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Abstract

Scientific zoning is essential for promoting the sustainable development of protected areas. 
Taking the Shengjin Lake National Nature Reserve as a case study, this research develops a sub-zoning 
framework aimed at mitigating conflicts of interest among different stakeholders within the reserve. 
We first identified core stakeholder groups and the ecosystem services they prioritize, then 
quantitatively assessed and spatially mapped the values of these services. Using these data, we employed 
a Multi-Objective Land Allocation (MOLA) model to generate a “functional zones-control zones” 
sub-zoning scheme. The results indicated that the functional zones were divided into three zones. 
The strict protection zone covers 228.34 km², mainly in the main body of Shengjin Lake. The nature 
education and ecological experience zone covers 22.83 km², mainly in the western part of Shengjin Lake. 
The production and living zone covers 82.23 km², mainly in the northern farmland areas. The control 
zones were divided into two zones. The core protection zone covers 228.34 km², mainly in the main lake 
body of Shengjin Lake. The general control zone covers 105.06 km², mainly in the northern farmland 
areas and the western part of Shengjin Lake. This integrated approach, which combines stakeholder 
analysis with ecosystem service valuation, provides a robust and replicable model for resolving 
land-use conflicts in protected area management.
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Introduction

Protected areas, a cornerstone of nature conservation 
since the establishment of Yellowstone National Park in 
1872 [1], have expanded significantly in recent decades 
[2]. The Protected Planet Report 2024 reveals that 
17.6% of terrestrial and inland water areas and 8.4% of 
marine and coastal areas worldwide are encompassed 
within documented protected and conserved areas 
[3]. It emphasizes that these areas are vital for both 
nature and people, playing a critical role in halting and 
reversing biodiversity loss. However, the effectiveness of 
management has not kept pace with this rapid expansion, 
particularly in developing countries [4]. As one of the 
world’s major developing nations, China established 
6,736 protected areas covering a total of 1,852,400 km2 
by 2022, making it a significant component of the global 
protected area system. Yet, alongside the rapid growth 
in the number of protected areas, conflicts between 
resource conservation and utilization within these 
reserves have intensified [5], largely due to the diversity 
of stakeholders and the multiplicity of their objectives 
[6]. While protected areas were originally established 
to conserve natural ecosystems and biodiversity, their 
overlap with zones of human activity has necessitated 
the inclusion of additional objectives. These include 
safeguarding local livelihoods, facilitating scientific 
research and education, and promoting ecotourism 
[7]. In this context, zoning within protected areas has 
emerged as a crucial strategy for reconciling these 
competing goals. By applying differentiated management 
guidelines across designated zones, it enables the spatial 
optimization of resource use and conservation [8]. 
Therefore, zoning is widely recognized as an essential 
tool for protected area management [9], mitigating 
conflicts between conservation and development by 
providing a structured framework for decision-making 
and regulating human activities [10-12]. Furthermore, 
it helps balance diverse stakeholder interests, thereby 
playing a pivotal role in the sustainable development of 
protected areas [13, 14].

Currently, China’s nature reserves mainly follow 
a three-zone model, comprising a core zone, buffer 
zone, and transition zone, which is designed primarily 
to conserve species and ecosystems [15]. However, this 
concentric zoning model presents several limitations. 
At the level of zoning control, human entry into the 
core zone is prohibited in principle, with exceptions 
requiring prior approval from the Nature Reserve 
Management Bureau for scientific research. Similarly, 
access to the buffer zone for research purposes also 
requires approval. As a result, the core and buffer zones 
are managed with nearly identical intensity, leading to 
insufficient differentiation between them and weakening 
the functional role of the buffer zone [16]. At the level 
of zoning function, the model inadequately addresses 
the dual objectives of conservation and sustainable use. 
It often conflates protection intensity with utilization 
modes, leading to issues such as vague management 

hierarchies and ambiguous functional objectives across 
zones [17]. To overcome these challenges, adaptive 
zoning under the Natura 2000 framework proposes 
flexible boundaries that respond to ecological change, 
explicitly integrating biodiversity conservation with 
sustainable human uses while ensuring stakeholder 
participation in the zoning process. In China, the 
Technical Specification for Overall Planning of 
National Parks recommends a sub-zoning framework, 
including control zones and functional zones [18].  
This model compensates for the shortcomings of the 
three-zone approach, in which control requirements and 
objectives are often unclear. Specifically, control zones 
are delineated according to the intensity of resource 
management, with an emphasis on the regulation and 
restriction of human activities. Functional zones, by 
contrast, are differentiated into multiple types to clarify 
and reinforce the dominant functions of each area, 
thereby enabling more precise spatial utilization and 
governance. As nature reserves form an essential part 
of China’s broader national park system, adopting a 
similar sub-zoning model offers a promising pathway 
forward. By clearly defining control hierarchies 
and functional roles, it overcomes the limitations of 
concentric zoning and supports more differentiated 
and effective management strategies. In summary, 
by decoupling management intensity from utilization 
modes, the sub-zoning approach enhances clarity in 
zoning management, facilitates the integration of strict 
conservation with sustainable use, and ultimately 
contributes to the sustainable governance of nature 
reserves.

Existing zoning methods for nature reserves 
include the species distribution model [19], population 
viability analysis [20], landscape suitability evaluation 
[21], minimum cost distance calculation [22], cluster 
analysis [23], irreplaceability calculation [24], and 
equal width method [20]. These approaches are largely 
designed from the perspective of important species 
and ecosystems protection, with limited consideration 
of the objectives of diverse stakeholder groups in the 
reserve, and insufficient assessment and trade-offs of the 
value of different ecological processes and ecosystem 
services. Such neglect has, to some extent, contributed 
to escalating human–nature conflicts and hampered 
the alignment of conservation and development goals 
[25]. The Multi-Objective Land Allocation (MOLA) 
model, first introduced by Eastman et al. [26], provides 
a quantitative framework for resolving multi-objective 
land allocation problems. It integrates multiple suitability 
layers, each corresponding to a distinct management 
objective, within a multidimensional decision space. 
By applying stakeholder-defined constraints for each 
objective, the model allocates individual land units to 
the most appropriate use category, based on the principle 
of optimal land allocation. This yields a scientifically 
rigorous and objective zoning scheme [27]. The MOLA 
model has been widely applied in both domestic and 
international research to support the quantitative 
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delineation of functional zones, particularly in contexts 
involving complex conflicts of interest [28-30]. Building 
on this foundation, this study adopts a stakeholder-
oriented approach, quantifying the objectives of 
key actors in terms of ecosystem service values.  
By incorporating these quantified objectives into the 
MOLA framework, the research seeks to balance 
competing interests and develop a more rational, 
transparent, and functional sub-zoning scheme for the 
nature reserve. 

Shengjin Lake National Nature Reserve, located in 
Chizhou City, Anhui Province, lies on the southern bank 
of the lower Yangtze River at the junction of Guichi 
District and Dongzhi County. It is the only national 
nature reserve in Anhui Province dedicated to the 
protection of wetland ecosystems and wintering birds. 
The reserve preserves one of the most intact inland 
freshwater lake wetland ecosystems in the lower Yangtze 
River basin and serves as a critical wintering ground for 
storks, cranes, geese, ducks, and plovers in the Asia-
Pacific region. According to the Anhui Shengjin Lake 
International Important Wetland Ecological Monitoring 
2019-2020 Annual Report, the reserve hosts 59 species 
of waterbirds, including three wintering species under 
China’s Class I national protection: Grus monacha  
(16 individuals), Grus leucogeranus (118 individuals), 
and Ciconia boyciana (19 individuals) [31]. These 
species are also listed on the IUCN Red List of 
Threatened Species as Vulnerable, Critically 
Endangered, and Endangered, respectively. Shengjin 
Lake has long been recognized for its ecological 
significance. It was designated as one of China’s  
40 Nature Reserves of World Significance in 1992 [32], 
joined the Chinese Man and Biosphere (MAB) Network 
of Nature Reserves in 1995, was listed as an important 
wetland in China in 2000, became part of the Northeast 
Asia Crane Network in 2002, and was recognized as an 
internationally important wetland in 2015 [33]. These 
designations highlight its outstanding ecological value 
and global influence. However, biodiversity within the 
reserve is increasingly threatened by human activities, 
particularly local agricultural production and tourism-
related research and sightseeing. Therefore, this study 
selects Shengjin Lake National Nature Reserve as  
a case study. We first identified core stakeholder 
groups and the ecosystem services they prioritize,  
then quantitatively assessed and spatially mapped the 
values of these services. Using this data, we employed 
a Multi-Objective Land Allocation (MOLA) model 
to generate a “functional zones-control zones” sub-
zoning scheme. By clearly defining control hierarchies 
and functional roles, it overcomes the limitations of 
concentric zoning and supports more differentiated and 
effective management strategies. Meanwhile, MOLA’s 
flexibility in handling complex spatial constraints and 
multiple objectives ensures that the land-use allocations 
are both ecologically sound and socially acceptable, 
thereby supporting the sustainable management of the 
reserve.

Materials and Methods

In this study, the Shengjin Lake National Nature 
Reserve served as the pilot area to develop a detailed set 
of guidelines for zoning nature reserves (Fig. 1), with 
potential applicability to other regions experiencing 
land-use conflicts.

First, the core stakeholders of the reserve were 
defined through the Mitchell score method [34]. 
Second, the ecosystem service values prioritized by 
these stakeholders were examined through structured 
questionnaires and semi-structured interviews [35-37]. 
Then, the ecosystem service values emphasized by 
different interest groups were quantitatively assessed 
using a combination of the MaxEnt model [38], the 
SolVES model, the precipitation storage method, and 
the market value method. Finally, based on the spatial 
distribution of ecosystem service values and constrained 
by land allocation priority and ecological space area, the 
MOLA model was applied to delineate the sub-zoning 
of the reserve. 

Study Area

Shengjin Lake National Nature Reserve (hereinafter 
referred to as the reserve) is located in Chizhou City, 
Anhui Province, on the southern bank of the lower 
Yangtze River at the junction of Guichi District  
and Dongzhi County (116°55′-117°15′E, 30°15′-30°30′N). 
The reserve covers a total area of 333.40 km², of which 
133.00 km² is water surface. It harbors rich biodiversity 
and serves as a critical wintering ground along the East 
Asia–Australasian migratory route for rare waterbirds 
[39]. The reserve is also an important agricultural 
landscape and home to approximately 60,000 inhabitants 
engaged primarily in cultivation and fisheries [40].  
At present, the reserve is divided into three functional 
zones: a core zone (101.50 km²), which provides key 
habitat for rare waterbirds and acts as a water source 
for the middle and lower Yangtze River; a buffer  
zone (103.00 km²), which serves as an extension  
of the core bird habitats; and an experimental zone 
(128.90 km²), designated for activities such as 
environmental education, scientific research and 
monitoring, and ecotourism. To effectively capture the 
spatial heterogeneity of natural attributes and maintain 
the ecological integrity and originality of the reserve, 
this study utilized catchment units as the primary 
evaluation unit. These units were delineated using 
hydrological analysis tools in ArcGIS, based on the 
Digital Elevation Model (DEM) of the reserve, and were 
subsequently used for the spatial statistical analysis of 
ecosystem service values (Fig. 2).

Data Sources

In response to the ecosystem service assessment 
requirements and data accessibility concerns of the core 
stakeholders, multiple spatial datasets were collected 
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Fig. 2. Division of evaluation units in the reserve.

Fig. 1. Research framework.
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species distributions based on occurrence points and 
relevant environmental variables, under the framework 
of ecological niche theory [43-45]. In this study, three 
rare and endangered bird species under key protection 
in the reserve were selected as biodiversity indicators: 
Grus monacha, Grus leucogeranus, and Ciconia 
boyciana [46, 47]. Potential habitats for these species 
were simulated using MaxEnt. To integrate the results, 
the potential habitat suitability maps of the three species 
were assigned weights according to their respective 
conservation stress levels, followed by a weighted 
sum analysis based on the Analytic Hierarchy Process 
(AHP). The resulting integrated biodiversity value map 
was then classified into 5 levels (Grades 1-5) using  
the natural breaks classification method, where higher 
grades represent higher biodiversity value [48-50].

The flood regulation and water storage capacity of 
Shengjin Lake are a critical indicator of its regulating 
ecosystem services. This capacity is jointly determined 
by the lake’s surface area and its water level. However, 
due to the irregular and non-orthogonal morphology 
of the lake shoreline, the storage volume cannot be 
accurately estimated using simplified geometric 
formulas that relate surface area to depth [51].  
To address this, hydrological observations of Shengjin 
Lake were used to establish the functional relationship 
between water surface area and storage volume, from 
which a regression model was derived. The resulting 
regression Equation is:

	 𝑉 = 2.4864 × 𝑒 0.041 × 𝐴 	

where A denotes the water surface area, and V denotes 
the water storage volume. This model exhibited a strong 
goodness of fit, with an R² value of 0.95, confirming 
its predictive reliability. The regression equation 
was subsequently applied to supplement the missing 

and organized, including reserve boundary data, 
meteorological data, digital elevation data, land use 
data, and bird distribution point data. All datasets were 
preprocessed to ensure consistency, standardized under 
the WGS-1984 UTM Zone 50N coordinate system, and 
resampled to a 30×30 m raster resolution (Table 1).

Identify Core Stakeholders’ Multi-Objective  
Claims

Stakeholders within the reserve were identified 
through field surveys and institutional interviews, 
following the framework of stakeholder theory.  
To determine the core stakeholders, the Mitchell Scoring 
Method was employed, evaluating each stakeholder 
based on three dimensions: legitimacy, power, and 
urgency [41]. Each dimension was scored on a 1-5 scale, 
with final scores calculated as the average of expert 
evaluations. Core stakeholders were defined according to 
2 criteria: a total score greater than half of the maximum 
possible score (7.5 points) and at least 2 attribute scores 
higher than half of the maximum possible score for 
a single attribute (2.5 points). Finally, the ecosystem 
service values prioritized by these core stakeholders 
in the reserve were examined through structured 
questionnaires and semi-structured interviews.

Quantifying Core Stakeholders’ 
Multi-Objective Claims

(1) Ecological value assessment methods
Biodiversity is a key determinant of ecological 

value, as areas with higher biodiversity provide more 
habitat and foraging space for protected species, thereby 
enhancing species richness and ecological function. To 
quantify biodiversity, the Maximum Entropy (MaxEnt) 
model was employed [42]. This model predicts potential 

Table 1. Data sources.

Data Description Source

Boundary data Scope of nature reserves and original functional zoning Masterplan for Nature Reserves

Bird data Spatial distribution points of priority bird species Comprehensive Visit Report for 
Nature Reserves in 2020

Population data Population by village Ecological migration planning 
for nature reserves

Land use data 30 m resolution farmland, woodland, grassland, waters, wetlands, bare 
land, construction area

The change data of the third land 
survey of China in 2024

Elevation data 30 m resolution DEM digital elevation Geospatial data cloud

Vegetation cover data 30 m resolution Landsat 8 Remote Sensing Image Calculation Geospatial data cloud

Meteorological data

1 km resolution precipitation China Meteorological Data 
Network

1 km resolution mean annual temperature, isothermality, seasonal variation 
of temperature, maximum temperature of the hottest month, minimum 

temperature of the coldest month, mean temperature of the driest season, 
annual rainfall, precipitation of the wettest season, precipitation of the 

hottest season, precipitation of the coldest season

World Meteorological Database
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volume data in the hydrological data and to calculate 
the shape parameters. Specifically, the ratio of storage 
volume to corresponding water surface area at different 
water levels was used to derive shape parameters of 
the shoreline. Using these parameters together with 
elevation-derived water surface area data, the spatial 
distribution of Shengjin Lake’s water storage volume 
was determined for the flood season, normal season, and 
dry season in 2024. To evaluate flood control and water 
storage functions, the resulting capacity values across 
different lake zones and water levels were classified 
into 5 categories using the Natural Breaks Method, with 
higher grades indicating greater regulatory capacity.

In addition, the precipitation storage method was 
employed to assess the water conservation service of the 
ecosystem. This method assumes that an ecosystem’s 
water conservation capacity is jointly influenced by 
annual precipitation and vegetation cover, and that 
retention occurs when vegetation cover exceeds a critical 
threshold and surface runoff remains lower than total 
precipitation input [52]. The reduction in runoff from 
vegetated or aquatic land types, relative to bare land, 
represents the water-holding capacity. The calculation is 
expressed as:

	 𝑄 = 𝐴 × (𝐽0 × 𝐾) × (𝑅0−𝑅𝐺) 	

where Q is the amount of water conservation (m³),  
A is the area of the evaluation unit (m²), J0 is the annual 
precipitation in the study area (m), K is the proportion  
of precipitation generating streamflow (set as 0.6) [53], 
R0 is the precipitation runoff coefficient of the bare land, 
and RG is the precipitation runoff coefficient of the area 
with different vegetation cover, in which the runoff 
coefficient of the water body is 0 (Table 2). The computed 
water conservation values were then categorized into  
5 classes using the Natural Breaks Method, where higher 
grades denote stronger water conservation capacity.

Based on the assessment results of bio-habitat 
value, flood control and water storage value, and water 
conservation value, the 3 ecological indicators were 
integrated using the equal-weighted weighted sum 
method. The combined results were then classified into 
5 grades using the natural breaks method, with higher 
values indicating greater overall ecological value.

(2) Socio-cultural value assessment methods
The Social Value of Ecosystem Services model 

(SolVES model), jointly developed by the U.S. 
Geological Survey’s Rocky Mountain Geographic 
Science Center and Colorado State University, was 
applied to evaluate the socio-cultural value of ecosystem 
services from a spatial perspective. The SolVES model 
quantifies socio-cultural values as a non-monetary value 
index, enabling the spatial visualization of relative 
importance across different value types [54]. These 
values are derived through questionnaire surveys and 
semi-structured interviews, which provide input data on 
stakeholders’ perceptions and preferences. Within the 
SolVES framework, a ten-point value index is generated 
for each type of socio-cultural value through kernel 
density analysis and score standardization. This process 
captures the spatial heterogeneity of value distribution 
across the landscape [55]. To further extend the analysis, 
the MaxEnt model was employed to predict the potential 
distribution of socio-cultural value areas. In this step, 
existing socio-cultural value points served as occurrence 
data, while the associated environmental variables were 
used as predictors for the machine learning algorithm. 
This approach generated a logistic probability surface 
identifying areas with high potential socio-cultural 
value [56].

For this study, two socio-cultural value categories 
‒ aesthetic value and nature education value ‒ were 
identified based on the Ecotourism Plan of Shengjin 
Lake National Nature Reserve and Surrounding Areas  
(2018-2030), field investigations, and visitor 
questionnaires. A total of 27 socio-cultural value points 
were recorded and used as input for the SolVES and 
MaxEnt analyses. The resulting spatial distributions 
of the 2 value types were integrated using the equal-
weighted sum method, and the combined results were 
classified into 5 grades using the Natural Breaks 
Method, with higher categories representing greater 
socio-cultural value.

(3) Economic value assessment methods
The evaluation of economic value was conducted 

using the market value method, rooted in traditional 
ecological economics and statistical theory. This 
approach has long been applied in ecosystem service 
valuation, particularly for products with direct 
commercial value, such as rice, fruits, fish, and other 
biological resources [57]. The economic value of 
material production and raw material supply can be 
calculated using the following formula:

	 𝑉𝑚 = 𝑌𝑖 × 𝑃𝑖 	

where Vm is the value of material production (yuan/ha), 
Yi is the unit yield of the i class of material (t/ha), and 
Pi is the corresponding market price in the current year 
(yuan/t).

In this study, based on the characteristic resources 
of the Shengjin Lake Nature Reserve, 5 representative 
economic products were selected: rice, tea, fruits, 

Table 2. Classification of runoff coefficients corresponding to 
different vegetation covers.

Vegetation cover 
class

Vegetation 
cover/%

Runoff coefficient 
Rg

1 0-10 0.28

2 10-25 0.25

3 25-50 0.15

4 50-70 0.05

5 70-100 0.015
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forests, and fish. By evaluating the market value of these 
products, we derived the spatial distribution of their 
economic value across the reserve. Referring to the 2024 
Chizhou Statistical Yearbook, the following estimates 
were obtained: the average price of fish is approximately 
10 yuan/kg, with a yield of 342.04 kg per mu; rice is 
priced at around 6 yuan/kg, with a yield of 406.87 kg 
per mu; tea has an average price of about 300 yuan/kg, 
with a yield of 50.58 kg per mu; fruits are valued at 
approximately 3 yuan/kg, with a yield of 490.66 kg per 
mu; artificial commercial forests receive an ecological 
compensation price of about 5,000 yuan per mu;  
and the average ex-factory price of cement in Anhui 
Province is about 400 yuan/ton. Using these parameters, 
the economic value distribution was mapped,  
and the results were subsequently categorized into 5 
grades through the natural breaks method, where higher 
grades indicated greater economic value.

Weighing Core Stakeholders’ 
Multi-Objective Claims

(1) Construction of a multi-dimensional coordinate 
system

Based on the ecosystem service valuation results, 
value maps were generated for each objective, including 
ecological, socio-cultural, and economic indices. 
A three-dimensional coordinate system was then 
constructed with these 3 indices as axes, and the scores 
of 160 evaluation units were projected into this system 
as coordinates. When the ecosystem service value index 
is greater than or equal to 3, the appropriateness of the 
value can be effectively represented.

(2) Setting of constraints
Constraints are important parameters in MOLA, 

as they directly affect the accuracy of land allocation 
results. In a two-dimensional coordinate system, 
constraints are typically expressed as straight or oblique 
lines, while in practice they can be represented by 

suitability indices, area ratios, or differences among 
land-use categories (Fig. 3) [58]. To prevent a reduction 
in ecological land within the reserve, the ecological 
space area was set as a hard constraint, with its area 
required to be no less than the combined size of the core 
and buffer zones, totalling 204.48 km². In line with the 
principle that protection intensity should not be reduced, 
the priority of land allocation in the three-dimensional 
coordinate system was set as ecological space > socio-
cultural space > economic space as the constraint in 
MOLA. 

(3) Generation of three types of spaces
Areas with an ecological value index of 3 or 

above were directly designated as ecological space, 
regardless of their socio-cultural or economic values.  
If the ecological index was below 3 but either  
the socio-cultural or economic index reached 3 or above, 
the unit was classified as socio-cultural space, economic 
space, or contested space. When all 3 indices were below 
3, the unit was defined as unsuitable space. The MOLA 
algorithm first assigned evaluation units with the highest 
ecological values to ecological space. It then checked 
whether the designated ecological space area met policy 
requirements. If not, additional evaluation units were 
sequentially added until the threshold was reached. 
Once the ecological requirements were satisfied, all 
remaining unsuitable spaces were classified accordingly. 
For contested and unsuitable spaces, the zoning 
priority followed the principle of socio-cultural space 
> economic space. Based on this priority, the spatial 
attributes of these areas were determined, yielding an 
optimal land allocation scheme that balances ecological, 
socio-cultural, and economic objectives.

Delineation of Sub-zoning

To capture the distinct modes of resource protection 
and utilization, sub-zones were delineated within each 
of the three spatial zones based on their dominant 

Fig. 3. MOLA 2D coordinate system analysis map. 
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ecosystem service functions. The ecological space, 
which contains the richest natural ecosystems and 
biodiversity, was designated as a strict protection zone. 
The socio-cultural space, characterized by abundant 
resources for environmental education and aesthetic 
appreciation, was defined as a nature education and 
ecological experience zone. The economic space, where 
resources such as agriculture and mining are most 
concentrated, was designated as a production and living 
zone. 

In addition, control zones were established to 
regulate the intensity of protection and utilization, based 
on the level of restriction required for human activities. 
The core protection zone represents the most intact 
wetland ecosystems and the highest concentrations of 
rare waterfowl species and therefore requires the strictest 
management. Accordingly, it is classified as the central 
area within the strict protection zone. The general 
control zone, located outside the core protection zone 
but still within the reserve boundary, requires rigorous 
planning and regulation of development activities. This 
zone encompasses the nature education and ecological 
experience zones as well as the production and living 
zones.

Results

Ecosystem Service Value Indicator System

Through field surveys and sectoral consultations, 
12 categories of stakeholders were initially identified 
within the reserve. Based on the Mitchell stakeholder 
classification framework, 5 core stakeholder groups 
were defined: the reserve management bureau, scientific 
research institutions, visitors, local residents, and 
enterprises (Table 3).

In November 2024, structured questionnaires 
and semi-structured interviews were conducted with 
these stakeholder groups. A total of 420 individuals 
participated, including 20 from the reserve management 
bureau, 56 from scientific research institutions, 
144 visitors, 180 local residents, and 20 enterprise 
representatives. The survey results highlighted 
distinct stakeholder priorities: the reserve management 
bureau and scientific research institutions emphasized 
biodiversity conservation, flood regulation, and water 
retention functions; visitors prioritized aesthetic 
enjoyment and environmental education; local 
residents and enterprises were primarily concerned 

Table 3. Analysis of core stakeholder definitions.

Stakeholder Specific features Legality Powerlessness Urgency

State Forestry and 
Grassland Administration

Responsible for the protection, restoration, and management 
of forests, grasslands, and other natural resources throughout 

the country.
3.8 2.4 1.6

Chizhou Municipal 
Government

Responsible for the economic construction, social 
development, and ecological protection of the city of 

Chizhou.
2.8 2.4 2.0

Guichi District Government Responsible for economic construction, social development, 
and ecological protection in Guichi District. 3.0 2.4 2.0

Dongzhi County 
Government

Responsible for economic construction, social development, 
and ecological protection in Dongzhi County. 2.0 2.0 2.5

Township governments 
around nature reserves

Responsible for the economic construction, social 
development, and ecological protection of the township. 1.5 1.0 1.0

Reserves Management 
Authority

Responsible for, among other things, resource management 
and policy development for the Shengjin Lake Reserve, to 

protect natural ecosystems and biodiversity.
3.8 4.0 4.0

Corporations Enterprises that legally acquire natural resources for their 
production operations in the Shengjin Lake Reserve. 2.8 2.4 4.0

Research Organization An academic institution that conducts scientific research on 
the Shengjin Lake Reserve. 3.2 2.8 3.5

Media Organization Reporting on the situation related to the Shengjin Lake 
Reserve. 1.6 1.4 2.0

NGO
Third-party non-governmental organizations are concerned 
with the conservation and rehabilitation of nature reserves, 

social development, and economic coordination.
1.4 1.7 2.4

Local residents
Aboriginal people in the Shengjin Lake Reserve are 

concerned about ecological conservation and their own 
economic income.

2.8 3.4 4.2

Visitor Groups participating in activities such as science education, 
recreation, and bird watching in the Shengjin Lake Reserve. 2.4 3.4 2.8
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with provisioning services such as raw materials and 
productive land use. Based on these differentiated 
concerns, together with the current ecological conditions 
of the reserve, an ecosystem service value indicator 
system was developed (Table 4, Fig. 4). 

Features of Ecosystem Service Values

(1) Ecological value features
As shown in Fig. 5, areas of high ecological value 

cover 127.82 km², accounting for 38.34% of the total 
reserve area. These regions are primarily concentrated 
in the southern Upper Lake as well as the central and 
Lower Lake zones. The southern beach area of the 
Upper Lake serves as a critical habitat and foraging 
ground for migratory birds during the dry season, while 
also playing a vital role in flood regulation and water 
storage during the wet season. Similarly, the central and 
Lower Lakes are important for hydrological regulation. 

In contrast, areas with lower ecological value amount to 
205.58 km², accounting for 61.66% of the total reserve 
area, and are mainly distributed in the agricultural 
landscapes surrounding Shengjin Lake. These 
landscapes are heavily disturbed by human activities, 
characterized by low vegetation cover and limited water 
bodies, resulting in degraded wildlife habitats and 
reduced ecological functionality.

(2) Socio-cultural value features
As shown in Fig. 6, the area of higher socio-cultural 

value covers 217.15 km², representing 65.13% of the total 
reserve area. These areas are primarily located in the lake 
body of Shengjin Lake and its northern coastal region. 
The northern coastal area is particularly notable for its 
bird-watching infrastructure, which provides excellent 
visibility and accessibility, while the open water of 
the lake offers scenic views and strong potential for 
environmental education. In contrast, the area of lower 
socio-cultural value covers 116.25 km², accounting for 

Type of value Value indicators Indicator characteristics

Ecological value

Biodiversity values The ability to provide a place for birds and other animals to roost 
and feed.

Flood protection and water storage value Capable of regulating floods, supplying water, and maintaining 
biodiversity.

Water conservation value Ability to retain moisture without flooding or drought conditions.

Socio-cultural 
value

Aesthetic value The ability to provide pleasing tourism resources to attract tourists.

Educational value of nature Rich in natural resources and able to carry out nature education 
activities.

Economic value
Value of material production The ability to grow food, vegetables, and fish to provide family 

income.

Value of raw material supply Ability to provide timber, mineral resources, etc.

Table 4. Indicator system for assessing the value of ecosystem services.

Fig. 4. Radar map of the three-dimensional characteristics of stakeholders in Shengjin Lake National Nature Reserve.



Yawen Cheng, et al.10

34.87% of the total reserve area, and is mainly located 
in the northern and southeastern regions of the reserve. 
These areas are predominantly composed of farmland, 
forest land, and residential settlements, which generally 
lack visual appeal and offer limited opportunities for 
environmental education and recreation.

(3) Economic value features
As shown in Fig. 7, the area of higher economic value 

is 71.86 km², accounting for 21.56% of the total area of 
the reserve. These areas are concentrated in the southern 
forest area of the Lower Lake, where the mineral 
resources are relatively abundant. The significantly 
higher unit value of mineral resources compared with 
other products accounts for the elevated economic 
importance of this area. By contrast, low economic value 

areas occupy 261.54 km², accounting for 78.44% of the 
reserve, mostly consisting of farmland, bare land, and 
built-up land. These landscapes either lack cash crops or 
are dominated by crops with relatively low production 
values, resulting in limited economic contributions.

Features of the Three Types of Spaces

A three-dimensional coordinate system was 
constructed with ecological, socio-cultural, and 
economic values as the axes, and the scores of 160 
evaluation units were projected into this system (Fig. 8). 
Based on the MOLA allocation principle, ecological 
space was given the highest priority, followed  
by socio-cultural space and then economic space,  

Fig. 5. Analysis of the ecological value index.

Fig. 6. Analysis of the socio-cultural value index.
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with the additional constraint that the ecological space 
area could not be less than 204.48 km². The results show 
that the ecological space covers 228.34 km², primarily 
located in the lake body of Shengjin Lake, the mountain 
forest areas south of the Middle Lake, and the river 
corridors east of the Lower Lake. The socio-cultural 
space, designated as the nature education and ecological 

experience zone, covers 22.83 km² and is mainly located 
along the western shoreline of Shengjin Lake and 
the southern shore of the Middle Lake. The economic 
space, designated as the production and living zone, 
extends across 82.23 km², concentrated in farmland to  
the north of the reserve and forested mountain areas  
in the southern part of the Lower Lake.

Fig. 7. Analysis of the economic value index.

Fig. 8. Three-dimensional scatterplot of three types of value indices.



Yawen Cheng, et al.12

Sub-zoning Scheme

As shown in Fig. 9, the reserve was ultimately 
delineated into 2 levels of control: the core protection 
zone and the general control zone. The core protection 
zone covers an area of 228.34 km², accounting for 
68.49% of the total reserve area. It is primarily 
distributed in the main lake body of Shengjin Lake, 
the mountain forest area to the south of the Middle 
Lake, and the riverine habitats east of the Lower Lake. 
Within this zone, a strict protection zone is designated, 
covering the entire 228.34 km², representing 100% 
of the core protection zone. This area represents the 
most ecologically valuable portion of the reserve 
and is characterized by high biodiversity and intact 
wetland ecosystems, thus requiring the highest level 
of protection. The general control zone covers 105.06 
km², accounting for 31.51% of the total reserve area. 
It is primarily located in the northern farmland areas, 
the western wetlands of Shengjin Lake, the southern 
shoreline of the Middle Lake, and the mountain forest 
areas south of the Lower Lake. This zone is further 
divided into two functional sub-zones. The nature 
education and ecological experience zone extends 
over 22.83 km², accounting for 21.73% of the general 
control zone, mainly in the western part of Shengjin 
Lake and along the southern shore of the Middle Lake.  
The production and living zone covers 82.23 km², 

accounting for 78.27% of the general control zone, 
concentrated in the northern farmland and the southern 
forested areas of the Lower Lake. This delineation 
reflects the functional differentiation of land based 
on both ecological integrity and stakeholder needs, 
providing a framework for balancing strict protection 
with sustainable use.

Discussion

The Sub-zoning Model Integrating 
Multiple Stakeholder Objectives

The existing zoning model of the Shengjin Lake 
National Nature Reserve follows the traditional “core 
zone–buffer zone–experimental zone” framework. 
In principle, human access to the core zone is strictly 
prohibited, with exceptions granted only for scientific 
research activities that receive prior approval from 
the Reserve Management Bureau. The buffer zone 
permits similar activities under comparable restrictions, 
while the experimental zone accommodates scientific 
research, nature education, and low-intensity production 
and livelihood activities. Although this framework 
prioritizes biodiversity conservation, its emphasis on 
a rigid protection gradient outward from the core zone 
inadequately addresses the multi-objective demands  

Fig. 9. Sub-zoning map.
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of diverse stakeholders [59]. Moreover, the application of 
similar regulatory restrictions to both the core and buffer 
zones results in weak functional differentiation, leading 
to unclear zoning purposes and frequent conflicts 
between human activities and ecological protection.

To overcome these limitations, this study 
introduces a stakeholder-oriented, multi-objective 
sub-zoning model that differentiates zones not only 
by management intensity but also by the functional 
roles of resources and the ecosystem services they 
provide. The management intensity primarily reflects 
the degree of control over human activities, which is 
mandatory and legally binding. Once delineated, strict 
regulatory measures must be implemented to safeguard 
the integrity of the wetland ecosystem and maintain 
the rich avian biodiversity of the reserve, thereby 
fulfilling the objectives of the Reserve Management 
Bureau and the scientific research institutions. At the 
same time, functional zoning emphasizes flexibility 
and distinctiveness, aligning spatial divisions with 
specific ecosystem service functions. Under this refined 
framework, biodiversity conservation remains the 
foundation, but socio-cultural and economic objectives 
are explicitly integrated. More than 60,000 local 
residents can continue essential livelihood activities; 
enterprises such as the Conch Cement Factory are 
permitted non-destructive production; visitors may 
engage in nature education and ecological experiences. 
In contrast to the traditional model, which rigidly 
separates protection from use, the proposed sub-zoning 
scheme achieves a dynamic balance among ecological 
protection, socio-cultural values, and economic needs. 
This integrative approach provides a more rational, 
inclusive, and sustainable management system for  
the reserve.

Differentiated Control Strategies  
for Sub-Zoning

Nature reserves differ significantly in terms of 
conservation priorities, core ecological assets, and 
geographic contexts. Within a unified framework of 
national policies and regulations, it is essential to adopt 
context-specific zoning and delineation strategies that 
emphasize the dominant ecological functions of different 
areas. Implementing differentiated control measures 
tailored to local conditions is crucial for enhancing the 
effectiveness of reserve management. At the control 
zone level, the Shengjin Lake National Nature Reserve 
enforces strict protection in the core protection zone, 
where all human activities unrelated to ecological 
protection are prohibited. However, non-destructive and 
non-consumptive activities directly related to ecological 
protection are permitted. In the general control zone, 
construction and other potentially disruptive activities 
are tightly regulated, and moderate human activities may 
be allowed, provided they do not compromise ecosystem 
stability or biodiversity integrity. At the functional 
zone level, the strict protection zone primarily aims 

to conserve critical habitats for rare bird species, as 
well as lake and forest ecosystems. Activities such as 
agriculture, fisheries, pollution-generating operations, 
logging, burning, recreation, or any behavior that 
could degrade the environment are strictly forbidden. 
Within farmland-wetland systems in this zone, seasonal 
restrictions, particularly during the wintering periods 
of migratory birds, are enforced to align with the 
protection standards of other core conservation areas 
[60]. The nature education and ecological experience 
zone is designated for moderate educational and 
awareness activities, which must be conducted without 
compromising the ecological integrity of farmland-
wetland systems. Management measures in this zone 
include strict limits on visitor numbers, clear behavioral 
guidelines, and the prohibition of any activities that 
could disturb wildlife habitats or breeding sites. The 
production and living zone is intended for the regulated 
development of low-impact industries, such as eco-
friendly agriculture, controlled mineral extraction, 
and sustainable forestry. Permitted activities include 
restricted farming, agritourism, regulated mining, 
and managed economic forest cultivation or logging. 
All activities within this zone must be subject to strict 
regulation regarding intensity and extraction volume, 
ensuring they remain within the ecological carrying 
capacity of the reserve.

The Shengjin Lake National Nature Reserve 
exemplifies a representative protected area in China. 
Designated as one of the 40 nature reserves of 
global significance in 1992, and recognized as an 
Internationally Important Wetland in 2015, the reserve 
primarily focuses on conserving wintering migratory 
birds. At the same time, it faces significant human 
activity, leading to frequent conflicts between resource 
conservation and utilization. In this study, core 
stakeholders were identified, and the ecosystem service 
values they prioritize were quantitatively assessed. 
Based on the spatial distribution of these services, the 
MOLA model was employed to delineate the reserve 
into distinct zones. Compared with the adaptive 
zoning approach of the Natura 2000 framework, both 
zoning models serve to alleviate conflicts between 
various stakeholders. However, the sub-zoning model 
presented in this study is specifically tailored to the 
unique management needs and zoning objectives of the 
reserve. It effectively separates management intensity 
from zoning types, providing valuable insights for 
enhancing the clarity of zoning management within the 
adaptive zoning framework. This approach facilitates 
the integration of stringent protection measures with 
targeted utilization, ultimately contributing to the 
sustainable governance of the protected area.

Shortcomings and Prospects

Adaptive management is a systematic and iterative 
approach for improving resource management by 
emphasizing learning from management outcomes [61]. 
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Within nature reserves, dynamic zoning represents 
a practical mechanism to implement adaptive 
management. The concept of “dynamic zoning” has 
been introduced in various types of spatial planning, 
including comprehensive land-use zoning, natural 
resource zoning, and ecological area zoning. However, 
its application within the context of nature reserve 
management remains limited. Existing studies primarily 
focus on reserves where the seasonal migration of 
protected wildlife constitutes the main management 
concern [62]. Despite its limited adoption, dynamic 
zoning holds significant potential for enhancing 
ecosystem protection, improving biodiversity richness, 
and mitigating human–land conflicts. 

The Shengjin Lake National Nature Reserve 
primarily protects rare and endangered migratory bird 
species, including storks, cranes, geese, ducks, and 
plovers. In this context, stringent control measures 
have, to some extent, constrained the production and 
livelihood activities of nearby communities [63, 64]. 
At present, the reserve employs a static functional 
zoning scheme, which fails to account for the seasonal 
dynamics of migratory bird activities. Consequently, 
conflicts often emerge between ecological protection 
and local livelihood needs during the wintering and 
breeding seasons, when strict protection measures are 
enforced. Conversely, during non-migratory periods, 
certain strictly protected zones may be underutilized, 
resulting in inefficient land use.

To address these mismatches, future research should 
explore the establishment of a seasonally responsive 
dynamic zoning model. Such a model would enforce 
strict protection of critical habitats during key migratory 
and breeding seasons, while permitting moderate, 
well-regulated livelihood activities during non-critical 
periods. Areas not requiring stringent protection 
in a given season could be temporarily designated 
for sustainable human use, such as eco-agriculture, 
community-based practices, and subsequently 
restored to conservation functions as needed. This 
flexible management approach would facilitate a more 
coordinated balance between ecological protection and 
resource utilization, safeguarding both the ecological 
integrity of the reserve and the livelihood security of 
local residents. Ultimately, dynamic zoning has the 
potential to maximize land-use efficiency and promote 
the long-term coexistence of biodiversity conservation 
and human well-being. To ensure the scientific 
validity and practical effectiveness of dynamic zoning 
management in the Shengjin Lake Reserve, long-term 
monitoring of biodiversity and ecosystem health should 
be conducted to capture trends in ecological change. 
Moreover, integrating these monitoring data with actual 
management needs will support systematic pilot studies 
on dynamic zoning, providing empirical evidence and 
practical experience for the broader implementation and 
replication of this adaptive management model.

Conclusions

This study takes the Shengjin Lake National Nature 
Reserve as an example. First, core stakeholders of the 
reserve were defined by the Mitchell scoring method. 
Second, the ecosystem service values prioritized by 
different core stakeholders in the reserve were explored 
through structured questionnaires and semi-structured 
interviews. Then, these ecosystem service values were 
quantitatively assessed by combining the MaxEnt 
model, the SolVES model, the precipitation storage 
method, and the market value method. Finally, based 
on the MOLA model, sub-zoning of the reserve was 
quantitatively delineated by considering the priority 
of land unit allocation and the ecological space area 
as constraints, combined with the spatial distribution 
of ecosystem service values, in order to provide some 
references for the zoning of the same type of nature 
reserve. 

The main conclusions of this study are as follows: 
(1) The core stakeholders of the reserve comprise 
5 groups, namely the reserve management bureau, 
scientific research institutions, visitors, local residents, 
and enterprises. Among these, the reserve management 
bureau and scientific research institutes prioritize 
biodiversity conservation, flood regulation, and water 
retention; visitors focus on aesthetic and nature 
education values; and local residents and enterprises 
are primarily concerned with material production and 
raw material supply. (2) The areas of high ecological 
value cover 127.82 km², accounting for 38.34%  
of the total reserve area. These areas are mainly located 
in the southern part of the Upper Lake, the Middle  
Lake and Lower Lake regions. The areas of high 
social and cultural value cover 217.15 km², accounting 
for 65.13% of the total reserve area. These areas are 
mainly located in the lake body of Shengjin Lake and its 
northern coastal area. The areas of high economic value 
cover 71.86 km², accounting for 21.56% of the total 
reserve area. These areas are predominantly located 
in the mountain forest area of the southern Lower 
Lake, where the mineral resources are concentrated.  
(3) The reserve’s zoning framework comprises  
2 hierarchical levels: functional zones and control 
zones. The functional zones were divided into 3 zones.  
The strict protection zone covers an area of 228.34 km², 
accounting for 68.49% of the total reserve area, mainly 
in the main lake body of Shengjin Lake. The nature 
education and ecological experience zone extends over 
22.83 km², accounting for 6.85% of the total reserve 
area, mainly in the western part of Shengjin Lake. 
The production and living zone covers 82.23 km², 
accounting for 24.66% of the total reserve area, mainly 
in the northern farmland areas. The control zones were 
divided into 2 zones. The core protection zone covers an 
area of 228.34 km², accounting for 68.49% of the total 
reserve area, mainly in the main lake body of Shengjin 
Lake. The general control zone covers 105.06 km², 
accounting for 31.51% of the total reserve area, mainly 
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in the northern farmland areas and the western part of 
Shengjin Lake.
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