse measure or function ~ Nevertheless, the supply-demand analysis of ESs has seldom
assumption of ecological security and helps classify risk levels ~ been incorporated to participate in ESP construction. To fill this
[16]. However, current research on the recognition of ecological gap, TGRA was selected as a case study to (a) construct a novel
sources based on ecological risk still has notable limitations. Most ~ framework to recognize ecological sources by simultaneously
studies have primarily concentrated on the ES supply capacity,  taking into account the status and trends of comprehensive
but have ignored the relationships between human demandand ~ supply-demand ratio (CSDR), trends of ES supply, and trade-offs
nature supply [17]. As a result, ecological source areas tend to  of ES supply and (b) further identify resistance surfaces, corridors,
be concentrated only in supply-dominant regions [18], while ~ and strategic nodes and formulate targeted policies for ecological
areas with high human demand still face ecological risks due =~ management and restoration based on this established ESP.
to insufficient supply and excessive resource exploitation [19].

Meanwhile, these studies predominantly emphasized onlyafew  Materials and Methods

ESs, such as soil retention and water yield, while often ignoring

the trade-offs among numerous ES supply [20]. When ESsexist ~ Study area

trade-offs, enhancing the provision of one service often reduces ~ TGRA (280562/N to 31°44'N, 106°16’E to 111°28'E), with an area
the availability of other critical services [21]. Consequently, ~ of 57,900 km’, is situated in the upper and middle reaches of the
policy making and management practices that only focuson the ~ Yangtze River and composed of 20 counties or districts across
enhancement of a single ES function, while overlookingits inher- ~ Chongging City and Hubei Province (Fig. 1). Within TGRA, the
ent trade-offs, may inadvertently compromise other services that ~ topography is complex, with elevation ranging from 10 t0 2,926 m
are equally vital to human well-being [22]. Previous studieshave ~ above sea level. The eastern region is composed of a series of

integrated ES supply and demand to evaluate the spatial match- ~ mountains, and the western region is mostly consisted of plains
ing to assess risk, while they lack temporal dynamics, which limit and hills. The main climatic characteristic belongs to the humid
their ability to capture shifts in supply-demand trends [16,23].  subtropical monsoon, owing to a temperature of 17 to 19 °Cand
Moreover, the static interrelation between supply and demand ~ an average yearly rainfall of 1,250 mm. Purple, brown, and
does not account for the dynamic interactions within social- ~ yellow-brown soils are the mostly soil types, and forestland,
ecological systems. It is also difficult to quantify the lag of eco-  cropland, and grassland are the predominant land cover [25].

logical risks owing to the rapid land use change and socioeconomic TGRA, a classic ecologically fragile region in China, is influ-
fluctuations, which is not possible to accurately recognize the ~ enced by multiple effects of nature and humans. The rapid con-
ecological source regions and affect ESP construction, and fur-  struction process has greatly changed the original ecosystem

ther limit effective long-term guidance for sustainable ecological ~ structure and function, resulting in more vulnerability and
protection and management [24]. For instance, regions presently ~ complexity of the reservoir ecosystem with the ever-increasing
in a supply-demand equilibrium have shown a persistent decline ~ population [26]. In response to these ecological problems, many
in ES supply, indicating a potential risk of insufficient future sup- ~ ecological restoration and conservation policies have been
ply and progressive ecosystem degradation [9]. Therefore, itis ~ enacted over the past few decades [27], which have improved
essential to assess ecological security so as to identify ecological ~ the ecosystem function and promoted the forestland ratio from
sources and construct ESP that consider both supply-demand ~ 43.73% (in 2000) to 48.05% (in 2020) (Fig. S1).
balances and temporal dynamics.

The balance of ES supply-demand is a vital precondition to ~ Data sources and preparation
guarantee ecological security [13]. Over the past few years, the ~ The study utilized 7 primary types of data: land use/land cover
supply-demand imbalance in Three Gorges Reservoir Area  (LULC), meteorological, remote sensing, soil, topographic,
(TGRA) has caused a number of ecological issues, such as  basic geographic information, and socioeconomic statistical
nonpoint pollution and soil erosion, which have become the ~ data (Table 1). All the data were transformed and resampled
major factors that threaten ecological security and restrict the ~ to a 100-m resolution.
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Fig. 1. The location of TGRA (A) and administrative area (B). YL, Yiling; XS, Xingshan; ZG, Zigui; BD, Badong; WS, Wushan; WX, Wuxi; FJ, Fengjie; YY, Yunyang; KZ, Kaizhou;
WZ, Wanzhou; ZX, Zhongxian; SZ, Shizhu; FD, Fengdu; WL, Wulong; FL, Fuling; CS, Changshou; YB, Yubei; BN, Banan; CQ, Chongging; JJ, Jiangjin.
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Table 1. Summary of the primary data
Data
Data type Name Year Data source format Resolution
Land use/cover 2000, 2010,2020  Resource and Environmental Raster 30m
data Science and Data Center, Chinese
Academy of Sciences
(https://www.resdc.cn/)
Meteorological Temperature 2000, 2010,2020  China Meteorological Shapefile 100 m
data Precipitation Data Network (Kring interpolate)
Selkr e (https://data.cma.cn)
Sunshine
Remote sensing NDVI 2000, 2010,2020  NASA MOD13Q1 product Raster 250 m (maximum
data (https://www.nasa.gov/) value synthesis
https://earthengine.
google.com/)
Nighttime light 2000, 2010,2020  Tibetan Plateau Data Center Raster 1,000 m
index (http://data.tpdc.ac.cn/)
Soil data 2009 China Soil Database Shapefile 100 m (Raster
(http://vdb3.soil.csdb.cn/) conversion)
Topographic DEM Geospatial data cloud Raster 30m
data Slope (http://www.gscloud.cn)
Basic geographic 2017 National Center for Basic Shapefile
information data Geographic Information
(https://www.ngcc.cn/)
Socioeconomic Food yield 2000, 2010,2020  Statistical Yearbook of Hubeiand  Raster 250 m (NDVI correc-
statistical data Chonggqing province tion method)
Population World Population Database Raster 100 m
(https://www.worldpop.org/)
Water Water Resources Bulletin of Hubei Raster 1,000 m
consumption and Chongging province
GDP Statistical Yearbook of Hubeiand ~ Raster 1,000 m
Chonggqing province
Carbon emission World Population Database Raster 100 m

(https://www.worldpop.org/)

Methods

Research framework

The comprehensive ESP framework is listed as follows (Fig.
2). First, 6 ES supply-demand and their ratios were quantified.
Then, one comprehensive ecological risk assessment frame-
work including CSDR, CSDR trend, total supply trend, and
supply trade-off is established to evaluate and grade the eco-
logical risk status in TGRA. Next, the ecological sources are
determined according to ecological land and area threshold
based on the risk grade. Forth, ecological resistance surfaces
are identified by modifying nighttime light and land use
data. Finally, according to circuit theory, corridors and stra-
tegic nodes are further identified to establish a comprehen-
sive ESP.

Selection and quantification of ESs
ESs were selected when they (a) were related to the socioeco-
logical features of TGRA and could reveal important ecological
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issues and (b) aligned with the framework of the Millennium
Ecosystem Assessment [28]. Thus, 6 ESs were chosen for evalu-
ation and mapping, namely, 1 cultural service (ecological recre-
ation), 1 supporting service (habitat maintenance), 2 regulating
services (soil retention and carbon sequestration), and 2 provi-
sioning services (water yield and food production). Each ES was
assessed for the years 2000, 2010, and 2020.

Food production

Food production is crucial for sustaining human life and advanc-
ing socioeconomic growth. The supply was evaluated based on
the total crop production and crop yield per unit of cultivated area.
The normalized difference vegetation index (NDVI) correction
method was applied to redistribute the crop production in the
county to the grid scale [29]. The demand was defined according
to the amount of food consumption including cereals, rice, and
beans and calculated as the production of annual main ration
intake and population per unit area [30].
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Step1: Supply-demand quantification
Food production Water yield
Soil retention

Carbon sequestration

Habitat maintenance Ecological recreation

Step4: Construst ecological
resistance surfaces A

Land use

Nighttime light

Circuit theory

Step2: Ecological risk assessment |
Comprehensive supply-demand ratio
Comprehensive supply-demand ratio trend

Total supply trend Supply trade-off

Step3: Identify ecological sources

Ecological land

Area threshold

Step5: Construction of ecosystem security pattern

Ecological resistance

Ecological sources
surfaces

Fig. 2. Comprehensive framework for constructing ESP.

Water yield

Water yield provides essential freshwater resources for human
production, daily life, and other activities. Also, it indirectly
impacts human well-being by influencing carbon cycles, vegeta-
tion, and other processes through hydrological cycles. In this
study, water production is the indicator for quantifying water
yield supply; referring to the variation between the water resource
input and output. The input variables for the InVEST model
Water Yield module include precipitation, potential evapotrans-
piration, biophysical parameter table, root restricting layer depth,
and plant available water content (PAWC). PAWC was calculated
through soil particle size distribution and organic matter content
[21]. The root restricting layer depth was approximated using
soil reference depth data from soil surveys. The biophysical
parameter table followed the methodologies outlined by Hu et al.
[31], and the complete biophysical parameter table is shown in
Table S1. The demand is the water resources consumed by human
production and living activities within specific spatial contexts
[19]. Using the water quota method, we categorized water
demand in TGRA, including residential water use, industrial
and economic development water use, and agricultural irrigation
water use (Table S2). This categorization was integrated with
population density, land use, and gross domestic product (GDP)
to evaluate the spatial pattern of the demand across TGRA [21].

Carbon sequestration

Carbon sequestration points to the process by natural vegetation
captures and sequesters atmospheric CO, through photosyn-
thesis, thereby effectively mitigating the greenhouse effect and
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Ecological strategic

Ecological corridors nodes

contributing to global climate change mitigation [32]. Carbon
sequestration supply represents the inherent carbon sequestra-
tion capacity of natural ecosystems, which can be quantified
using net primary productivity (NPP). Given that vegetation
sequesters approximately 1.63 times the amount of carbon per
unit of accumulated NPP, NPP was calculated by the Carnegie-
Ames-Stanford Approach (CASA) model. The demand denotes
the total carbon emissions generated by economic and social
activities. This study quantified it using county-level energy-
related emission inventories from the China Emission Accounts
Dataset (CEADs), which integrated fossil fuel combustion and
industrial processes [33]. Since the CEADs database provides
carbon emission data only at the county administrative level, we
utilized night light index (NLI) data to spatially disaggregate these
emissions to grid scale. First, we calculated the total NLI intensity
for each county and constructed a linear regression model with-
out an intercept term to correlate NLI intensity to the reported
carbon emissions. This approach produced county-specific emis-
sion calibration coefficients (Table S3), which were subsequently
used to estimate grid-scale carbon emissions through fit models.

Soil retention

Soil retention supply points to the ability to limit soil erosion,
intercept sediment, and reduce silt in rivers, lakes, wetlands,
and reservoirs. In this study, we quantified soil retention supply
using the revised universal soil loss equation (RUSLE) model.
The demand represents the actual and potential losses caused
by soil erosion that humans seek to prevent. Since actual soil
erosion risks are undesirable, this study quantified demand
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based on soil erosion intensity: Higher erosion risk indicates a
greater demand for soil retention [34].

Habitat maintenance

The Habitat Quality module was employed to evaluate habitat
maintenance supply by integrating land use type-specific sen-
sitivities and intensities to threat factors [35]. To capture the
spatial heterogeneity of habitat maintenance, secondary-level
land use classification data were utilized. Considering the local
features of TGRA, this study chose dry land, urban residential
land, paddy field, bare land, other construction land, and urban
land as the primary threat factors. Following relevant research
[36], we determined habitat suitability scores and sensitivity
coeflicients for every land cover in relation to these threats
(Table S4), as well as the maximum influence distances, weight-
ing factors, and spatial decay types for different threat sources
(Table S5). The demand, depending on the biology needs for
habitats and the human needs for biodiversity, was related to
the socioeconomic indicators, namely, distance from the city,
population density, and GDP.

Ecological recreation

Ecological recreation supply, which refers to the capacity of eco-
systems providing recreational opportunities without direct
human input, was evaluated based on the inherent recreation
potential. Considering that it was difficult to obtain the tourist
data at the grid scale, this study used local residents to quantify
ecological recreation demand based on relevant methods in
existing studies [37]. High population density often lacks suf-
ficient green space and has a theoretically more demand for
ecological recreation. Therefore, population density is selected
as a proxy for demand [38]. To account for spatial variations
in willingness to pay and socioeconomic payment capacity
across regions, an economic adjustment coeflicient was incor-
porated to standardize the assessment of ecological recreation
demand [37].

All ESs were resampled to 100-m resolution. The detailed
methods for calculation process to quantify ESs were presented
in Table S6. To eliminate the impact of dimensional differences
among various ESs, a min-max normalization was applied to
the ESs before the analysis.

(Esobs - ESmin)

(ES S M

ESstd =

max —-E min)

where ES,,; represents normalized value of the ES; ES,,, refers
to the actual value of the ES; and ES,,,, and ES,,, refer to the
maximum and minimum values of the ES, respectively.

Ecological risk assessment

Ecological risk assessment was mapped with the spatial overlay
including CSDR, CSDR trend, total supply trend, and trade-off.
The risk grade was shown in Table S7.

The current situation and trend of CSDR

SDR shows the associations between nature supply and human
demand, and also the spatial mismatches and congruencies of
supply-demand [39].

Sx_Dx

SDR, = ————
* (Smax+Dmax)/2

)
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where SDR, is the supply-demand ratio of various ES types in
the grid cell x; S, and D, denote supply and demand of various
ES types in the grid cell x, respectively; and S,,,, and D, ,, rep-
resent maximum values of the supply and demand of various
ES types, respectively. “(S,,,x + D,,.,)/2” represents the average
level of max overall supply and demand, aiming to mitigate scale
effects and balance the influence of extreme values, thereby
facilitating spatial comparison [39].

The CSDR represents the total state of supply-demand and
spatial heterogeneity of supply-demand matches [9].

n
CSDR = % D ESDR; 3)

i=1
where n represents the type number of ESs, equal to 6, and

ESDR refers to the SDR, of the ith ES.

The CSDR trend reflects the relative variations in supply and
demand across particular spatiotemporal scales, and is calcu-
lated by the differences of CSDR values in different years [16].

Total supply trend
The total supply trend shows the absolute change in the overall
ES supply capacity within a defined temporal interval [16].

$=S,-S, (4)

where S, represents the difference of the total supply of ESs in
different years. S,, and S, denote the total supply of ESs in m
and n years, respectively.
The total supply can be expressed as the multi-year stan-
dardized mean of ESs [9].
S = 1 ‘ Si,j - Si,min

n i=1 Yimax — Ci,min

where S; represents the relative total supply of 6 normalized ESs in
the ith raster cell. S;; represents the supply of the jth ESs in the ith
raster. S, ,,;,, and S, .. represent the minimum and maximum val-

i,min i,max

ues, respectively, of the ith across multiple years for the ES raster.

Trade-off of ES supply

The root mean square deviation was applied to quantitatively
analyze the trade-offs among ESs [40]. This method extended
conventional negative correlation analysis by quantifying the
mean diversity divergence between the standard deviations of
individual ES and the mean ES deviation [41].

n
1 =o\2
RMSD = 4| —— X ;(Esi—Es) (6)

where n denotes the number of ESs and ES; denotes the normal-
ized value of the ith ES. ES denotes the mean value of nth ESs.
Since the theoretical range of RMSD is 0 to 1, following Zeng
et al. [42], synergistic relationship among ESs is identified when
the RMSD value is <0.2, whereas an RMSD value of >0.2 rep-
resents trade-off relationship [42].

Construction of ESP

Recognition of ecological sources

According to the ecological risk assessment results and to ensure
ecosystem sustainable development, the original ecological
sources were recognized by the areas with a safe ecological risk
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level. Then, ecological land (i.e., grassland, water body, and for-
estland) within the safe areas was extracted and the continuous
ecological land was divided into ecological patches. Next, taking
2 km? as the step size based on the average size of ecological
patches in TGRA and using piecewise linear regression, the total
area and the amount of patches smaller than the least patch area
threshold were assessed to determine the optimal threshold.
Only ecological patches exceeding the threshold for the least
area were retained as the final ecological sources [9].

Recognition of ecological resistance surfaces

Resistance values were determined owing to the relative suit-
ability of diverse land cover: forestland (1), grassland (10),
cropland (30), water body (50), bare land (300), and construc-
tion land (500) [43]. Nighttime light data, a common indicator
of human activity intensity, has been widely used in ecological
risk assessment and resistance surface recognition [43]. Higher
human activity intensity leads to greater resistance to ecological
processes. Therefore, base resistance surface derived from land
use data was further corrected using nighttime light data [44].

_ NLI, y
X = NLI]- J (7)

where R,; denotes the corrected resistance value of the xth raster
of class jland cover. R; denotes the basic resistance value of the
jth type of land cover. NLI, represents the nighttime light index
of the xth raster of class j land cover. When NLI, = 0, R,; is set
to R;. NLI represents mean nighttime light index of the xth

raster of class j land cover.

Recognition of ecological corridors

The Linkage Mapper toolbox was utilized to determine key cor-
ridors and potential corridors [3]. First, every ecological source
was termed a circuit connection point, and cost-weighted dis-
tance (CWD) to the nearest source for every pixel was calculated
across the resistance surface. Next, by overlaying the CWD raster
with ecological sources, the least-cost distance (LCD) between
sources was calculated and the corresponding paths with mini-
mal cumulative resistance were identified as least-cost paths,
which represent key ecological corridors. Because ecological
processes (e.g., energy flow and species migration) occurred
across spatially continuous areas rather than linear paths, we
further generated potential corridors by iteratively applying
CWD truncation thresholds (ranging from 1,000 to 9,000 in
increments of 1,000) within the Linkage Mapper software [45].

Recognition of ecological strategic nodes

Pinch points are vital nodes in ecological processes, and the loss
of pinch points can severely compromise regional connectivity,
which makes them as priority targets for protection [15]. Barrier
points refer to areas within landscape that hamper species move-
ment among ecological sources. Restoring or removing these
regions could effectively decrease cumulative resistance and
notably enhance interconnection [45]. The Linkage Mapper
software was used to identified them. Based on the ecological
corridor construction, the Pinchpoint Mapper tool was used to
iteratively calculate current flow. For each ecological source, 1-A
current was injected while grounding other sources, generating
cumulative current density layers. Pinch points were the regions
exhibiting the highest current values. Barrier points were recognized
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by the Barrier Mapper tool. The tool operates under the hypoth-
esis that ecological restoration of a specific area would reduce
resistance, thereby decreasing the LCD of optimal pathways pass-
ing through the restored region. A moving window approach
was applied with 5 search radii (200, 400, 600, 800, and 1,000).
The improvement in landscape connectivity post-restoration
was quantified by the connectivity improvement value per unit
distance, defined as the ratio of the difference in LCD before
and after restoration to the search radius [46].

¢ LCDy —LCD,

. (®)

where IS represents the improvement coeflicient and a larger
coeflicient indicates a higher degree of regional connectivity
enhancement. LCD, represents the initial LCD value (baseline
connectivity state). LCD, represents the post-obstacle removal
LCD value (connectivity after eliminating barriers). D repre-
sents the search radius.

Results

Spatiotemporal variations of ES supply and demand
All the 6 ES supply and demand exhibited clear spatiotemporal
heterogeneity (Figs. S2 to S4). The supply of carbon sequestra-
tion, habitat maintenance, soil retention, and ecological rec-
reation was notably higher in the eastern regions than in the
western regions due to the less human interference and higher
vegetation coverage. However, the supply of water yield was
exactly the opposite (Fig. S2). The urban areas with high eco-
nomic development and dense population were high-demand
hotspots and also resulted to supply-demand imbalance for
food production, water yield, carbon sequestration, habitat
maintenance, and ecological recreation, especially around the
central districts of Chongqing City (Figs. S3 and S4). However,
the high-value regions with SDR of soil retention were situated
in the eastern forestland owing to the high supply and low
demand. Temporally, the supply of carbon sequestration and
ecological recreation increased from 2000 to 2020 because of
the implementation of the Grain-for-Green Program, whereas
that of food production and habitat maintenance decreased
with increased population density. The supply of water yield
and soil retention decreased first and increased later, and the
supply of water yield significantly improved from 2010 to
2020 specially in the east (Fig. S2). Except for soil retention,
the demand for other ESs was increasing (Fig. S3) and the
hot demand areas were expanding with social economy devel-
opment, which resulted the supply-demand imbalance was
also gradually expanding with hot demand areas expanding
(Fig. S4).

Ecological risk assessment

The situation and trend of CSDR

The situation and trend of CSDR presented obvious spatial
heterogeneity (Fig. S5). In the regions with high vegetation
coverage, the CSDR was in surplus. In the central areas, it was
balance; however, the deficit areas were distributed near the
cities with high population density and demand. The CSDRs
were 0.20, 0.19, and 0.19 in 2000, 2010, and 2020, respectively,
which were relatively stable on the whole, indicating that
the supply in most areas in TGRA could meet the demand.
The obvious increasing areas of the CSDR were principally
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established in the central-western regions, while the decreas-
ing regions were distributed near the urban areas due to the
increasing demand from 2000 to 2010. The CSDR trend showed
bipolar change from 2010 to 2020, showing that the CSDR
was improved in most areas but obviously decreased in the
urban areas.

Total supply trend and trade-off

The total supply trend and trade-off showed significant spatio-
temporal heterogeneity (Fig. S6). The average of total supply was
0.42, 0.41, and 0.45 in in 2000, 2010, and 2020, respectively,
showing decreased first and then rapid increase (Fig. S7). The
high values were primarily located in the eastern and central-
southern regions, while the low values were predominantly situ-
ated in the urbanization areas that increased with time. The areas
of total supply decreased in the east, accounting for 55.98%
within the whole area of TGRA, and it increased in the central
areas, accounting for 44.02% from 2000 to 2010 (Fig. S6A).
However, the total supply in most areas showed an increasing
trend from 2010 to 2020 (Fig. S6B). The average RMSD was
0.36 and 0.33 in 2010 and 2020, respectively. The zones char-
acterized by strong trade-offs were dominantly situated in the
eastern and central-southwestern areas, whereas areas with
general trade-offs were distributed in the urbanized zones of
Chonggqing City and the central-northeastern regions in 2010
(Fig. S6C). The trade-offs in central and eastern areas weak-
ened in 2020 (Fig. S6D).

Spatial pattern of ES risk

Overall, the spatial pattern of ES risks had significant differ-
ences (Fig. 3). The areas with near under-supply had the largest
segment predominantly located in the central-eastern regions
in 2010 (Fig. 3A); however, areas with safe level in 2020 were
dominated (Fig. 3B). Compared with the areas of risk level
between 2010 and 2020, the area with unchanged, reduced, and
increased risk levels accounted for 52.06%, 18.54%, and 29.40%
within the whole area, respectively (Fig. 3). Thus, the regional
ecological risk tends to be safe with increasing risk level, but
the main urban zones of Chongging City with high population
density and developed economy faced severe ecological risk
and the risk coverage showed expansion.

Establishment of ESPs

Recognizing the ecological sources

The original ecological sources were recognized according to the
areas exhibiting a safe ecological risk level in 2020. A total of
95,933 original ecological sources with 24,002.16 km® were rec-
ognized. The patches <5 km” were excluded according to the
minimum patch area threshold to ensure ecosystem stability
(Fig. 4A). Fmally, the identified ecological sources covered
18,232.59 km?, representing 31.49% of TGRA, and they were
predominantly composed of forestland (85.36%), followed
by grassland (14.19%) and water bodies (0.45%). Perhaps,
the continued implementation of the Grain-for-Green Project
since 2002 has contributed to a sustained increase in forest
cover within the region. By 2010, the proportion of land use
as forest had increased by 4.4% compared with 2000 (Fig.
S1 and Table S8). By 2020, large-scale ecological restoration
of sloping cropland had been achieved across TGRA, with
approximately 776.04 km” of cropland converted to forestland
and grassland (Table S9). Meanwhile, the ecological sources
are largely situated in the eastern zones with good ecological
quality and rich forest and grass ecological resources and some
areas on the southern side of the Yangtze River (Fig. 4B).
However, a total of 904.66 km” of other land cover were con-
verted into construction land (Table S9), with the most signifi-
cant expansion observed in the urbanized zones of Chongging
City. This rapid urban expansion has contributed to the rela-
tively sparse pattern of ecological sources in the vicinity of
Chonggqing City.

Establishing the ecological resistance surface

The basis resistance surface exhibited elevated values in the west-
ern and northern zones, while the eastern and southern zones
showed lower values (Fig. 5A). Specially, the low value of the
resistance surface was distributed consistently with the ecological
sources; however, the high value of resistance surface was dis-
tributed near the town. The rapid urbanization and industrializa-
tion led to the crowding of some ecological land, which influenced
the ecosystem process and functional connectivity. As shown in
Fig. 5B, the value of modified resistance surface was consistent
with the basis resistance surface in the spatial distribution. The
highest and lowest resistance values were 2,874.42 and 0.01,

0.02%

e Critically endanger [ I Demand pressure I Near supply shortage I Vulnerable

- Endanger

Fig. 3. Spatial pattern of ecological risk in 2010 (A) and 2020 (B).
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Fig. 5. Spatial pattern of basic resistance surfaces (A) and modified resistance surfaces (B).

respectively, with a mean modified resistance of 29.38. In
comparison with the basic resistance values, which spanned from
1 to 500, the modified resistance surface exhibited a superior
precision and greater differentiation.

Extracting the ecological corridors

Two hundred sixty-six key ecological corridors, having an over-
all length of 2,517.83 km, were extracted (Fig. 6A). Overall,
these corridors formed a network that connected the ecological
sources, thereby providing pathways for the flow of energy and
migration of species. Based on natural breakpoint method, the
key ecological corridors were classified into 230 small resistance
corridors, 28 medium resistance corridors, and 8 large resis-
tance corridors (Fig. 6B). Small resistance corridors were mostly
distributed in the central-eastern zone, and large resistance
corridors were situated in the urbanized zones of Chongqing
City, indicating that construction land reduced the ecological
sources and also hindered the corridor connectivity. The poten-
tial ecological corridors with the area of 13,048.81 km?” were
further recognized (Fig. 6C) based on the CWD cutoff value
(CWD cutoft value = 3,000) (Fig. S8). The potential ecological
corridors cross-overlapped in the central areas and had a wide
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range; however, they were relatively narrow in the east due to
urbanization.

Recognizing the ecological strategic nodes

Approximately 195 ecological pinch points were recognized accord-
ing to the peak cumulative current values within high-resistance
(red) regions (Fig. 7A). These pinch points were mostly distributed
in the western regions, characterized by high landscape resistance
dominated by cropland, construction land, and fragmented forest-
land. The improvement factor was divided into low, medium, and
high grades according to the natural breakpoint method, and the
high grade regions rezpresented the barrier points (approximately
94) with 1,151.52 km" (Fig. 7B). The barrier points with an area of
285.96 km® had spatial overlap with the potential corridors, indicat-
ing that some barrier points may lead to the fracture risk of corri-
dors due to high local resistance value. These barrier points were
largely founded in the central-eastern regions and western regions,
and cropland with 501.09 km® was the predominant land cover.
However, the forestland was also widely situated in the central-
eastern regions, indicating that the Grain-for-Green Program could
continue to be implemented to heighten the landscape connectivity
in these zones.
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Fig. 7. Spatial pattern of ecological strategic nodes. (A) Pinch points. (B) Barrier points.

Discussion

Impacts of ES supply-demand balance on

constructing comprehensive ESP

Integrating supply-demand balance into ESP is crucial for sus-
tainable development [3]. Nature and human elements both
affect the spatiotemporal distribution of supply and demand
[6]. We found that supply and demand in TGRA had an urban-
rural gradient; specifically, there was generally excess demand in
urban areas and surplus supply in more remote natural regions.
Specifically, the eastern mountainous regions, characterized
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by dense forest cover, exhibited the higher supply of water yield,
carbon sequestration, soil retention, and ecological recreation
[47]. Meanwhile, the urban areas showed supply-demand mis-
match because of high demand related to high population
density and limited supply ecological conditions [6]. Therefore,
different from the traditional focus on ES importance or sen-
sitivity, this study was grounded in the perspective of ecologi-
cal risk assessment and ESP construction, integrating both
ecosystem characteristics and human welfare demands, and
places greater emphasis on the critical role of supply-demand
matching.
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Integrating dynamic trends into supply-demand assessments
aims to enhance the long-term provision of benefits to humans.
On the one hand, current status alone could underestimate eco-
logical risks [24]. To illustrate, carbon sequestration supply in
the central and eastern regions in 2020 decreased compared to
2010 (Fig. S2), but it still showed supply-demand balance (Fig.
S$4), which indicated that the ecosystems may be unable to pro-
vide sufficient supply and could face long-term degradation risks.
On the other hand, the comparison of ecological risk assessments
between 2010 and 2020 revealed that there were prominent
variations in the distribution patterns, which showed that ES
supply during random time periods may be susceptible to natural
factors, or delayed responses of ecosystems to ecological projects
could also influence the spatial pattern of both the total supply
trend and CSDR trend. Thus, it is vital to estimate supply-demand
based on a long-term and continuous time to enhance the preci-
sion of ecological source recognition for constructing ESP.

The results illustrate the accuracy of supply-demand bal-
ance on the ecological source identification by coupling supply
and demand. The ecological sources are predominantly situ-
ated in the eastern areas and the southern side of the Yangtze
River with high supply and surplus CSDR; however, in urban-
ized zones with high population density and demand, deficit
supply, decreasing CSDR, and high ecological risks, the

increasing construction land reduced the ecological sources.
Fair allocation of ecological resources and the mitigation of
spatial imbalances in ESs represent key pathways for address-
ing ecological injustice [3]. As an illustration, Shi et al. [38]
highlighted that the protection of urban green spaces should
prioritize central urban areas and inner suburbs, rather than
focusing solely on the peripheral suburbs. Therefore, the pri-
ority protection areas according to ES supply-demand balance
can reduce the risk of more severe mismatches in rapidly
urbanizing regions [3].

Optimized management policies in TGRA

based on ESP

ESP provides a fundamental framework for identifying priority
conservation areas and establishing an integrated and con-
nected ecological network that supports regional ecological
stability and long-term sustainability [17]. The study discusses
the control strategy of ESP from 3 aspects: preservation of core
ecological sources, establishment of diversified corridors, and
protection and restoration of key strategic nodes (Fig. 8).

The ecological sources, primarily covered by forestland, were
vital areas to ensure the stability of TGRA and carried the
important ecological functions of habitat maintenance, soil
retention, and carbon sequestration. On the whole, the ESs in

019%
168% 003%
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@ Strictly control eco-development in forest-
dominated areas and promote converting steep
cropland to mixed forests.
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shelterbelt construction in the centra and
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to plan green spaces, construct habitats, a
improve migration corridors near ﬁl_t_le_s
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Ecological strategic nodes:
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corridors width by Grain-for-Green Program, Protection
Forest Project and adjusting construction land.

@ Barrier points: implement Grain-for-Green Program
and enhance linear connectivity of green land near
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Fig. 8. Management measures for different regions based on ESP.
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these areas showed surplus supply and the ecological risk level
is safe in the short term. Conservation and restoration of eco-
logical sources is the foundation of maintaining regional eco-
logical security [7]. First, we could implement strict zoning
controls and construct buffer zones in core ecological areas to
avoid disturbances. Meanwhile, restore low-efficiency forests
naturally and optimize structure through near-natural manage-
ments. Additionally, advance enclosure conservation, reforesta-
tion, and grassland restoration to expand ecological sources
areas and reduce landscape fragmentation.

Ecological corridors connect the region into an organic
whole by constructing the network connectivity among the
ecological sources [10]. The ecological corridor number in our
study was relatively more than the study of Peng et al. [48] and
Sun et al. [49] in TGRA. The main reason was that we incor-
porated small patches grounded on the average size of ecologi-
cal patches in TGRA and threshold when identifying ecological
sources, which enhanced the connectivity of the region. More-
over, in the eastern area, the proportion of forestland was rela-
tively high, but the existence of cropland causes obstacles to
the connectivity of ecological corridors (Fig. 8). Thus, these
areas require strict regulation of ecological development and
the promotion of converting steep cropland to mixed forests.
The ecological corridors distributed in the central-western
regions occupy a significant proportion of cropland, and the
cropland shows concentrated distributions; therefore, the
establishment of green infrastructure requires further strength-
ening by connecting the ecological land and non-ecological land
through shelterbelt to improve the quality of non-ecological
land. Meanwhile, urban ecological carrying capacity should be
integrated into planning to develop green spaces, build habitats,
and expand migration corridors near cities.

The strategic nodes are not only key points connecting the
ecological sources but also ecological fragile points susceptible to
external disturbances [15]. Pinch points were high-density areas
where the ecological processes occur [14] and mostly distributed
around the core urban zones of Chongqing City and many of
them near the barrier points. Furthermore, as ecological corridors
expanded, the number of pinch points also increased. Thus, it is
necessary to reduce human disturbance and enlarge corridor
widths via the Grain-for-Green Program, the Protection Forest
Project, and the adjustment of construction land. Barrier points
are mostly distributed in the regions with dense human activities,
and their land use types are mostly cropland, so Grain-for-Green
Program is implemented and linear connectivity of green land
near cities is enhanced.

Limitations and applicability of the ESP framework
The ESP framework in this research is universally applicable in
the regional scale. However, when applying it in smaller scales
or regions with homogeneous ecosystems (e.g., plain agricul-
tural areas), may need to pay attention to resistance surface
values. In this context, more precise data (e.g., socioeconomic,
land use, and climate factors) are needed to reflect the ecological
heterogeneity. In addition, when quantifying the demand of
ecological recreation, this study focused on local residents and
overlooked the tourist demand. Future research could consider
integrating supplementary data sources, such as local tourism
statistics, to better identify the recreational behaviors of differ-
ent groups and thereby improve the accuracy of ecological
recreation service assessments.
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Conclusion

The construction of ESPs provides a scientific basis for recognizing
priority conservation regions and enhancing regional ecological
security. A comprehensive ESP framework was identified by inte-
grating supply-demand balance, ecological risk, and circuit the-
ory. This ESP identified 140 ecological sources, 260 key corridors,
13,048.81 km” potential corridors, 195 pinch points, and 94 barrier
points. The ecological sources were principally founded in the
eastern areas and some regions on the southern side of the Yangtze
River with higher supply and lower ecological risk and trade-off
level, which were the basis for ensuring regional ecological security
and continuously delivering ESs to surrounding areas. The weak
supply areas and strategic nodes were predominantly distributed
in the urbanized zones with high population density and demand
(especially in Chongging City). Reducing human disturbance and
expanding corridor width by Grain-for-Green Program were the
important measure to regulate the supply capacity and maintain
the regional ecological stability. The ecological corridors were
dominantly founded in eastern and central areas, and the exis-
tence of cropland caused obstacles to their connectivity. Thus, it
is necessary to strictly control ecological development in these
areas and promote the conversion of steep cropland into mixed
forests. The findings could provide important support for regional
ecological constructions and governance policies in TGRA.
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Integrating ecosystem services (ESs) into ecological security patterns (ESPs) provides a comprehensive framework

for recognizing critical conservation areas and enhancing regional ecological security. However, previous studies are
predominantly based on ES supply, while often not fully considering the supply—demand balance and its dynamic trends.
This study proposed a comprehensive framework including comprehensive supply—demand ratio (CSDR), CSDR trend,
total supply trend, and trade-off to revise ecological source recognition. Subsequently, ecological resistance surfaces
were revised using land use and nighttime light data. Finally, corridors and strategic nodes were further recognized
according to circuit theory to establish a comprehensive ESP. Selecting Three Gorges Reservoir Area as a research
case, the results show that the ecological sources (18,232.59 km2) are predominantly situated in the eastern regions
and parts of the southern bank of the Yangtze River with high supply and low ecological risks and trade-off levels.

The low value of the resistance surfaces is distributed consistently with ecological sources, and the high value of the
resistance surfaces is distributed near the cities with high population density and demand. Two hundred sixty-six key
ecological corridors and 195 pinch points connected the regions into an organic whole and barrier points, with an area of
285.96 km2 overlapping with the potential corridors. These findings offer guidance for regional planning and sustainable
development.
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