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Abstract

This study, taking Anhui Province as a case study, systematically evaluated the spatiotem-
poral differentiation characteristics of six ecosystem services (biodiversity maintenance,
water yield, carbon fixation, vegetation net primary productivity (NPP), soil retention, and
crop production) from 2000 to 2020 through the integration of multi-stakeholder decision-
making preferences and the Marxan model. Four conservation scenarios (ecological se-
curity priority, social benefit orientation, minimum cost constraint, and balance synergy)
were established to explore the spatial optimization pathways of ecological protection
zones under differentiated policy objectives. The findings indicated that: (1) The ecosys-
tem services in Anhui Province exhibited a “low north and high south” spatial gradient,
with significant synergies observed in natural ecosystem services in the southern Anhui
mountainous areas, while the northern Anhui agricultural areas were subjected to signif-
icant trade-offs due to intensive development. (2) High service provision in the southern
Anhui mountainous areas was maintained by topographic barriers and forest protection
policies (significant NPP improvement zones accounted for 50.125%), whereas soil-water
services degradation in the northern Anhui plains was caused by agricultural intensifica-
tion and groundwater overexploitation (slight soil retention degradation covered 24.505%,
and water yield degradation areas reached 29.766%). Urbanization demonstrated a double-
edged sword effect—the expansion of the Hefei metropolitan area triggered suburban bio-
diversity degradation (significant degradation patches occupied 0.0758%), while ecological
restoration projects promoted mountain NPP growth, highlighting the necessity of syner-
gizing natural recovery and artificial interventions. (3) Multi-scenario planning revealed
that the spatial congruence between the ecological security priority scenario and traditional
ecological protection redlines reached 46.57%, whereas the social benefit scenario achieved
only 12.13%, exposing the inadequate responsiveness of the current conservation frame-
work to service demands in densely populated areas. This research validated the technical
superiority of multi-objective systematic planning in reconciling ecological protection and
development conflicts, providing scientific support for optimizing ecological security pat-
terns in the Yangtze River Delta region.

Keywords: multi-stakeholder; ecosystem services; Marxan; InVEST; protected area
identification

1. Introduction

As the core output form of natural capital, ecosystem services (ESs) are recognized
as the foundation for sustainable socioeconomic development through their material sup-

Land 2025, 14, 1314

https://doi.org/10.3390/land 14071314


https://doi.org/10.3390/land14071314
https://doi.org/10.3390/land14071314
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/land
https://www.mdpi.com
https://orcid.org/0000-0002-0563-2395
https://doi.org/10.3390/land14071314
https://www.mdpi.com/article/10.3390/land14071314?type=check_update&version=1

Land 2025, 14, 1314

2 of 26

ply, regulatory support, and cultural heritage functions [1-3]. However, the IPBES (2019)
Global Assessment Report revealed significant degradation in approximately 75% of ter-
restrial ecosystem services and 66% of marine ecosystem services due to human activities.
This ongoing deterioration poses direct threats to regional ecological security and long-
term human well-being [4]. Against this backdrop, the scientific identification and delin-
eation of ES conservation areas have emerged as core strategies for natural capital manage-
ment to achieve spatial regulation of critical service flows. Internationally, the construction
of ES conservation area networks has been explicitly prioritized in the IUCN’s “Post-2020
Biodiversity Framework” as a global biodiversity conservation initiative [5,6]. In policy im-
plementation, China’s “ecological protection redlines” system enforces rigid control over
key services like soil-water conservation and carbon sequestration, while the EU’s “Green
Infrastructure Strategy” connects cross-regional service supply nodes, demonstrating the
feasibility of ES-oriented protected area planning [7]. These practices indicate that the pre-
cise identification and integration of high service supply and high degradation risk areas
into protection systems can not only alleviate ecological deficits but also enhance the cou-
pling between conservation policies and human well-being demands, which has become
a focal area in interdisciplinary ecological and geographical research [8].

Traditional ecosystem service (ES) hotspot mapping, conducted by identifying spatial
clusters of high service supply intensity [9] (e.g., the Getis-Ord Gi* index method), provides
a visual basis for prioritizing conservation areas. However, such methods are fundamen-
tally categorized as “single-objective static optimization,” which fails to incorporate multi-
ple decision-making preferences such as conservation costs, social benefit conversion rates,
and supply sustainability. For instance, in ecologically fragile yet economically underde-
veloped regions, although ES supply intensity is relatively low, the unit conservation costs
may be significantly lower compared with high ES intensity areas [10]. Similarly, certain
areas exhibit high ES flows but yield limited actual social benefits due to sparse benefi-
ciary populations or management inefficiencies. This complexity necessitates that the de-
lineation of conservation areas transcends single ES intensity thresholds and transitions
toward “dynamic spatial optimization under multidimensional constraints” [11].

The systematic conservation planning tool Marxan has emerged as a core technical
solution to address the aforementioned challenges due to its algorithmic flexibility and
parameter customizability [12,13]. Its key functionalities are reflected in: (1) By construct-
ing composite objective functions incorporating ES conservation targets (e.g., carbon stor-
age > X tons), cost layers (e.g., land opportunity costs), and spatial constraints (e.g., con-
nectivity thresholds), Marxan generates optimal solution sets that simultaneously satisfy
ecological-social-economic requirements [14]. (2) Decision makers can produce protec-
tion area scenarios reflecting different policy orientations (e.g., ecological conservation-
dominant, social benefit-maximizing, or cost-minimizing types) by adjusting target weight-
ings (e.g., prioritizing carbon sequestration or flood control), modifying cost accounting
rules (e.g., incorporating community participation costs), or setting zoning restrictions
(e.g., no-development zones), thereby quantifying the trade-off relationships. (3) Through
its simulated annealing algorithm based on multiple iterations, Marxan outputs “selection
frequency” heatmaps to identify key areas sensitive to objective functions. High-frequency
zones are recognized as consensus protection areas across scenarios, while low-frequency
zones reveal decision preference divergences, providing foundations for adaptive man-
agement. Existing case studies demonstrate Marxan’s significant advantages in multi-
scale ES conservation planning [15]. For instance, Hui et al. identified optimal protection
schemes at grid scale in the Loess Plateau by integrating ecological status and economic ef-
ficiency through Marxan and the Comprehensive Ecosystem Service Performance (CESP)
index [16]. Li et al. incorporated decision preferences into ES conservation delineation,
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using water-related ESs in the Dawen River Basin to map spatial ranges of protected areas
under multiple scenario trade-offs [17]. These practices validate Marxan'’s irreplaceability
in balancing scientific rigor and policy feasibility.

In summary, this study employs the systematic conservation planning tool Marxan to
conduct multi-constrained ecological protection area identification in Anhui Province. By
applying Marxan to Anhui’s complex socio-ecological system, this study aims to establish
a replicable framework for balancing ecological security and sustainable development in
rapidly urbanizing regions.

2. Materials and Methods
2.1. Overview of the Study Area

This study aims to integrate multidimensional parameters such as ecosystem services
and social demands through Marxan to explore more inclusive and dynamically adaptive
adjustments for protected areas. Anhui Province (114°54'-119°37" E, 29°41'-34°38' N), lo-
cated in the hinterland of China’s eastern population economic high-density zone, covers
a total area of 140,100 km? and administers 16 prefecture-level cities (Figure 1). As the only
province in the Yangtze River Delta urban agglomeration spanning both the Yangtze and
Huai River basins [18], Anhui Province exhibits transitional ecological characteristics be-
tween northern and southern China [19], making it an ideal high-resolution research target
for analyzing ecological protection zone optimization mechanisms under intensive urban-
ization. Its core research significance manifests in four dimensions: (1) Sensitivity of Eco-
logical Transition Zones: Anhui encompasses diverse ecological units, including the Dabie
Mountains (a crucial water conservation area in East China), the southern Anhui mountain-
ous region (part of the globally significant biodiversity hotspot Huangshan-Huaiyu Moun-
tain corridor), and the Chaohu Lake Basin (the largest freshwater lake in the lower Yangtze).
These areas demonstrate pronounced gradients in ecosystem services (ESs), ranging from
mountain carbon sequestration to plain-based grain production. However, rapid built-up
area expansion since 2000 has elevated ecological space fragmentation indices significantly
above the Yangtze River Delta average, highlighting intense spatial conflicts between con-
servation and development; (2) Policy Focus on Cross-boundary Collaborative Protection:
Serving as a core component of the Yangtze River Delta’s green ecological barrier and a key
implementation zone for the Yangtze Economic Belt’s “joint protection strategy,” Anhui
hosts the Xin’an River eco-compensation pilot—China’s first trans-provincial watershed
compensation mechanism [20]. While its “water quality bet agreement” enables Anhui-
Zhejiang collaborative governance, existing protected area layouts remain challenged by
the administrative fragmentation of ecological integrity, necessitating systematic planning
tools to overcome institutional barriers; (3) Spatial Mismatch Between ES Supply and De-
mand: Despite ranking first in per-unit ES supply (quantified via the In'VEST model) across
the Yangtze River Delta, Anhui’s capital Hefei metropolitan area exhibits high ES consump-
tion, creating a spatial imbalance between “high-supply zones (western Anhui)” and “high-
demand zones (central and northern Anhui)”.
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Figure 1. (a) Spatial distribution of land use; (b) geographical characteristics of the study area; (c) eco-
logical protection red line.

This disparity demands a paradigm shift from traditional “in situ conservation” to
holistic spatial interventions encompassing “supply-side optimization, flow-path mainte-
nance, and demand-side regulation,” where Marxan’s cost-benefit modules can provide
quantitative support. From north to south, the province sequentially transitions through
the Huaibei Plain (elevation 20-50 m), Jianghuai Hills (50—200 m), Dabie Mountains (peak
elevation 1774 m), Yangtze River Plain (10-30 m), and southern Anhui Mountains (highest
peak: Lotus Peak at 1864 m). Its biomes blend the characteristics of the warm-temperate de-
ciduous broad-leaved forests in North China and the subtropical evergreen broad-leaved
forests in Central China, reflecting marked transitional biogeographical features. Over the
past two decades, extensive and disorderly human activities have led to widespread habi-
tat degradation and declining ecosystem functionality across the region.

2.2. Data Source and Processing

The data used in this study include land use, topography, meteorology, and socio-
economic data. (1) Meteorological observation data mainly consist of radiation, precipita-
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tion, and temperature, sourced from the “China Regional High Spatiotemporal Resolution
Surface Meteorological Element Driving Dataset”; (2) Land use data from 2000 to 2020 are
derived from the Wuhan University CLCD dataset (https://zenodo.org/record/5210928, ac-
cessed on 22 April 2023), with a spatial resolution of 30 m; (3) Elevation data for DEMs
are obtained from ASTER GDEM, with a spatial resolution from the Chinese Academy of
Sciences’” Data Center for Resources and Environmental Sciences (https://www.resdc.cn/,
accessed on 25 April 2023); (4) Soil data are based on the China Soil Data Set (v1.2) using
HWSD, with a resolution of 1000m; (5) Other data include statistical yearbooks and bound-
ary data for the study area, where the statistical yearbook data cover the statistical year-
books of the study area from 2000 to 2020 and some county-level statistical bulletins, and
the boundary data are sourced from the National Geographic Information Resource Cat-
alog Service System (http://www.webmap.cn/, accessed on 22 April 2023). All data were
uniformly resampled to 30 m using the resampling function on the ArcGIS10.8 platform
and standardized to a WGS_1984_UTM_Zone_50N coordinate system.

2.3. Study Technical Path and Method

The main research framework of this study integrates the InVEST and Marxan mod-
els to systematically identify priority conservation zones in Anhui Province aligned with
multi-stakeholder interests. Initially, dominant ecosystem services (biodiversity mainte-
nance, water yield, carbon fixation, net primary productivity, soil retention, and crop pro-
duction) were quantitatively assessed using the InVEST (Integrated Valuation of Ecosys-
tem Services and Tradeoffs) model, CASA (Carnegie-Ames-Stanford Approach) model,
and Revised Universal Soil Loss Equation (RUSLE). Subsequently, multi-scenario spatial
optimizations were conducted by configuring cost constraints within the Marxan model
to delineate priority conservation zones.

Ecosystem services are widely categorized into four main groups— provisioning, reg-
ulating, supporting, and cultural services—as established by the Millennium Ecosystem
Assessment (MEA). In this study, the six selected ecosystem service indicators correspond
explicitly to these broader categories, specifically: Provisioning services, represented by
Crop Production (CP), directly reflecting food provision capacity. Regulating services,
including Water Yield (WY), Carbon Fixation (CF), and Soil Retention (SR). These indica-
tors measure key regulatory processes, such as hydrological regulation, climate regulation
through carbon sequestration, and erosion control. Supporting services, reflected by Net
Primary Productivity (NPP) and Biodiversity Maintenance (BM), highlighting fundamen-
tal ecosystem processes that underpin overall ecosystem functionality and integrity, such
as nutrient cycling and habitat provision. Cultural services were not explicitly quantified
in this study, primarily due to limitations in data availability and modeling approaches,
which could be addressed in future research. Clarifying these relationships enhances the
interpretability of our findings within the widely accepted MEA ecosystem service frame-
work and facilitates the integration of our results into broader conservation planning dis-
courses. The INVEST model, developed by the Natural Capital Project, is a spatially ex-
plicit modeling tool used to quantify and map ecosystem service flows based on land use
and biophysical processes. In this study, it was specifically employed to calculate ser-
vices including water yield, carbon fixation, biodiversity maintenance, soil retention, and
crop production.

The Marxan model, developed by the University of Queensland and Conservation In-
ternational, was adopted as the computational engine for systematic conservation planning
(SCP). It utilizes a simulated annealing algorithm to optimize protected area selection un-
der ecological, economic, and social constraints, systematically minimizing economic costs
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and spatial conflicts while satisfying biodiversity conservation objectives through the iter-
ative computation of spatial objective functions.

Specifically, our methodological workflow comprises four main steps: (1) Data Ac-
quisition and Preprocessing: The acquisition and preprocessing of datasets, including me-
teorological, soil, vegetation, land use, and socioeconomic data, followed by the quantita-
tive assessment of ecosystem services. (2) Scenario Development and Model Specification:
Four distinct conservation scenarios were established —ecological security priority, social
benefit optimization, minimal cost allocation, and balanced conservation—to represent di-
verse stakeholder preferences and objectives. The specific modeling tools and frameworks
applied included the Ecological Security Index (ESI), beneficiary population analysis, and
Human Footprint Index (HFI). (3) Spatial Optimization: The study area was discretized
into planning units (10 km? each), and tiered conservation targets (20%, 30%, and 40%
ecosystem service preservation thresholds) were implemented via Marxan optimization
modeling. The conservation targets of 20%, 30%, and 40% used in this study were deter-
mined based on widely adopted benchmarks in the systematic conservation planning liter-
ature and international ecological conservation guidelines. For example, previous studies
employing the Marxan model for systematic conservation planning commonly set conser-
vation targets ranging from 20% to 40% to effectively balance ecological integrity, economic
feasibility, and social acceptability [12,13,16]. Additionally, global conservation initiatives
such as the Convention on Biological Diversity (CBD) have historically advocated protect-
ing at least 17% to 30% of terrestrial ecosystems, which recent conservation discussions
propose increasing towards higher benchmarks (up to approximately 40%) to halt biodi-
versity loss and enhance ecosystem service delivery. Thus, the targets of 20%, 30%, and
40% in this research align with both scientific practices and current international conser-
vation policy trends. 4) Validation and Strategy Formulation: The optimized conserva-
tion outputs were validated against Anhui Province’s ecological protection redlines, facil-
itating the formulation of actionable and scientifically supported conservation strategies

(Figure 2).
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2.3.1. Ecological Security Priority Scenario

The ecological security priority scenario incorporates spatial constraints based on ecosys-
tem service intensity gradients, prioritizing zones with elevated Ecological Security Index
(ESI) values. Regional ecological security inherently requires dual fulfillment: maintaining
ecosystem health while providing essential services for human well-being and sustainable
development. Consequently, the ESI integrates two foundational components—ecosystem
service capacity and ecosystem health status [16].

Anhui Province’s complex geological vulnerability necessitates comprehensive eco-
logical assessments. Six critical ecosystem services were selected for their stabilizing
roles in ecological balance [3,20]: Crop Production (CP), Water Yield (WY), Soil Reten-
tion (SR), Biodiversity Maintenance (BM), Carbon Fixation (CF), and Net Primary Produc-
tivity (NPP). These were quantified using the InVEST model, CASA model, and revised
universal soil loss equation (RUSLE), with outputs normalized for cross-dimensional com-
parability. An ecosystem health assessment evaluates systemic resilience through two di-
mensions: structural integrity (spatial configuration of ecological elements) and functional
quality (biophysical condition). This dual-aspect framework captures an ecosystem’s ca-
pacity to maintain self-regulatory processes and recover from disturbances. Recognizing
the co-equal importance of structure, quality, and services in security evaluation, we de-
veloped an integrated ESI metric building upon established methodologies:

ESI = v/S X ES x Q

where the Ecological Security Index (ESI) represents a dimensionless composite metric in-
tegrating three fundamental ecosystem attributes: structural configuration (S), functional
quality (Q), and service provision capacity (ES). These components were operationalized
through standardized indicators:

Ecosystem Service Measurement Methods

(1) Carbon Fixation

The carbon storage calculation in the InVEST model integrates four major carbon
pools (aboveground biomass, belowground biomass, soil organic matter, and dead organic
matter), with the computational principle governed by the following equation [3]:

Ctotal = Cabove + Cbelow + Csoil + Cdead

Among these, Cyo, represents the total carbon stock in the study area, Cypove denotes
the aboveground biomass carbon stock, Cpeoy refers to the belowground biomass carbon
stock, Cq; represents the soil carbon stock, and Cge.q represents the dead organic carbon
stock. The carbon density for different land use types and soil types is primarily derived
from the relevant literature on the study area.

(2) Water Yield

Building upon the InVEST model’s simulation framework for land—-atmosphere inter-
face water cycling processes, this study employs a hydrological process model to delineate
precipitation redistribution mechanisms [3]. The core algorithm integrates geospatial het-
erogeneity characteristics to quantify net water resource supply potential at the grid-cell
scale. The technical framework establishes a dynamic “input-storage-output” equilibrium
model by coupling terrain features (slope aspect and flow accumulation pathways), me-
teorological parameters (precipitation intensity and evaporative demand), and vegetation
attributes (canopy interception and root water uptake). The critical biophysical drivers
include atmospheric water vapor influx, soil water retention capacity, and vegetation tran-
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spiration efficiency. A region-specific parameter calibration ensures model applicability
to Anhui Province. The governing equations are formulated as follows:

AET
Yuy:@— HXUXP@)
where Y(x) represents the annual water yield (mm) for each grid unit x within the water-
shed, AET(x) denotes the annual actual evapotranspiration (mm) for grid unit x, and P(x)
represents the annual precipitation (mm) for grid unit x.

(3) Soil Retention

The InVEST soil retention module utilizes the Universal Soil Loss Equation (USLE) to
evaluate soil conservation capacity within Anhui Province’s ecosystems [20]. This module
integrates four critical datasets: (1) topographic data (digital elevation models), (2) vegeta-
tion dynamics (land cover/NDVI), (3) precipitation records, and (4) soil physicochemical
properties. The governing equation is expressed as:

SR=Ap—Ar=RxKXxLxSx(1-CxP)

In the equation: R represents the rainfall erosion factor [MJ-mm/(hm?-h-a)]; K is the soil
erodibility factor [t-hm?-h/(hm?-MJ-mm)]; LS is the slope length and slope factor; C is the
vegetation cover and management factor, which takes the value of 0~1; and P is the engineering
measure factor, which takes the value of 0~1. The parameters related to P and C refer to the
existing studies in this area [11,20] (Table 1); and SR is Soil Retention (t/(hm?-a)).

Table 1. P value and C value of different land use types.

Type Agriculture Forests  Grass/Shrub Water Constructed Bared

P 0.29 0.7 0.5 0.2 0.16 0.27
C 0.27 0.01 0.06 0 0.2 0.35

(4) Biodiversity Maintenance

Referring to the guidelines for delineating ecological conservation redlines and rele-
vant studies, we quantitatively assess the biodiversity maintenance service capacity index
in the study area using the Net Primary Productivity (NPP) method. The calculation for-
mula is as follows [3]:

Sbic = NPP X Fpre X Frem X (1 — Fqy)

In the equation: Sy, represents the index of biodiversity maintenance service capacity,
NPP stands for annual net primary productivity of vegetation, Fpre denotes annual precip-
itation, Fiem corresponds to annual temperature, and Fj; represents the altitude factor.

(5) Crop production

According to relevant studies, a significant linear relationship exists between crops
and NDVI (Normalized Difference Vegetation Index). By utilizing NDVI data, this re-
search approximately allocates the grain yield in the study area to croplands. The cal-
culation formula is as follows [3,21,22]:

NDVI,

Gi= NDVIsum

X Gsum

In the equation: G; represents the grain yield allocated to the ith cropland grid; Gsum
denotes the total grain production across different cities in the study area; NDV]; refers to
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the NDVI value of the ith cropland grid; and NDVIs,m represents the total NDVI value of
croplands in various cities within the study area.

Ecosystem Services Health

(1) Ecosystem service structure

Ecosystem structure is used to describe the complexity of ecosystems, which is deter-
mined by the heterogeneity and connectivity of landscapes. This study calculates ecosys-
tem structure through a series of landscape indicators, characterizing landscape hetero-
geneity, connectivity, and important land connectivity. A weighted coefficient model was
used for grassland and forest calculations. According to previous research, since both land-
scape heterogeneity and connectivity have a significant impact on ecosystem structure and
cannot substitute for each other, equal weights were assigned, set at 0.35 [17]. The weight
for important land patch connectivity is 0.3. The calculation formula is as follows:

S =0.35 x LC +0.35 x LH+ 0.3 x IC
= 0.1 x AWMPFD + 0.25 x FNj 4 0.15 x SHDI + 0.1 x MSIDI
+0.1 x CONTAG + 0.1 x FNj + 0.05 x CONNECT; + 0.1 x FNj + 0.05 x CONNECT,

In the formula, landscape connectivity (LC) includes area-weighted average patch
fractal dimension (AWMPEFD) and landscape fragmentation index (FN1). Landscape het-
erogeneity (LH) includes the Shannon diversity index (SHDI), modified Simpson diver-
sity index (MSIDI), and spread index (CONTAG). The fragmentation indices (FNp, FN3)
and patch connectivity indices (CONNECT;, CONNECT3) correspond to forest and grass-
land, respectively.

(2) Quality of ecosystem services

Net primary productivity (NPP) is the product of the interaction between vegetation
and external environmental factors [23,24]. It is not only a key variable in characterizing
vegetation vitality but also reflects the quality of terrestrial ecosystems, forming an essen-
tial part of the surface carbon cycle. Given that the carbon budget of vegetation is closely
related to ecosystem production and processes, quantitatively assessing the carbon seques-
tration capacity of ecosystems is a crucial method for determining ecosystem quality. This
study uses the CASA model to calculate NPP to represent ecosystem quality and standard-
izes it to a scale of 0-1. The method for calculating NPP is as follows:

NPP(x,y,t) = APAR(x,y,t) x e(x,y,t)

where APAR(x, y, t) represents the photosynthetically active radiation (MJ-m?-month~1)
absorbed by the pixel at spatial position (X, y) in month t, and e(x, y, t) refers to actual light
energy utilization (M]-m?-month 1) of the pixel at position (x, y) in month t (g C-MJ~1).

APAR(x,y,t) = SOL(x,y, t) X FAPAR(x,y, t) x 0.5

where SOL(x, y, t) represents the total solar radiation energy (M]-m~?) of the pixel at posi-
tion (x, y) in month t, and FAPAR(x, y, t) refers to the fraction of the incident photosynthetic
effective radiation assimilated by vegetation.

2.3.2. Social Benefit Scenario

This scenario sets spatial constraints based on the social importance of ecosystem ser-
vices, prioritizing areas with high social significance. In this study, the cumulative bene-
ficiary population is used to represent the social importance of ecosystem services [25,26],
grounded in established theories of ecosystem service flow and spatial interdependen-
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cies. Specifically, upstream ecosystems often provide crucial regulating and provision-
ing services—such as fresh water supply, flood control, sediment retention, and nutrient
cycling —that significantly influence downstream human communities and economic ac-
tivities. Thus, areas with larger cumulative downstream populations typically signify
a greater dependence on these upstream ecosystem services; therefore, they experience
higher derived social benefits from maintaining ecosystem functions and services up-
stream [16,25-27]. For instance, water yield from upstream forests regulates water avail-
ability and quality for downstream agriculture and urban consumption, while upstream
soil retention directly reduces downstream sedimentation, mitigating flood risks and en-
hancing water quality. Such spatial relationships have been widely demonstrated in the
ecosystem service literature, emphasizing the necessity to consider downstream popula-
tions when prioritizing ecosystem service conservation and spatial planning [16,26,27].
The impact area is defined as the downstream region receiving ecosystem services from
upstream pixels, with the formula being:

Si = Ei X Pi (1)

In the formula, S; represents the importance of ecosystem services in pixel i, E; repre-
sents the physical quantity of ecosystem services in pixel i, and P; represents the number
of ecosystem service beneficiaries in pixel i.

The cumulative beneficiary population is used as an indicator to represent the social im-
portance of ecosystem services, based on the concept that ecosystems located upstream typ-
ically provide regulating and provisioning services (such as water supply, flood regulation,
and soil retention) that directly benefit the populations located downstream through hydro-
logical and ecological flows [16,25]. Therefore, a greater cumulative downstream population
indicates higher potential social benefits derived from the upstream ecosystem services.

2.3.3. Minimum Cost Scenario

This scenario sets spatial constraints based on the minimum protection cost, priori-
tizing areas with lower protection costs [16,27]. The study uses the Human Footprint In-
dex (HFI), which reflects human activity and economic development levels, to calculate
protection costs. The Human Footprint Index (HFI) is calculated using multiple anthro-
pogenic factors reflecting the intensity of human activities and associated conservation
costs. Specifically, the HFI calculation integrates five key indicators: (1) POP (population
density) calculated as the number of inhabitants per km?, sourced from the Resources and
Environmental Science Data Platform (https://www.resdc.cn/, accessed on 25 April 2023).
(2) Road (road accessibility index) represented by road density according to the road linear
data of the study area provided by the Resource and Environmental Science Data Platform.
ArcGIS kernel density analysis was used to calculate this. (3) GDP (economic development
intensity) measured as GDP per unit area (CNY/km?), sourced from the Resources and
Environmental Science Data Platform (https://www.resdc.cn/, accessed on 25 April 2023).
(4) NLI (Nighttime Light Index) indicating urbanization and development levels, derived
from nighttime satellite images provided by the DMSP/OLS dataset, with pixel values stan-
dardized from 0 (dark) to 63 (brightest). (5) Land use (intensity of land use) expressed as
a dimensionless index based on land use categories and weighted according to the degree
of human impact (urban built-up areas have the highest weight and are assigned a value
of 1, agricultural land has a medium weight of 0.8, forest and shrubs have a value of 0.2,
water areas have a value of 0, unused land has a value of 0.6, and grassland has a value
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of 0.4). In order to facilitate the calculation, the above five indicators are normalized. The
calculation formula is as follows:

HFI = POP + Road + GDP + NLI + Landuse

2.3.4. Balance Scenario

This scenario integrates the spatial constraints of the aforementioned three scenarios,
aiming to minimize protection costs while maintaining regional ecological security and
ensuring the social benefits of ecosystem services [16]. Given that the impacts of the three
scenarios are balanced and cannot replace each other, this study uses ArcGIS10.8 software
to assign equal weights to the three scenarios for spatial overlay, resulting in the outcome
of a comprehensive collaborative scenario.

3. Results
3.1. Temporal and Spatial Evolution of Ecosystem Services

Based on the evaluation of the ecosystem services in Anhui Province from 2000 to 2020,
this study reveals marked correlations between the spatial heterogeneity of six ecosystem

service types and regional physiographic conditions coupled with anthropogenic distur-
bance intensity (Figure 3).
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Figure 3. Spatial and temporal pattern of ecosystem service function (including five types of indica-
tors in the measurement of ecosystem service function and NPP in the quality of ecosystem service).
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Biodiversity maintenance (BM), water yield (WY), carbon fixation (CF), net primary
productivity (NPP), and soil retention (SR) exhibit a distinct latitudinal gradient character-
ized by lower values in the northern plains and higher values in the southern mountainous
regions, primarily attributable to superior forest coverage and ecological integrity within
the Dabie and southern Anhui mountain ranges. Conversely, crop production (CP) demon-
strates an inverse spatial pattern, with high-value clusters concentrated in the traditional
agricultural zones of the Huaibei Plain and Jianghuai Hills, evidencing spatial incompat-
ibility between agricultural intensification and ecological conservation. Spearman’s rank
correlation analysis further elucidates significant trade-off relationships (p <0.01) between
CP and other ecosystem services, likely stemming from the agricultural homogenization
of land cover and chemical interference in ecological processes. The strong synergistic ef-
fects among BM, WY, CF, NPP, and SR collectively underscore the multifunctional benefits
conferred by natural ecosystems such as forests and wetlands (Figure 4).

150
120
90 "
60
30 -P¥%

CF (thm?)

R2=0.289 R2=0.414 R?=0.658 R?=0.646 R?=0.338
P=0 P=0 P=0 P=0 P=0
ot et = foet S I S 3 B
S : K o oS
s & @“"‘/ .(:‘@“

Sample Sequence

/
CP (Ukm?)

Sas R? = 0.664 R2= 057 R2= 0317 R=0.697
20 =l B0 R0

400

320
® 2404 i
P | | S - - = = o1e04 i
e S Rz 0543 Rz 0526 Rz 0756 I PIParpe e —
o7 = o e e RZ,=0-78, P2 0.001
g NS o= T T T )
o ~ ) o N © (N
3 S o RS o QS
~ « 0 S
f & & &
Sample Sequence
5000
—~ 4000
é 3000
R? = 0.461 R? = 0.554 = 2000
P=0 P20 3 1000 ¥=-273+0.0813x
B - - kR2 =0.36, P <.001
27 s G || o
Bl Bl . - i

\
v
¢
\
\
\
'
'
i
i
0
i
I
I
\
\
\
\
\
1
—
A
Lo
=)
%
NPP (gc'm?)

e o u 1500
e - Vs b S P 1200
900

600
300 =37 0046 X

\
7
\
.

WY (mm)

e
o Ry =077.P<0.001
t T

“ N ) N
CF cP BM SR NPP wy o Ao N ©° NG
o+ & & &

*** indicates whether the correlation is significant Sample Sequence

Figure 4. Correlation coefficient of ecosystem services in the study area and trend of sample
point distribution.

Piecewise linear regression models uncover heterogeneous temporal trajectories (Fig-
ure 5): BM initially increased before 2002 followed by subsequent decline, potentially re-
flecting initial ecological dividends from the Grain for Green Program and later habitat
fragmentation from urbanization. CF maintained remarkable stability (66.5-67.5 t/ha) over
two decades, indicative of mature forests’ resilient carbon sequestration capacity. CP dis-
played a critical inflection from pre-2003 decline to sustained growth, temporally coincid-
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ing with agricultural subsidy implementation and high-standard farmland construction.
Although NPP demonstrated overall growth, its decelerating trend post-2001 suggests
emerging constraints from light-temperature—water resource synergies. SR exhibited ac-
celerated improvement after 2019, presumably linked to cumulative ecological restoration
effects and enhanced erosion control measures, while WY transitioned from annual decline
to recovery post 2012, potentially associated with precipitation pattern shifts and water
conservation forest development under climate change. These nonlinear evolutionary tra-
jectories collectively illustrate the complex interplay of natural and socioeconomic drivers

within coupled human—environment systems (Table 2).
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Figure 5. Trends and inflection points of ecosystem service function from 2000 to 2020 (based on
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Time

segmented linear regression model).

2020

Table 2. Results of segmented linear regression model.

2000

2005 2010

2015 2020

Variable Model Breakpoint Slopel Slope2 R?
BM Segmented 2002 21.3 -0.217 0.16
CF Constant NA 67.1 NA NA
CpP Segmented 2003 —24 6.07 0.2
NPP Segmented 2002 55.6 2.68 0.548
SR Segmented 2019 2.06 52.5 0.09
WY Segmented 2012 —7.39 24.6 —0.05
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3.2. Spatial Trends of Ecosystem Services

An integrated analysis employing Sen’s slope estimation and Mann-Kendall’s trend
tests elucidates the pronounced spatial heterogeneity and driving mechanisms underlying
six ecosystem service trajectories in Anhui Province (2000-2020). For biodiversity mainte-
nance (BM), degradation exhibits distinct urban—rural gradients: peri-urban zones like the
Hefei metropolitan area manifested 0.0758% significantly degraded patches through habi-
tat fragmentation and ecological corridor disruption from construction sprawl. The north-
ern Anhui plains” 41.112% mildly degraded areas correlate with landscape homogeniza-
tion from intensive agriculture, while 35.216% mildly improved and 15.900% significantly
enhanced regions across central-southern Anhui likely benefit from ecological restoration
initiatives like the Grain for Green Program and protected area networks. Notably, the
Huangshan-Tianmushan biodiversity hotspot demonstrated maximal improvement, un-
derscoring mountain forest ecosystems’ foundational role in BM (Table 3).

Table 3. Proportion of ecosystem service change types in Anhui Province from 2000 to 2020.

Type BM NPP cP CF WY SR
Significantly 0758%  1266%  5138%  1302%  0202%  0.000%
egraded

Slightly degraded 41.112% 4.339% 10.661% 0.000% 29.766% 24.505%
Stable 7.014% 6.304% 0.179% 98.307% 0.015% 12.255%
Slightly improvement  35.216% 37.965% 19.940% 0.000% 66.121% 50.574%

Significantly 15900%  50.125%  64.083%  0391%  3.897%  12.666%
improvement

Carbon fixation (CF) exhibited remarkable spatiotemporal stability, with 98.307%
of regions maintaining equilibrium, attributable to the mature subtropical evergreen
broadleaf forests in southern Anhui. However, the 1.302% significantly degraded peri-
urban patches reveal direct carbon sink losses from forest encroachment during urbaniza-
tion, exemplified by northwestern Hefei’s ecological land conversion. Crop production
(CP) demonstrates a bipolar spatial differentiation: 64.083% significantly improved areas
in the Huaibei Plain reflect agricultural modernization benefits, whereas 15.799% degraded
zones near urban centers (10.661% mild + 5.138% severe degradation) highlight detrimen-
tal cropland conversion impacts, particularly Hefei’s irreversible agro-ecosystem service
losses during its expansion as a national innovation hub (Figure 6).

Soil retention (SR) and water yield (WY) dynamics exhibit a geographically driven
north-south divergence. SR’s 12.666% significantly improved core zones in the southern
mountains combine steep terrain and enhanced vegetation to suppress erosion, contrasting
with 24.505% mildly degraded northern plains vulnerable to seasonal rainfall and tillage-
induced soil loss. WY's partition along the Huaihe-Yangtze divide (29.766% mild degrada-
tion in central Anhui vs. 66.121% mild improvement in the south) mirrors the topographic
hydrologic controls—enhanced water conservation from orographic precipitation in the
Dabie Mountains versus groundwater overdraft-driven degradation in the northern plains.

Net primary productivity (NPP) demonstrates extensive improvement (88.09% en-
hanced areas), signaling provincial ecosystem quality enhancement. The 50.125% signifi-
cantly improved zones in the Dabie and southern mountains likely benefit from optimized
forest structure and CO2 fertilization, while the 4.339% mildly degraded northern plains
suggest potential soil organic depletion from agricultural intensification. Crucially, the
spatial coupling between NPP improvement and BM/SR enhancement (correlation coeffi-
cient > (.7) verifies vegetation recovery’s pivotal role in synergistic ecological functionality.
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Figure 6. Trends in ecosystem services from 2000 to 2020.

3.3. Spatial Characterization of Conservation Scenarios

This study systematically elucidates multi-objective spatial differentiation in ecolog-
ical conservation zoning across Anhui Province through four protection scenarios incor-
porating differentiated decision preferences (Figure 7). The normalized results for each
scenario were divided uniformly into four intervals (0-0.25, 0.25-0.50, 0.50-0.75, and
0.75-1.00; Table 4) to facilitate comparative analysis. These intervals are arbitrarily set for il-
lustrative purposes, aiming primarily to clearly visualize spatial prioritization differences
and similarities among the four conservation scenarios. The consistent grading ensures
comparability across scenarios, enabling the intuitive interpretation of scenario-specific
conservation priorities and their relative spatial distributions.

Under the ecological security priority scenario, high-priority zones (9.383% of total
area) are concentrated in the western Dabie Mountains and the Huangshan—Jiuhuashan
ecological barrier, demonstrating spatial anchoring effects from their dual capacities
in ecosystem integrity and critical service flow provision. The relatively high zones
(16.855%) form transitional corridors along the Jianghuai watershed, connecting montane
and hilly ecological source areas, while low-priority areas (73.831% combined) dominate
the Huaibei Plain, reflecting landscape homogenization and functional degradation from
intensive agriculture.
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Figure 7. Spatial characterization of conservation scenarios.
Table 4. Statistical distribution of grades in different scenarios.
. Relatively  Relatively .
Variable Low Low High High
Ecological security priority g 1600, 54.643% 16.885% 9.283%
scenario
Social benefit scenario 83.388% 12.358% 3.454% 0.800%
Minimum cost scenario 78.418% 19.214% 1.953% 0.414%
Balance scenario 29.385% 40.880% 17.012% 12.723%

The Social Benefit Scenario reveals distinct human—nature coupling characteristics:
Fuyang region and the Hefei metropolitan area emerge as core reserves (0.8% high priority)
through beneficiary population agglomeration effects, where lower service flows achieve
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higher social welfare conversion efficiency (e.g., the marginal contributions of crop pro-
duction to food security). Conversely, reduced prioritization in the Dabie-southern moun-
tainous areas despite superior service provision highlights the “ecological supply-social
demand” spatial mismatch paradox.

The minimum cost scenario quantifies protection cost gradients via Human Footprint
Index (HFI) assessment: Mountainous regions with low HFI and land opportunity costs
contain merely 2.367% high/relatively high reserves, primarily in undeveloped areas like
the Guniujiang National Nature Reserve. Contrastingly, 78.418% low-priority designa-
tions in the Huaibei Plain and Yangtze River urban belt demonstrate multi-fold higher
protection costs, evidencing urbanization’s spatial constraints on conservation feasibility.

The balanced scenario synthesizes ecological-social-economic viability through equal-
weight constraints, generating key spatial adjustments from base ecological priorities:
(1) the Fuyang-Bozhou agricultural belt elevates to relatively high (9.7% increase) for food
security significance; (2) the Hefei economic zone’s ecologically fragile periphery down-
grades (12.3% low expansion) due to prohibitive protection costs; (3) the Dabie Moun-
tain core achieves 35% patch density reduction through connectivity optimization. The
resultant “pyramidal” hierarchy (high: 12.723%, relatively high: 17.012%, relatively low:
40.880%, low: 29.385%) demonstrates that multi-objective synergy requires flexible con-
straint thresholds and spatial compensation mechanisms for a Pareto improvement of con-
servation efficiency.

3.4. Analysis of Identification Results of Multi-Scenario Protected Areas Based on Marxan Model

Guided by a multi-objective optimization framework integrated with the Marxan spa-
tial planning model, our four conservation scenarios demonstrate distinct spatial alloca-
tion characteristics of priority protected areas across Anhui Province (Figure 8). Under
the ecological priority scenario, protected area expansion from 8426.26 km? (20% target) to
20,141.63 km? (40% target) reveals strong spatial anchoring: The Dabie Mountain region
(national key ecological function zone) and Huangshan-Tianmushan biodiversity hotspot
persistently form conservation nuclei, accounting for 58.3% and 31.7% of total protected
area, respectively, closely associated with their superior carbon stocks (72.5 t/ha) and eco-
logical security indices (0.86). The Jianghuai Hills transitional belt primarily functions
as ecological corridors facilitating service flow transmission between montane and plain
ecosystems (Table 5).

The social benefit scenario exhibits dynamic “dispersion-agglomeration” spatial evo-
lution: Expanding protection from 12,700.08 km? to 25,068.90 km? demonstrates how iso-
lated patches in the northern agricultural zones (Fuyang, Suzhou) gradually connect with
the Hefei metropolitan ecological nodes, forming trans-watershed “population-cropland”
synergy networks. This nonlinear expansion pattern reflects the law of diminishing
marginal conservation benefits—the initial phase prioritizes high social value peri-urban
farmlands, while the later stages incorporate ecologically inferior but demographically sig-
nificant areas, reducing conservation efficiency.

The minimum cost scenario unveils spatial bargaining between economic rationality
and ecological value: Despite comparable protected areas (7989.51-19,621.21 km?) to eco-
logical scenarios, its 42% higher Landscape Shape Index (LSI) indicates fragmented config-
urations. Detailed analysis reveals the preferential selection of high-elevation, low-human-
footprint zones in the southern mountains while avoiding ecologically valuable but costly
gentle slopes, consequently degrading ecological connectivity between core reserves.
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Figure 8. Identification results of multi-scenario protected areas in the study area based on
Marxan model.

Table 5. Statistics of grade distribution under different scenarios.

Type Target: 20%(km?)  Target: 30% (km?)  Target: 40% (km?)
Ecological security 8426.26 13,802.09 20,141.63
priority scenario
Social 12,700.08 18,690.95 25,068.90
benefit scenario
Minimum 7989.51 13,531.45 19,621.21
cost scenario
Balance scenario 8070.73 13,801.21 20,120.77

The balanced scenario achieves spatial efficiency through multi-objective synergy:
While maintaining comparable protected areas (8070.73-20,120.77 km?) to single-constraint
scenarios, it enhances ecological corridor continuity through distance optimization, im-
proving connectivity indices in the Dabie-southern mountain corridors. The strategic re-
tention of high-social-value croplands in the Fuyang-Bozhou agricultural belt via “ecolog-
ical island” designs mitigates the production—conservation conflicts. This spatial config-
uration significantly enhances ecological and social benefits while maintaining cost effec-
tiveness, demonstrating the superiority of integrated optimization approaches.

4. Discussion
4.1. Comparing the Identification Results with the Ecological Protection Red Line

The ecological protection red line, established by the Chinese government, represents
the spatial boundary designated for strict ecological protection, within which critical eco-
logical functions and environmental resources are safeguarded through stringent manage-
ment measures. Its primary significance lies in maintaining ecological security, protecting
biodiversity, conserving vital ecosystem services, and mitigating the environmental im-
pacts of economic and social activities. Thus, comparing our spatial identification results
with the ecological protection red line enables us to evaluate the practical alignment of
our model outputs with the existing policy frameworks, identify potential gaps in current
conservation planning, and inform adjustments to achieve more comprehensive ecological
protection (Figure 9).
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Figure 9. Analysis of the identification results of multi-scenario protected areas in the study area
based on the Marxan model and the spatial overlay analysis of ecological red lines in Anhui Province.

Under the ecological security priority scenario, 9379.17 km? of protected areas (46.57%
of the 40% conservation target) overlap with current redlines, predominantly within statu-
tory reserves like the Dabie Mountain National Nature Reserve and Shengjin Lake Inter-
national Important Wetland. This spatial alignment validates the redline system’s efficacy
in safeguarding ecologically critical zones. However, 53.43% of non-overlapping areas
(10,761.46 km?) cluster along the ecologically vulnerable Jianghuai watershed, indicating
potential undersights in current redline demarcation regarding landscape connectivity
nodes, such as the unprotected wetland transition zone in eastern Chaohu Basin (patch
importance index: 0.38), warranting urgent conservation attention.

The minimum cost scenario exhibits the highest redline overlap (48.12%), reflect-
ing latent economic rationality in policy implementation: 94.3% of redline areas demon-
strate a significantly lower Human Footprint Index (HFI) than urbanized zones, aligning
with model-identified low-cost conservation targets. Notably, 12.6% of overlapping areas
(1189.33 km?) within redlines coincide with intensive human activity zones like the Anqing
riverside economic belt, exposing the tensions between spatial regulatory rigidity and de-
velopmental pressures.
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The balanced scenario’s 46.35% overlap (9326.15 km?) demonstrates multi-objective
optimization’s capacity to reconcile ecological and socioeconomic needs: 15.2% of newly
identified non-overlapping areas (10,794.62 km?) are concentrated in the Yinghe—Xifeihe
agricultural-ecological complex of northern Anhui, where the high social importance of
ecosystem services contrasts with a mere 8.3% redline coverage, underscoring traditional
conservation systems’ neglect of multifunctional landscapes. The model outputs for this
scenario revealed spatial overlap both with critical ecological zones (though not as exten-
sive as the ecological security scenario) and with key service areas for people (though with
lower intensity than the social benefit scenario). For instance, some mid-watershed regions
in the results had simultaneously high biodiversity importance and high value for water
supply to nearby communities —these were selected under the balanced scenario whereas
they might be partially overlooked in single-priority scenarios. The strategy for a balanced
scenario is to apply integrated land use measures in the multi-functional areas identified
by the model. In practice, this could mean enforcing ecological protection status in por-
tions of a landscape while also allowing sustainable use or agro-ecological practices that
benefit local livelihoods in the surrounding matrix. By doing so, the strategy directly re-
flects the multi-scenario model outputs; it addresses the combined patterns of ecosystem
service provision and human benefit highlighted in our results. This ensures that neither
ecological integrity nor social-economic needs are neglected. In summary, under the bal-
anced scenario, this study’s findings support a coordinated strategy that simultaneously
bolsters ecosystem health and sustains community benefits in those areas where the model
shows both priorities can co-exist.

The social benefit scenario’s minimal redline congruence (12.13%) carries profound
policy implications: 78.4% of its 3040.9 km? overlapping areas are located in the Dabie
Mountain’s impoverished regions, while 87.87% of non-overlapping zones cluster in north-
ern population centers like Fuyang’s croplands (contributing 14.2% provincial grain out-
put) which are excluded from current redlines. This spatial dissonance reveals the systemic
disconnection between conservation policies and regional sustainability goals—existing
frameworks overly prioritize “wilderness protection” while inadequately addressing ur-
banizing populations” demands for food security and flood regulation, potentially exacer-
bating conservation-development conflicts.

This study confirms that Anhui’s ecological redline system demonstrates scientific va-
lidity in protecting core ecological baselines (average 47.01% overlap, encompassing terres-
trial/aquatic ecosystems, while terrestrial coverage likely exceeds 80%). However, critical
gaps persist in safeguarding multifunctional landscapes and social benefit hotspots. Al-
though some of the priority areas identified by our scenarios partially overlap with inter-
nationally recognized protected areas (e.g., UNESCO Biosphere Reserves) and nationally
designated ecological protection areas in China, there remain critical gaps in the existing
conservation frameworks. Our spatial analyses revealed significant ecological vulnerabil-
ities, habitat fragmentation, and ecosystem service degradation occurring in the regions
adjacent to or between currently protected areas, especially along ecological corridors and
transition zones. Expanding conservation areas into these identified gap regions is crucial,
as it would substantially enhance ecological connectivity, mitigate edge effects, and im-
prove the resilience and stability of ecosystems against environmental disturbances such
as climate change and human encroachment. Thus, the ecological necessity and added
value of expanding conservation areas lie precisely in bridging these existing gaps, foster-
ing more coherent landscape-level ecological integrity, and ensuring sustained ecosystem
service delivery beyond the boundaries of current protected designations. We propose
integrating Marxan’s multi-scenario planning into redline dynamic adjustments through
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differentiated conservation targets (e.g., 30% ecological core + 10% social priority zones) to
synergistically enhance ecological integrity and human well-being.

4.2. Sustainable Development Strategies for Different Types of Ecological Reserves

This study proposes adaptive sustainable development strategies that align with the
differentiated spatial characteristics and policy objectives of four conservation scenarios,
aiming to harmonize ecological preservation with socioeconomic demands and transform
protected area planning from static regulation to dynamic synergy.

Under the ecological security priority scenario, this study’s results showed that the
proposed conservation areas strongly coincide with existing ecological protection areas
(formerly ecological red line zones) and high-value ecosystems. For example, many prior-
ity zones under this scenario overlapped with biodiversity-rich forests and critical headwa-
ter regions identified in the spatial analysis. This pattern indicates that focusing on these
areas would reinforce protection where ecosystem services are most abundant and cur-
rently under threat. The recommended strategy is to strengthen and expand protections
in these overlapping high-value zones, such as by establishing new reserves or ecological
corridors that connect to current ecological protection areas. By doing so, the strategy di-
rectly addresses the spatial overlap patterns observed in the results, safeguarding regions
that the model found to be both environmentally critical and already partly protected, and
helps halt further ecosystem service degradation in these core ecological zones.

In the social benefit scenario, the model prioritized the areas that maximize ecosystem
services for human well-being, revealing a clear urban-rural ecological gradient in the re-
sults. Notably, conservation and restoration hotspots were identified around densely pop-
ulated valleys and peri-urban fringes where services like flood regulation, air quality, and
recreation benefit large communities. The study found that these areas are experiencing
ecosystem service stress, especially at the rural-urban interface where rapid development
has degraded green space. Targeted sustainable development strategies are needed along
this gradient. For instance, implementing urban green belts, restoring wetlands upstream
of cities, and promoting eco-friendly farming in surrounding rural areas directly respond
to the degradation trends identified. By improving ecosystem services in the zones flagged
by the mode—such as buffering cities from floods or enhancing pollination in agricultural
belts—this strategy explicitly ties to this study’s findings. It addresses service shortfalls
in both urban and rural areas, ensuring that conservation efforts deliver tangible social
benefits where they are needed most according to the scenario output.

The minimum cost conservation scenario was characterized by selecting areas that
achieve ecosystem goals with the least economic and social cost. The study’s multi-
scenario analysis indicated that this approach concentrated on degradation zones that are
cheaper to restore, for example, already degraded lands, low-productivity farmlands, or
sparsely populated scrublands. These areas showed significant ecosystem service deficits
in the results (such as soil erosion or poor water retention), yet they offer high poten-
tial gains if restored, all while minimizing conflicts with intensive land uses. The recom-
mended strategy thus focuses on leveraging these low opportunity cost areas for large-
scale restoration and protection. Specifically, efforts like reforestation or grassland reha-
bilitation should target the identified degraded slopes and deforested patches highlighted
by the model. This direct coupling of strategy to this study’s findings means that we invest
in places where ecological uplift is high relative to cost. By aligning with the ecosystem ser-
vice degradation patterns uncovered (e.g., severe soil and water service decline in certain
zones), the strategy addresses environmental problems head-on while keeping socioeco-
nomic costs minimal —exactly as the minimum cost scenario envisages.
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The balanced scenario integrated ecological, social, and economic objectives, and this
study’s results showed it covers a mix of areas from the other three scenarios in moderate
proportions. The model outputs for this scenario revealed spatial overlap both with critical
ecological zones (though not as extensive as the ecological security scenario) and with key
service areas for people (though with lower intensity than the social benefit scenario). For
instance, some mid-watershed regions in the results had simultaneously high biodiversity
importance and high value for water supply to nearby communities—these were selected
under the balanced scenario whereas they might be partially overlooked in single-priority
scenarios. The strategy for a balanced scenario is to apply integrated land use measures
in the multi-functional areas identified by the model. In practice, this could mean enforc-
ing ecological protection status in portions of a landscape while also allowing sustainable
use or agro-ecological practices that benefit local livelihoods in the surrounding matrix.
By doing so, the strategy directly reflects the multi-scenario model outputs: it addresses
the combined patterns of ecosystem service provision and human benefit highlighted in
our results. This ensures that neither ecological integrity nor social-economic needs are
neglected. In summary, under the balanced scenario, this study’s findings support a coor-
dinated strategy that simultaneously bolsters ecosystem health and sustains community
benefits in those areas where the model shows both priorities can co-exist.

Considering that ecological protection areas typically impose strict regulations, the
potential conflicts with nearby residents and urban development pressures must be care-
fully evaluated. Our analysis explicitly addressed the relationship between urbanization
and ecosystem service degradation, highlighting that rapid urban expansion —particularly
in metropolitan areas such as Hefei—has caused habitat fragmentation and biodiversity
loss in peri-urban and transitional zones. Additionally, infrastructure development, in-
cluding highways and railways, was found to further exacerbate ecosystem fragmentation,
restricting wildlife movement, and impairing ecological connectivity, as revealed by spa-
tial analyses conducted in this study. Thus, integrating urbanization and infrastructure
evaluations into conservation planning is critical. We propose future conservation mea-
sures to include the establishment of buffer zones around protected areas, eco-corridor cre-
ation to mitigate fragmentation, and the promotion of eco-friendly infrastructure designs
(such as wildlife crossings or green bridges). This integrated approach can effectively bal-
ance conservation objectives with urban and infrastructure development needs, reducing
conflicts and ensuring both ecological and socioeconomic sustainability.

4.3. Shortcomings and Prospects

This study investigates the spatial optimization pathways for ecological protected ar-
eas under multi-objective constraints using systematic conservation planning tools, yet
certain limitations warrant further exploration in future research. Theoretically, while
integrating multidimensional goals such as ecological security, social benefits, and eco-
nomic costs, the characterization of nonlinear interaction mechanisms among ecosystem
services remains incomplete. Current models assume spatiotemporally static trade-off and
synergy relationships between services, failing to adequately reflect dynamic feedback pro-
cesses under climate change and policy interventions, which may undermine the long-term
adaptability of conservation planning. Methodologically, the Marxan model quantifies
spatial connectivity through simplified metrics like boundary length cost, which struggles
to capture the true efficiency of ecological flow transmission within complex landscape
patterns. Additionally, the homogenized treatment of planning units at a 10 km? scale
may obscure the influence of microhabitat heterogeneity on conservation priorities, poten-
tially leading to localized protection gaps or redundancies. Practically, while proposing
differentiated conservation strategies, this study lacks an in-depth analysis of stakeholder
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dynamics—such as local government decision making preferences and community partic-
ipation willingness—and their impacts on implementation, which could limit the practical
translation of planning outcomes into policy effectiveness.

Although ecosystem services clearly provide significant economic and social
values—such as provisioning resources, regulating environmental processes, and support-
ing human livelihoods—it is equally critical to recognize the underlying importance of
species-level biodiversity. Biodiversity at the species level supports ecosystem resilience
and functionality, directly affecting the stability and long-term sustainability of ecosys-
tem services. Specifically, diverse species assemblages can enhance ecosystem productiv-
ity, nutrient cycling efficiency, and resilience to environmental disturbances. Hence, inte-
grating species-level biodiversity considerations into ecosystem service evaluations and
conservation planning, as emphasized by the recent ecological and environmental eco-
nomics literature, is essential for achieving comprehensive and sustainable management
outcomes [5,6,8]. Future studies and conservation strategies should, therefore, explicitly
address biodiversity conservation alongside ecosystem service protection, to ensure a bal-
anced approach that maintains both ecological integrity and service delivery.

While our study utilized the Marxan model due to its robustness and capability to
handle multi-objective spatial optimization problems, alternative methodologies exist for
identifying and interpreting conservation target areas. For instance, traditional ecosystem
service hotspot analyses (such as the Getis-Ord Gi* method) primarily focus on identify-
ing high service intensity clusters but often fail to integrate conservation costs and multi-
ple stakeholder preferences. Another commonly used approach, the Zonation model, sys-
tematically ranks landscape units based on biodiversity value but can sometimes lack ex-
plicit considerations of economic and social constraints. Compared with these approaches,
Marxan offers distinct advantages: it integrates ecological, economic, and social criteria
simultaneously within its optimization framework, enabling explicit trade-off analyses.
Moreover, Marxan’s iterative and adaptive spatial optimization algorithm can efficiently
balance conservation objectives with cost effectiveness, providing practical conservation
solutions readily translatable into policy making. Thus, the originality and strength of the
Marxan model lie in its ability to comprehensively integrate multiple conservation targets,
stakeholder demands, and cost constraints, a flexibility that alternative methods typically
lack [28].

5. Conclusions

This study elucidates the spatiotemporal differentiation mechanisms of ecosystem ser-
vices, revealing that natural geographic patterns and human activities jointly shape a “moun-
tainous synergy—plain trade-off” service supply model. The study found the following:

(1) In the southern Anhui mountainous regions, forest ecosystems support high ser-
vice provision through the multifunctional coupling of carbon sequestration, water conser-
vation, and soil retention. Conversely, intensive agriculture and peri-urban expansion in
the northern Anhui plain drive habitat fragmentation and ecosystem service degradation.

(2) Biodiversity maintenance (BM) exhibits urban-rural gradient degradation, where
urban sprawl induces habitat fragmentation in peri-urban zones, while the Grain for Green
Program promotes ecological restoration in mountainous areas. Carbon fixation (CF)
demonstrates long-term stability in southern Anhui (98.307% of areas show no significant
change), though localized carbon sink losses occur near urbanized areas. Crop produc-
tion (CP) displays spatial polarization: agricultural intensification enhances yields in the
Huaibei Plain, while cropland conversion near cities degrades services. Soil retention (SR)
and water yield (WY) are topography-dominated, with vegetation recovery suppressing
erosion in southern Anhui’s steep slopes, whereas agricultural activities exacerbate soil
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water losses in the northern plains. Net primary productivity (NPP) shows widespread
improvement (88.09% of regions), and its strong spatial coupling with BM and SR con-
firms vegetation restoration’s synergistic benefits for multifunctional ecosystems. These
findings highlight how natural geographic constraints and human activity jointly shape
ecosystem service patterns, providing scientific foundations for zoned management.

(3) Multi-scenario protected area configurations reveal distinct priorities: The ecolog-
ical security priority scenario anchors protection in the Dabie-southern Anhui ecological
barriers (46.57% overlap rate) but overlooks social benefits in the northern agricultural
zones. The social benefit scenario prioritizes food security in densely populated areas
(87.87% non-overlapping zones), exposing the inadequate coverage of “human well-being
hotspots” in current systems. The balanced scenario achieves multi-objective Pareto im-
provements through corridor compensation and flexible zoning mechanisms under cost
effectiveness constraints.
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