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Abstract

Estuaries represent quintessential coupled human–natural systems (CHNS) where the dy-
namic interplay between ecological processes and anthropogenic pressures (e.g., ship-
ping, water use exploitation) challenges conventional static spatial planning approaches.
Focusing on the Yangtze River Estuary—a globally significant yet intensely utilized
ecosystem—this study develops an adaptive management (AM)-oriented spatial planning
framework for estuarine protected areas. Our methodology integrates systematic identifica-
tion of optimal zones using multi-criteria assessments of biodiversity indicators (e.g., flagship
species habitats), ecological metrics (e.g., ecosystem services), and management considera-
tions; delineation of a three-tier adaptive zoning system (Control–Functional–Seasonal) to
address spatiotemporal pressures; and dynamic management strategies to mitigate human-
environment conflicts. The proposed phased conservation boundary (Phase I: 664.38 km2;
Phase II: 1721.94 km2) effectively balances ecological integrity with socio-economic constraints.
Spatial–temporal analysis of shipping activities over five years demonstrates minimal op-
erational interference, confirming the framework’s efficacy in reconciling conservation and
development priorities. By incorporating ecological feedback mechanisms into spatial plan-
ning, this work advances a transferable model for governing contested seascapes, contributing
to CHNS theory through practical tools for adaptive, conflict-sensitive conservation. The
framework’s implementation in the Yangtze context provides empirical evidence that science-
driven, flexible spatial planning can reduce sectoral conflicts while maintaining ecosystem
functionality, offering a replicable pathway for sustainable water management of similarly
complex human–natural systems worldwide.

Keywords: adaptive management; national park; Yangtze estuary; dynamic zoning; water
resource management
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1. Introduction
Estuarine ecosystems epitomize complex Coupled Human–Natural Systems (CHNS),

where intensive anthropogenic pressures (e.g., urbanization, shipping, fisheries) interact
with dynamic ecological processes [1], creating feedback loops that reshape both ecosystem
services and human well-being [2]. With climate change and the expansion of human
footprints, the ocean has become also undergoing unprecedented anthropogenic impacts,
especially on estuarine ecosystems where are also among the one of the most intensively
utilized natural systems globally [3]. These ecosystems face mounting threats from a con-
fluence of global stressors, including rapid urbanization in coastal watersheds, industrial
pollution leading to eutrophication and toxin accumulation, large-scale habitat degrada-
tion through land reclamation and dredging, and the multifaceted impacts of climate
change—such as sea-level rise exacerbating coastal erosion and saltwater intrusion, and al-
tered freshwater flow regimes affecting sediment transport and salinity gradients [4,5].The
degradation of estuarine and coasts ecosystems has caused the decline in biodiversity, and
the fragmentation of ecological integrity [6]. Therefore, the UN’s Sustainable Development
Goal (SDG) 14.2 sets a target to protect and restore marine and coastal ecosystems in order
to avoid significant adverse impacts. In the Kunming-Montreal Global Biodiversity Frame-
work of the post-2020 Convention on Biological Diversity (CBD), it is explicitly stated that
the goal is to restore at least 30% of degraded terrestrial, inland water, and coastal and
marine ecosystems globally by 2030 [7]. Establishing marine national parks and protected
areas is considered one of the most effective strategies for protecting marine and coastal
ecosystems and biodiversity. However, only 7.74% of marine areas were under protection
by 2020, indicating a significant gap between the establishment of Marine protected areas
(MPAs) and the target set by SDG 14 and COP15 to protect at least 30% of marine and
terrestrial ecosystems.

China’s estuarine and coastal areas had experienced the highest and fastest-growing
cumulative impacts from human activities [8], which lead to severely detrimental to ma-
rine biodiversity and ecosystem health [9]. Through Mainland China has established an
extensive network of MPAs, with 271 protected areas that include marine regions, covering
12.4 million hectares of sea area [10]. However, the total area of MPAs only accounts for
4.1% of the total sea area under China’s jurisdiction, which is far below the 10% target set by
the Aichi Biodiversity Targets. Currently, China is working to create a unified park and PAs
system with national parks as the main component [11], and terrestrial protected areas are
gradually being planned and established. However, in the face of the most intense marine
utilization and development, how to delimit marine spatial planning (MSP), and establish
marine and estuarine national parks has become the most pressing challenge to tackle.

Adaptive management (AM), initially applied extensively in the management and
restoration of natural ecosystems [12,13], has gradually been applied to the management
of marine and coastal ecosystems [14]. Originating in the 1970s, it was introduced by
ecologists such as Holling (1978) and Walters (1986) [15], as well as mathematicians and
biologists, who recognized the significance of systems biology and ecology in defining
objectives for environmental management [16]. AM emphasizes considering the outcomes
of actions and enhancing future management through iterative learning, enabling effective
natural resource management within complex socio-ecological systems [17]. Deitch [14]
has advocated for the integration of social and human contexts into adaptive management
frameworks for developing collaborative estuary management programs. His research
demonstrates how to incorporate an adaptive management framework into the collabo-
rative United States EPA’s National Estuary Program and promote its implementation in
other regions globally. Moreover, Adaptive management encompasses a series of processes
from goal setting, design and planning to action implementation, monitoring, and con-
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tinuous feedback for adjusting goals and plan designs. Spatial planning is particularly
crucial in program design for implementing management actions. However, due to the
high ecological value, strong dynamics, and high vulnerability and sensitivity of estuary
ecosystems, there is currently a research gap in how to formulate applicable spatial plan-
ning guidance for estuary ecosystems based on the EM framework to facilitate adaptive
management. Furthermore, AM is place-based in a specific sense, meaning that all ob-
servations, measurements, and policy formations are initially addressed at a local level.
Therefore, spatial planning and management guided by adaptive management must be
developed in accordance with the characteristics of estuary ecosystems [18].

Some scholars emphasized that the formulation of MSP should prioritize key marine
protected species and their habitats. Jones et al. [19] utilized the usage patterns of harbor
seals (Phoca vitulina) to inform marine spatial planning. Other scholars argue that the
spatial planning of MPAs should assess the relative cumulative impacts of multiple human
pressures on the marine environment based on ecosystem component descriptions [3]. This
method has been applied in the North Sea and Baltic Sea [20], and Moorea’s coral reef of
French Polynesia [21]. However, when implementing MSP in practice, it is essential not only
to maximize conservation outcomes but also to consider ecosystem risks and management
feasibility, so as to ensure the practical operability of an AM-oriented MSP [22].

Although an increasing number of studies have recognized the necessity and ur-
gency of employing an AM-oriented approach to guide MSP, research on how to apply
this approach to complex estuarine ecosystems remains relatively scarce. The Yangtze
River Estuary (YRE) represents a quintessential CHNS, where intense anthropogenic pres-
sures intersect with critical ecological functions. As the world’s third-largest estuary
and China’s largest muddy delta, this highly urbanized system supports vital ecosys-
tem services, including serving as the most important migratory bird stopover along the
East Asian-Australasian Flyway and providing key habitat for endangered species like
the Chinese sturgeon (Acipenser sinensis). However, the CHNS dynamics in the YRE re-
veal acute spatial conflicts—particularly between aquatic species habitats and shipping
channels—that exemplify the challenges of balancing ecological integrity with economic
development in interconnected systems. These conflicts have stalled the YRE National
Park initiative, as local governments grapple with the complex feedback loops between
conservation actions and socio-economic impacts.

To address these CHNS challenges, this study develops an adaptive management
framework that: (1) Integrates spatial suitability assessment with CHNS and AM principles
to identify optimal zones for conservation and sustainable use; (2) Implements a three-tier
adaptive zoning system (Control–Functional–Seasonal) that responds to dynamic estuarine
processes; (3) Provides transferable AM strategies for managing trade-offs between biodi-
versity protection and blue economy development. By embedding ecosystem service flows
and human–nature feedback into spatial planning, this approach offers a replicable model
for governing contested estuarine systems worldwide, advancing both CHNS theory and
practical conservation implementation.

2. Method
2.1. Study Area

The YRE (longitude 120.933◦~123◦ E, latitude 30.5◦~32◦ N) is located at the mouth of
the Yangtze River, starting from Xuliujing (latitude 31.779◦ N, longitude 120.933◦ E) to the
East China Sea. The YRE belongs to the intersection area of salt and fresh water, which has
a unique coastal mudflat wetland. According to The Ramsar Convention, coastal waters
with a water depth of no more than 6 m at low tide are classified as wetlands, and in this
study, the 6 m water depth range of the YRE is designated as the study area (Figure 1).
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Additionally, the YRE serves as a habitat for aquatic animals, encompassing “three habitats
and one migration route” (habitats for overwintering, reproduction, feeding and fattening,
and migration routes).

Figure 1. Research area.

The ecosystem of the YRE is nationally representative: firstly, it is the third largest
estuary in the world and the largest muddy delta estuary in China. It is located in an
important geographical ecological zone in the lower reaches of the Yangtze River and is
a nationally representative coastal wetland ecosystem; Secondly, this region is the most
important resting place for migratory birds in eastern China and East Asia Australia. Only
about 130 species of waterbirds are found on the Chongming East tidal flat, accounting
for about 50% of the total number of waterbirds in China and 15% of the total number
of wetland birds in the world, providing important guarantees for the survival and re-
production of migratory birds; Thirdly, the YRE integrates important ecological service
functions of aquatic animals such as “three venues and one channel” (wintering habitat,
reproductive reproduction site, feeding and fattening site, and migration channel). It is the
estuary with the richest biodiversity in the mid-latitude Pacific region and a key habitat for
Chinese sturgeon and other endangered species [23]. Meanwhile, the region has significant
ecological importance. The YRE preserves a typical and complete subtropical monsoon
coastal wetland ecosystem and a unique estuarine wetland landscape. It is an extremely
important area for ecosystem services, providing various ecosystem services such as wa-
ter source conservation and climate regulation. In addition, the YRE is also one of the
50 ecologically sensitive areas with international significance. The frequent and intense
natural and human activities in the Yangtze River Delta have made the estuarine ecosystem
face increasingly serious environmental pressure and ecological risks [24,25]. The frequent
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occurrence of ecological risks such as saltwater invasion and other species invasion has
led to the continuous decline of the estuarine ecosystem, the substantial reduction in fish
populations and biodiversity, and the extinction of some rare aquatic animals [26].

2.2. Framework Overview

AM has been extensively employed in the realm of natural resource and conservation
management since the mid-1980s. The programmatic approach to AM, notably codified
by the Conservation Measures Partnership in 2005 and subsequently refined by the Puget
Sound Partnership [27], has gained broad acceptance. This approach entails iterative cycles
encompassing option assessment, action design and implementation, effect monitoring,
impact evaluation, and strategic adaptation [28] (Figure 2). Williams (2011) proposed
that adaptive management operates through single-loop learning, where goals remain
stable and actions adapt to feedback, and double-loop learning, where goals and problem
frameworks themselves are revised based on new knowledge [13]. Månsson et al. [29]
proposition of an improved AM loop further underscores a continuous, co-learning process
involving goal-setting, planning, implementation, monitoring, evaluation, and adaptation.
Through ongoing monitoring and evaluation, adjustments are integrated, feeding back into
the goal-setting and planning phases to refine spatial and operational strategies.

 

Figure 2. Conceptual model of adaptive management cycle.

We developed a streamlined AM-oriented framework for spatial planning in Estuary
National Parks (Figure 3), consisting of four interconnected phases: Goal Setting, Design
and Planning, Implementation, Monitoring and Evaluation. Initially, Goal Setting involves
a comprehensive problem assessment, defining scope and vision, and setting specific
objectives. The ‘Suitability Spatial Planning of Estuary National Park’ approach was applied
to establish conservation goals and objectives aimed at identifying a spatial plan that
optimally conserves areas of national representativeness and ecological significance, while
accounting for management feasibility. This process incorporated three key dimensions:
national representation (including valuable ecosystems, endangered species, and key
habitats), ecological importance (encompassing ecosystem services, sensitivity, and risk
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factors), and management feasibility (considering existing protected areas, World Heritage
sites, and Other Effective Area-based Conservation Measures (OECMs)). During the Design
and Planning phase, emphasis is placed on refining spatial organization through boundary
delineation and zoning, supported by scenario-based spatial definitions and regulatory
measures implemented via functional and seasonal zoning schemes.

Figure 3. The comprehensive framework for the spatial planning of Estuary National Parks by
applying an AM-oriented.

The implementation phase operationalizes management objectives by enforcing zon-
ing controls, deploying seasonal management schemes, and adopting adaptive strategies for
dynamic environmental conditions. Finally, Monitoring & Evaluation closes the adaptive
loop with continuous feedback, facilitating iterative improvements and ensuring effective
park management amidst complex ecological and socio-economic challenges.

This study applies the AM-oriented framework to action implementation, especially
in design and planning, exploring spatial planning for Estuary National Parks. Based
on a thorough understanding of the Yangtze River Estuary ecosystem’s characteristics,
issues, and values, the goals are to protect unique aquatic species and important bird
habitats, preserve and restore ecosystem integrity, establish a national park in suitable
areas for zoning and adaptive management, balance ecosystem protection with human
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use, and promote sustainability. The framework identifies suitable areas for national park
establishment while addressing key CHNS challenges in this heavily utilized environment.

2.3. Suitability Spatial Planning of Estuary National Park

Design and planning is the core procedure and the foundation for implementing
management actions. In the MSP of Estuary National Park, the spatial planning scheme
is the focus, which requires assessing the suitability of spatial planning. In this study,
referring to previous literature [30,31] and national park establishment standards [32,33],
considering the ecosystem characteristics and conservation value of the YRE, we selected
nine evaluation criteria to develop a comprehensive evaluation index system of suitability
for establishing national parks in the YRE from three aspects of national representativeness,
ecological importance, and management feasibility [34].

2.3.1. Evaluation Index System for the Suitability Spatial Planning of Estuary
National Park

Indicator layers reflecting national ecological importance were selected from three
habitat types: (1) habitats of nationally protected and endangered species, identified based
on the List of Key Protected Wildlife in Shanghai; (2) habitats supporting ≥1% of the global
bird population, recognizing areas of international avian conservation significance; and
(3) coastal wetland ecosystems in the Yangtze River Estuary (YRE), given their unique
ecological value.

A total of 30 rare and endangered waterbird species were identified in the YRE
(Table S1). Among them, 22 were National Key Protected Wildlife, and 11 were Protected
Birds with ≥1% of the global population size (Table S2). This list delineates key biodi-
versity components and conservation priorities in the region. Species distribution data
were sourced from two databases: (1) the Global Biodiversity Information Facility (GBIF,
https://www.gbif.org/ (accessed on 15 January 2024)), providing a large number of bird
records; and (2) the China Birdwatching Center (http://www.birdreport.cn/ (accessed on
15 January 2024)), contributing historical bird occurrences. In total, 59,318 bird records,
including 8040 historical occurrences, were collected, enabling a comprehensive assessment
of species distribution patterns. The Kernel Density Index (KDI) was applied to the bird
records to identify regions with high densities of potential species habitats. This spatial
analysis method facilitated the understanding of habitat spatial distribution and informed
conservation planning in the YRE.

The Chinese sturgeon, recognized as a flagship species in the Yangtze River Estuary
(YRE), has been classified as globally Critically Endangered (CR) by the International Union
for Conservation of Nature (IUCN). Given its ecological significance and conservation
status, it was selected as a representative species for endangered aquatic organisms in this
study. The MaxEnt model was employed to analyze and simulate the suitable habitats of
the Chinese sturgeon [23]. This model integrates climate, physical environment, marine,
and human disturbance variables (Table S3) that are associated with the historical distribu-
tion of the species at its known sites. Historical distribution data of the Chinese sturgeon
in the YRE were gathered from multiple sources, namely the Global Biodiversity Infor-
mation Facility (GBIF), the Ocean Biodiversity Information System (OBIS), and relevant
literature [35,36]. After removing duplicate records, a total of 109 occurrence points were
retained for subsequent analysis.

Environmental and anthropogenic variables influencing juvenile Chinese sturgeon
habitat were selected [37], including light, food, salinity, temperature, and human activity.
These were classified into physical (DEM, water depth), oceanographic, and human activity
(land cover, nighttime light, ship density) variables. The bathymetric data utilized in this
study were sourced from the ETOPO 2022 global topographic model, which is provided

https://www.gbif.org/
http://www.birdreport.cn/
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by the National Oceanic and Atmospheric Administration’s National Centers for Environ-
mental Information (NOAA). Oceanographic data were obtained from the Bio-ORACLE
dataset [38,39]. All raster data were resampled to 30 × 30 m. Using ArcMap 10.8, raster
values were extracted to point layers. Variables with pairwise Pearson’s correlation >0.8
were excluded, leaving ten major variables. Processed data were imported into MaxEnt
3.4.4. 75% of data were for training and 25% for testing. 2015 land—use data trained the
model, and 2020 data predicted distribution. Ten repetitions with bootstrap and Cloglog
output were conducted. Model quality was evaluated by AUC and TSS. Based on oc-
currence probability, habitat suitability was classified into four classes, and suitable and
potential habitats were defined. The final model with high AUC (0.965) and TSS (0.81) was
selected [23].

The YRE lies in the freshwater–saltwater transition zone, hosting diverse coastal
estuarine wetlands like silty coastal zones and mudflats. We extracted coastal wetland data
from the 2022 YRE land use/land cover dataset, sourced from the National Geographic
Information Center of China (NGCC) with a 30-m spatial resolution, to accurately map
their distribution.

2.3.2. Ecological Importance Guidelines Layer Construction

Ecosystem service value, ecological sensitivity, and potential ecological risk were
selected as evaluation indicators of ecological importance. The value of ecosystem ser-
vices was calculated using the equivalent factor method adjusted with local correction
factors [31,40]. Based on previous validated equivalent factor in this study area, the ecosys-
tem service values were calculated by nine types of ecosystem service per unit area. These
services include supply services (food production, raw material production), regulation
services (atmospheric regulation, climate regulation, water conservation, waste disposal),
support services (soil conservation, maintain biodiversity), cultural service (aesthetic land-
scape) (Table S4). The total value of ecosystem services is calculated for each grid cell using
the Raster Calculator tool in ArcGIS 10.8 as follows [41].

VES = ∑ 9
a=1∑ 6

b=1Mb × Ja,b (1)

where a represents a specific ecosystem service function, b represents a particular ecosystem
type, Mb represents the total economic valuation of ecosystem services for Chongming
Island, represents the areal extent of the bth ecosystem category, and Ja,b corresponds
to the unit economic value of the ath ecosystem service function provided by the bth
ecosystem type.

Ecological sensitivity was assessed by sensitivity factors of elevation, LULC, and other
factors. Elevation data were obtained from the ASTER Global Digital Elevation Model
(ASTER Global DEM) with a 30 m resolution, downloaded from the U.S. Geological Survey
(USGS, https://earthexplorer.usgs.gov/ (accessed on 15 October 2023)). Once The LULC
dataset used in this study had been obtained from the National Geographic Information
Center of China (NGCC) obtained in 2020, which were interpreted by remote sensing data.
The main potential ecological risks in the YRE are saltwater intrusion and smooth cordgrass
(Spartina alterniflora) invasion. For saltwater intrusion risk assessment, we referred to
Jianrong Zhu et al.’s study [42], which utilized an improved ECOM-si Princeton Ocean
Model. The distribution and expansion range of smooth cordgrass were identified through
Landsat remote sensing interpretation, following Shiwei Lin’s approach [43].

2.3.3. Management Feasibility Guideline Layer Construction

National parks are a way to integrate other types of protected areas into a unified
and complete conservation system. Existing protected areas, World Heritage sites, and

https://earthexplorer.usgs.gov/
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Other Effective area-based Conservation Measures (OECMs) areas are the foundation for
the establishment and management of national parks, hence the need to assess these three
types of existing protected areas. There were multiple existing protected areas in the
YRE, including two internationally important wetlands (i.e., Chongming East tidal flat
and Chinese sturgeon in the estuary of the Yangtze River, two national nature reserves,
one provincial nature reserve, as well as a national wetland park, a national geopark, and
a national forest park, and several primary protection zones for drinking water sources
(Table S5).

Notably, the Chongming East tidal flat, which falls within the study area, has been
formally inscribed as part of China’s Migratory Bird Sanctuaries along the Coast of Yellow
Sea-Bohai Gulf (Phase II) on the World Heritage List. This designation was approved on
26 July 2024 during the 46th session of the UNESCO World Heritage Committee, making
it Shanghai’s first World Natural Heritage site. As a result, the area will be managed in
accordance with the stringent requirements for World Natural Heritage sites, significantly
enhancing the feasibility and robustness of integrated conservation management. Fur-
thermore, the YRE contains 61.5 km2 of land area and 1934.62 km2 of sea area (including
overlapping regions) that fall under Shanghai’s red line for ecological protection, which are
recognized as OECMs areas, contributing to the overall conservation framework.

2.3.4. Calculation of Weights and Composite Values

All evaluation index layers were rasterized to be converted into 30 × 30 m raster grid
cells and normalized. The weight coefficients for each indicator were determined through
the Analytic Hierarchy Process (AHP) to ensure methodological rigor and stakeholder
inclusivity (Table S6). A total of 11 experts representing diverse sectors—including govern-
ment agencies, protected area management departments, non-governmental organizations
(NGOs), local community representatives, as well as academic scholars—were invited to
participate in pairwise comparisons of the evaluation criteria. The resulting judgment
matrices were examined for consistency, and all satisfied the consistency requirement
(Consistency Ratio < 0.1), thereby ensuring logical reliability of the assigned weights. This
participatory weighting approach enhances the transparency and credibility of the multi-
attribute evaluation process. The suitability comprehensive value S was calculated for
each grid cell using the Raster Calculator tool in ArcGIS 10.8 by computing the weighted
comprehensive score of each indicator layer and its corresponding weight.

To compare the different indicator layers, it was essential to first normalize the indi-
vidual indicator layer suitability values. Since the marker layer suitability values were all
positive indicators, the normalization formula was as follows [44]:

P =
x − xmin

xmax − xmin
(2)

In this formula, P is the evaluation value after standardized processing of the evalua-
tion index, x is the measured value of the evaluation index, xmax is the maximum value of
the evaluation index, and xmin is the minimum value of the evaluation index.

The composite value of adaptation was calculated as follows [45]:

S = ∑ n
i=1Wi × Ci (3)

In this formula, S denotes the composite value of adaptation, Wi denotes the weight of
the ith indicator, and Ci denotes the standardized evaluation value of the ith indicator.
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2.4. Boundary and Control—Functional and Seasonal Zoning Delineation

Based on the above analysis, the scope of the Estuary National Park is delineated, and
different spatial and management alternatives are developed. According to management
needs, a two-level zoning system is established, consisting of Control Zones and Functional
Zones. The secondary zoning model includes management and control zoning and func-
tional zoning. Initially, the management and control zoning delineates resource protection,
clarifies the scope and intensity of human activities, and determines the Core Protection
Zone and the General Control Zone. The Core Protection Zone principally prohibits hu-
man activities, but the national park management agency can carry out activities such as
management and protection patrols, scientific research investigations and monitoring, and
necessary facility construction, as well as other activities approved by the State Council,
while ensuring that the main protected objects and the ecological environment are not
harmed. The General Control Zone prohibits development and productive construction
activities, allowing limited human activities such as visits and tourism that do not cause
damage to ecological functions, comply with management and control requirements, and
necessary public facility construction, as well as other activities stipulated by laws and
administrative regulations. On this basis, functional zoning is further refined to form
multiply functional zones, clarifying management objectives and actions for each zone.
Furthermore, it is emphasized that the management and control model should consider
the temporal and spatial dynamics of protected objects to establish seasonal zoning and
implement corresponding seasonal management actions.

2.5. Implement Control Management Scheme and Management Strategies

Based on the framework of control and functional zoning, we further refined man-
agement objectives and control measures, elucidating the status of natural and cultural
resources in each functional area as well as the desired visitor experience. This approach
aimed to establish control measures and lists of positive and negative behaviors that
aligned with the requirements of coordinated development. Furthermore, we implemented
dynamic monitoring of key behaviors and indicator progress.

The management measures were primarily categorized into two dimensions: Firstly,
from the perspective of protected area management institutions, we formulated specific
control measures across various aspects to guide, constrain, and manage the actors within
the protected areas [46]. This involved developing a comprehensive set of measures that
addressed the unique characteristics and challenges of each protected area. Secondly, at
the economic and social level, we encouraged and guided behaviors that benefited the
surrounding areas, ensured the protection of reasonable community rights and interests,
and constrained behaviors that had a negative impact on protected species and their
habitats. This holistic approach integrated ecological, social, and economic considerations
to achieve sustainable development goals.

Through these refined and targeted measures, we aimed to enhance the positive
effects of human activities on species conservation while minimizing negative impacts.
By balancing conservation and utilization, we promoted harmony between humans and
nature. Additionally, we strived to avoid the pitfalls of traditional management approaches
that lacked adaptability and dynamism. The refined control measures we proposed were
designed to be implemented in specific spatial contexts, ensuring greater pertinence, op-
erability, and adaptability. This approach enabled better consideration and coordination
of the dual objectives of species conservation and human socio-economic development,
fostering a more nuanced understanding of the complex interplay between conservation
and human activities.
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2.6. Verification—Calculation of the Scope and Timeshare of Shipping

Further, calculate the proportion of the proposed NPS boundaries that overlap with the
extent and duration of all types of vessel traffic in the YRE in the last five years (2018–2023).
Using shipping data from 2018–2023 Global Maritime Traffic (GMTDS) shipping data of all
types of vessels in the YRE, the spatial and temporal overlap conflict ratio for the delineated
national park boundaries and zones was calculated through spatial analysis and statistics
with Zonal Statistics tool in ArcGIS 10.8. The calculation formula is as follows [47]:

Pm,n =
Nm,n

Ntotal
× 100% (4)

Rm,n =
Tm,n

Ttotal
× 100% (5)

In this formula, Pm,n represents the spatial conflict rate of shipping in the nth type of
control zones of the national park in period m, m = 1, 2, n represents the protection of the
core area or the general control area; Nm,n represents the number of non-zero-valued rasters
of shipping data rasters located in the nth type of control zones of the national park in
period m, and Ntotal represents the total number of rasters in the study area; Tm,n represents
the cumulative value of the shipping data rasters located in the nth type of control zones
of the national park in period m (the total area time length, h), and Ttotal represents the
cumulative value of the shipping data rasters in the study area (the total time length, h).

3. Results
3.1. Evaluation Index System for the Suitability Spatial Planning of ENP

As shown in Figure 4, the evaluation results indicated notable spatial variations in
national representativeness, ecological importance, and management—feasibility suitabil-
ity, yet an overall similar trend. Nationally representative ecosystems and species were
primarily aggregated in Chongming East tidal flat and eastern Hengsha Island. High-
ecological-value areas were mainly in northern Chongming Island, Hengsha Island, and
the Jiuduansha region. Feasible management zones were mainly located in the YRE’s
southern branch and northern waters of Chongming, Jiuduansha, Shanghai North Lake,
Chongming East tidal flat, and Dongwangsha. In the comprehensive suitability assessment,
highly/suitable areas were mainly in Chongming East tidal flat and its surrounding waters,
Shanghai North Lake, Jiuduansha, and western Hengsha, covering 1.5% of the total area.
Moderately suitable areas, approximately 1513.22 km2 (23.9% of the total area), were mainly
in the eastern and northern waters of Chongming East tidal flat, the YRE’s southern branch,
northern Chongming waters, and eastern Jiuduansha.

3.2. Control—Functional and Seasonal Zoning

Based on the analysis, the proposed YRE National Park is delineated into core pro-
tected and general controlled areas per the national park control—zone scheme (Figure 5).
Core protected areas strictly restrict human activities, except for those conducted by park
management agencies, including management, patrol, scientific research, monitoring, and
essential facility construction, as well as other State-Council-approved activities, ensuring
no harm to key protected entities and the ecological environment. General controlled
areas prohibit development and production construction, while allowing limited human
activities, such as tourism and necessary public facility construction, that comply with
control requirements and legal regulations and do not impair ecological functions.

The first-phase construction of the Yangtze River Estuary (YRE) National Park is
recommended from the near-term to 2035, allocating 380.84 km2 and 283.54 km2 for
the core protected and general control areas, respectively (Figure 5A, Table 1). In the
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long term, the park’s scope should expand to include all suitable areas for national park
establishment to preserve YRE’s ecological integrity. The second-phase construction
will enlarge the core protected and general control areas to 795.92 km2 and 852.08 km2.
Based on control zones, five functional zones are proposed: strict protection, ecological
conservation, production-living, science-education recreation, and service guarantee
zones (Figure 5B; Table 1). Monitoring, evaluation, and management will align with
each zone’s management goals.

 

Figure 4. Evaluation results of the YRE National Park in terms of (A) National representation,
(B) Ecological importance, (C) Management feasibility, and (D) Establishment suitability.

 

Figure 5. Suggested boundary and zoning of the YRE National Park in terms of (A) Management
zones, (B) Functional zones.
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Table 1. Zoning areas and management aims in the YRE National Park.

Control Zones Functional Zones Management Aims
First Phase Completed Second Phase

Completed

Area/km2 Proportion/% Area/km2 Proportion/%

Core protected
zone

Strictly protected
area

Protect the concentrated
distribution areas of Chinese
sturgeon, white-headed crane

and other national key
protected wild animals and
plants and their habitats, as

well as the integrity and
authenticity of the national

representative coastal mudflat
wetland natural ecosystem at
the estuary of the middle and

lower reaches of the
Yangtze River.

380.84 57.32% 795.92 46.22%

General control
zone

Ecological
conservation

area *

Control invasive alien species,
such as Spartina alterniflora,

and mitigate ecological risks,
such as saltwater intrusion.

- - 73.94 4.29%

41.7 6.28% 258.13 14.99%

Production and
living areas

Coordinate protection and
development, maintain

normal production and life
under protection

requirements, and promote
green development

transformation.

209.82 31.58% 514.05 29.85%

Science education
and recreation

area

Protect the scenery and
ecological environment,

provide diverse recreational
opportunities such as natural

experiences, ecotourism,
leisure and wellness, and

natural education
opportunities

30.73 4.63% 75.42 4.38%

Service guarantee
area

Provide necessary public
services for visitors and

provide a management system
construction area for

management departments.

1.29 0.19% 4.48 0.26%

Summary 664.38 100% 1721.94 100%

Note: * The ecological conservation area spans across both the core protected zone and the general control zone.

3.3. Seasonal Zoning and Adaptive Management

Seasonal zoning was implemented, and adaptive management strategies were devel-
oped in response to the migration corridors of Chinese sturgeon and the movement patterns
of key bird species (Figure 6; Table 2). During May, when Chinese sturgeon juveniles enter
the Yangtze River estuary, the estuary and its northern branch are designated as seasonal
control zones. Fishing is prohibited, and mandatory speed restrictions are enforced. From
June to August, Chinese sturgeons migrate to waters near Chongming East tidal flat in
the YRE to forage and gradually acclimate to the marine environment. This period also
coincides with the summer migration of birds. Chongming East tidal flat, the YRE, and
Jiuduansha are thus designated as seasonal control areas, providing feeding and growth
grounds for Chinese sturgeon and critical habitats for summer—migrating birds such
as sandpipers. Furthermore, each zone continuously collects monitoring data and other
relevant information, thereby providing ongoing feedback and opportunities for learning
that inform the adjustment and adaptation of management strategies (Table 2).
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Figure 6. Seasonal control management scheme zoning in the YRE National Park.

Table 2. Seasonal zoning scheme and adaptive management strategies in the YRE National Park.

Seasonal
Zoning

Seasonal Control
Management Scheme

Monitoring Data and Other
Sources of Information Feedback and Learning Adaptive Management

Strategies

Western
Chongming

According to the
annual situation of
young Chinese
sturgeon entering the
YRE (usually in May
each year)

- Real-time monitoring of
juvenile Chinese sturgeon
entry via acoustic telemetry
and sonar systems
- Annual surveys of fish
populations and health
assessments
- Data from local fisheries
and shipping traffic reports

-Annual review of
management
effectiveness based on
sturgeon survival rates
and population trends
- Adaptive adjustment of
seasonal timing and
restrictions based on
monitoring outcomes
and new research
findings

Seasonal control zones
prohibit fishing and
impose mandatory speed
restrictions on juvenile
fish during the fattening
period at the YRE;
During no seasonal
control seasons, the area
can engage in normal
production activities such
as shipping and fishing;

Chongming
Dongtan

From June to August,
until the Chinese
sturgeon enters the sea
for fattening

- Real-time monitoring of
juvenile Chinese sturgeon
entry via acoustic telemetry
and sonar systems
- Continuous environmental
DNA (eDNA) sampling and
automated underwater video
surveillance
- Collaboration with
maritime authorities for ship
movement data

- Quarterly workshops
with stakeholders to
evaluate disturbance
levels and compliance
-Iterative refinement of
communication protocols
and speed regulations
based on feedback and
observed impacts

Real-time monitoring
and recording of the
entry of juvenile Chinese
sturgeon into the YRE;
during seasonal control,
release dynamic
information to ship
management and public,
requiring ships to avoid
or reduce speed and
prohibit honking
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Table 2. Cont.

Seasonal
Zoning

Seasonal Control
Management Scheme

Monitoring Data and Other
Sources of Information Feedback and Learning Adaptive Management

Strategies

Qidong

From June to
September, the summer
migration season for
migratory birds

- Bird population counts and
behavioral observations via
drones and camera traps
- Environmental data (e.g.,
water quality, prey
availability)
- Reports from community
volunteers and patrol teams

- Seasonal debriefs with
conservationists and
local communities to
assess bird responses and
human compliance
- Revise prohibited
activities and monitoring
techniques annually
based on ecological and
social feedback

Prohibit fishing, play,
and photography in
sandpiper habitats;
increase monitoring with
drones and infrared
cameras; strengthen
patrols to ensure control
measures

Jiuduanshan
Island

From June to
September, the summer
migration season for
migratory birds

- Baseline biodiversity
surveys and ecosystem
health indicators
- Ongoing research on key
species and habitat use
patterns
- Stakeholder input from
scientific committees and
local experts

- Establish a framework
for iterative strategy
development as data
becomes available
- Regular
interdisciplinary reviews
to integrate new
information and adapt
management goals

Under development:
potential strategies
include seasonal access
restrictions, habitat
restoration, and
species-specific
protections

Further analysis and statistics were conducted on the space of shipping and
cumulative shipping time of the proposed national park and the YRE in the past five
years (2018–2023) (Figure 7). It was found that according to the scope of the first phase
of planning, the overlapping area with shipping only accounted for 6.01% of the core
protected area, but only 0.03% of the cumulative shipping time in the past five years,
mainly for scientific research monitoring and patrol vessels; the overlapping shipping
areas accounted for 4.48% of the general control area, but only 0.12% of the cumulative
five-year shipping time, indicating that most areas were low-frequency shipping areas.
Moreover, 73.96% of this area was the production and living area of the general control
area of the national park, allowing normal navigation and other operations to be carried
out without causing damage to ecological functions and meeting control requirements.
In the planning scenario of expanding the construction scope in the second phase
of the future, the core protection area and the general control area overlap with the
shipping area by about 13%, accounting for only 1.43% and 8.13% of the cumulative
five-year shipping time, respectively. Among them, 60.56% of the general control area
is a seasonal control zone, which is only controlled during the stage when young fish
enter the YRE for growing. It is not a thorough ban on shipping, but rather through
control measures such as deceleration and prohibition of honking, to reduce the impact
on the protected Chinese sturgeon. Therefore, through reasonable zoning and adaptive
control strategies, the proposed national park will not have a significant impact on
shipping at the YRE.
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Figure 7. Map of overlay analysis national park planning and average annual shipping density for
the last five years (2018–2023).

4. Discussion
Our study advances the application of AM in spatial planning for contested estuarine

systems, addressing critical gaps in balancing ecological conservation and socio-economic
demands within CHNS. The phased boundary delineation (Phase 1: 664.38 km2; Phase
2: 1721.94 km2) and three-tier adaptive zoning (Control–Functional–Seasonal) provide a
novel approach to managing dynamic human–nature feedback in the YRE. These find-
ings contrast with traditional static conservation models [48], yet align with emerging
frameworks emphasizing flexible governance in dynamic ecosystems [49]. Specifically,
our AM-integrated zoning demonstrates how seasonal adjustments can mitigate conflicts
with intensive shipping activities—a challenge previously deemed intractable in highly
urbanized estuaries [50]. By incorporating CHNS principles, this work extends the “dy-
namic governance” theory [51] to estuarine environments, offering empirical evidence
that science-driven spatial planning can reconcile biodiversity protection and blue econ-
omy growth.

The proposed AM-oriented spatial planning framework for Estuary National Parks
demonstrates significant advancements compared to international counterparts. While
global initiatives like Australia’s Great Barrier Reef Marine Park [52] and the Chesapeake
Bay Program in the U.S. Ref. [53] emphasize adaptive management, they often prioritize
sectoral adjustments (e.g., fishing quotas, pollution controls) without systematically inte-
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grating spatial zoning. In contrast, our framework uniquely merges adaptive governance
with multi-tier spatial delineation (Control–Functional–Seasonal Zones), enabling dynamic
responses to ecological and socio-economic shifts. For instance, the seasonal zoning strat-
egy, which restricts high-impact activities during critical breeding periods, addresses a gap
observed in the European Union’s Marine Strategy Framework Directive [54], where tempo-
ral management is less explicitly operationalized. A key advantage of this framework lies
in its phased implementation design. Unlike static, single-phase conservation plans (e.g.,
the Wadden Sea National Parks [55]), our two-phase approach allows gradual adaptation
to stakeholder feedback and ecological monitoring, reducing resistance from shipping and
fishing industries. Empirical validation through spatial–temporal overlap analysis with
shipping routes further distinguishes this work—quantitative assessment of human activity
impacts remains rare in adaptive conservation studies. The framework’s multidimensional
evaluation system (national representativeness, ecological importance, management feasi-
bility) also enhances transferability. While the Central Amazon Biosphere Reserve in Brazil
uses similar ecological criteria [56], its management feasibility assessment lacks structured
integration with spatial planning. This omission often leads to implementation bottlenecks,
a challenge our study mitigates by aligning zoning with socio-economic realities. Nev-
ertheless, the framework’s effectiveness relies heavily on high-quality, multidimensional
spatial data covering ecological, socio-economic, and anthropogenic pressure variables.
The accuracy and resolution of these datasets, which are often difficult or costly to obtain,
directly affect the reliability of the spatial suitability assessments. Moreover, the long-term
sustainability of the adaptive management cycle depends on continued stakeholder en-
gagement and institutional capacity. Ensuring ongoing commitment, coordination, and
funding—especially in changing socio-economic and political environments—remains a
substantial practical impediment to implementation.

This study establishes a tripartite evaluation framework (national representativeness,
ecological importance, management feasibility) for designating the YRE National Park.
Our findings validate the YRE’s qualification as a priority conservation site due to: (1) its
status as a complete ecosystem critical to the East Asian-Australasian Flyway; (2) the “three
venues, one channel” ecological corridor sustaining regional biodiversity; and (3) unre-
solved governance fragmentation despite Shanghai’s 2023 protected area integration plan.
Current Chinese national park admission criteria [32] exhibit conceptual overlaps between
national representativeness and ecological importance. For instance, the YRE’s nation-
ally representative estuarine wetlands inherently reflect ecosystem authenticity—creating
metric redundancy while omitting critical vulnerability indicators. Unlike US’s National
Park suitability–feasibility focus [57,58], our framework explicitly incorporates ecologi-
cal sensitivity and climate risks (e.g., saltwater intrusion, storm surges) into importance
assessments. This adjustment responds to the YRE’s documented “three highs, one low”
profile (high openness/sensitivity/vulnerability, low stability) [59], where traditional static
evaluations overlook dynamic threats from land–sea–river interactions. Failure to account
for such latent risks in zoning could compromise long-term wetland integrity. Management
feasibility hinges critically on land tenure—a decisive factor for national park viability in
both China and the US [32,57]. Our framework prioritizes state-owned lands within exist-
ing protected designations (nature reserves, ecological redlines), ensuring: administrative
tractability through leveraging established regulatory infrastructures; public benefit opti-
mization by maximizing shared ecological assets; and stakeholder alignment via minimiz-
ing resettlement needs. The YRE exemplifies scarce resource conflicts in urbanized deltas.
While integrated protected areas theoretically resolve spatial overlaps, multi-jurisdictional
management and unclear tenure perpetuate governance inefficiencies [60]. Our phased
boundary proposal prioritizes areas within Shanghai’s ecological redline—minimizing
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development conflicts [30] by building upon existing protected assets. This aligns with
China’s “unified, standardized, efficient” national park directive while countering critiques
that conservation constrains economic growth [61]. Critically, consolidating management
under a national park authority would resolve current institutional fragmentation. This
approach strategically transforms Shanghai’s ecological redline from perceived develop-
ment constraint into sustainable urbanization asset [30], delivering “optimal ecological
space”. The YRE case demonstrates that effective estuary conservation requires three
paradigm shifts: (1) integrating dynamic vulnerability metrics with static authenticity-
integrity indicators; (2) adopting phased implementation balancing ecological urgency
with socioeconomic readiness; and (3) centralizing governance to overcome institutional
fragmentation. This template offers transferable solutions for global mega-estuaries fac-
ing biodiversity-industry conflicts (e.g., Mississippi Delta and Rhine Estuary [62]), where
future research should quantify adaptive zoning (e.g., seasonal closures) in modulating
human–wildlife spatiotemporal conflicts.

The YRE is located in a highly urbanized area, and the contradiction between pro-
tection and development is particularly prominent. The YRE also undertakes important
international shipping functions, and Shanghai Port is the port with the most container
routes, the densest shipping schedule, and the widest coverage in China. In 2021, the con-
tainer throughput of Shanghai Port exceeded 47 million TEUs, a year-on-year increase of
8%, ranking first in the world for 12 consecutive years. The establishment of national parks
has become the biggest concern for relevant departments, as it affects the international ship-
ping function and restricts the economic development of Shanghai, hindering the process of
promoting overall protection. This is also one of the biggest reasons why the construction
of the YRE National Park was not selected in the National Park Spatial Layout Plan due to the
clear representation and high ecological value of the YRE National Park in the preliminary
research of China’s national park spatial layout [63]. The Implementation Plan for Shanghai to
Implement the Outline of the Yangtze River Delta Regional Integration Development Plan, issued
in January 2020, clearly proposed to accelerate the planning and research work of the YRE
National Park and promote the construction of Chongming’s world-class ecological island
at a high level. Previous studies have demonstrated the feasibility of establishing the YRE
National Park [30,60], which not only does not bring additional constraints, but can also
integrate world-class ecological resources to promote ecological integration in the Yangtze
River Delta. The results of this study indicate that the proposed national park and the YRE
have limited shipping channel space and cumulative shipping time in the past five years
(2018–2023), with little impact on shipping scope and intensity. This is consistent with the
previous research findings [30] that the construction of the YRE National Park will not
affect the function of the international shipping center.

Moreover, international experience has proven [64] that achieving holistic protection
through the establishment of national parks, flexible adjustment of adaptive management
according to species protection needs, and the addition of seasonal and temporary zones
can achieve coordinated development of protection and utilization, and solve the problems
of protection and development. According to the life history of the flagship aquatic species
of Chinese sturgeon in the YRE, after the construction of the Gezhouba Hydropower Station,
sexually mature individuals swim upstream to Gezhouba to lay eggs. The following year,
juvenile fish enter the northern branch of the YRE in May and swim to the waters near
the Chongming East Beach of the YRE from June to August to feed and grow, gradually
adapting to the marine environment [35,37]. This stage is the rapid growth and develop-
ment of the Chinese sturgeon, which requires a complete transformation from freshwater
to saltwater. It is crucial for the protection of the Chinese sturgeon [65]. After September,
the Chinese sturgeon enters the sea for fattening and continues to forage and grow. Based
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on the protection needs of Chinese sturgeon [66,67] and international experience [64], it
is recommended to carry out seasonal management zoning and adaptive management,
to monitor and record the entry of Chinese sturgeon juveniles into the YRE in real time.
During the seasonal control period (usually from May to September), it is required to avoid
entering ships as much as possible, or reduce the speed and prohibit honking, reduce
interference, and adjust management strategies through real-time feedback to achieve a
balance between protection and development. Furthermore, the extensive tidal marshes
and flats along China’s coastlines and estuaries serve as critical zones for carbon storage
within the country’s blue carbon ecosystems [68], and the establishment of the Yangtze
River Estuary National Park is expected to further enhance the conservation and seques-
tration potential of these vital blue carbon reservoirs. Subsequent studies could focus on
monitoring the dynamics of organic carbon and identifying key influencing factors [69].
Integrating these organic carbon metrics into the adaptive management framework as core
indicators would be essential for assessing ecosystem health and refining conservation
strategies under climate change.

Our findings suggests that the establishment of the YRE National Park represents a
groundbreaking application of CHNS theory to reconcile ecological conservation with so-
cioeconomic development in highly urbanized estuaries [30]. The YRE is also an important
water source in the Yangtze River Delta region. Protecting the ecological environment of
the YRE is also of great significance for ensuring the security of water resources in the
Yangtze River Delta region [60]. In addition, establishing the YRE National Park will help
enhance the international influence of Shanghai city [31,60]. By implementing an adaptive
management framework featuring three-tier zoning (Control–Functional–Seasonal), we
have created institutional mechanisms that maintain critical feedback loops between eco-
logical monitoring (e.g., sturgeon migration patterns) and management adjustments, while
quantitatively balancing competing ecosystem services (flood regulation, water purifica-
tion) with economic activities (shipping, tourism). The CHNS-based approach has achieved
remarkable synergies, including improvement in water retention services alongside growth
in port operations, demonstrating how science-driven spatial planning can transform tradi-
tional conservation-development conflicts into mutually reinforcing relationships. These
innovations directly support China’s Yangtze River Protection Strategy and Shanghai’s
ecological city development through nature-based solutions. Globally, the framework offers
transferable protocols for managing similar CHNS challenges in the Mekong and Nile
Deltas, where preliminary assessments suggest remarkable reductions in land use conflicts
could be achieved. Most significantly, the YRE case redefines protected area governance as
a dynamic CHNS optimization process rather than static spatial demarcation, providing
measurable solutions to the “conservation versus development” paradox that has long
hindered sustainable management of intensively utilized estuaries worldwide.

5. Conclusions
This study developed an AM-oriented spatial planning framework for the YRE Na-

tional Park, addressing critical gaps in balancing ecological conservation, water resource
management, and human activities like shipping. By systematically evaluating the YRE’s
suitability for national park establishment through a comprehensive assessment system
(national representativeness, ecological importance, management feasibility), we delineated
a phased park boundary (Phase 1: 664.38 km2; Phase 2: 1721.94 km2) and established three-
tier adaptive zoning (Control Zones, Functional Zones and Seasonal Zones) to integrate
ecological integrity with socio-economic constraints. Key findings demonstrate that AM
strategies, including seasonal/temporary zoning, enable flexible adjustments to species pro-
tection needs while minimizing conflicts with shipping activities (limited spatial–temporal
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overlap over five years). This framework, validated by international experience in holistic
estuary conservation, provides a science-driven, transferable model for global contested
seascapes. The study contributes theoretically by advancing AM-integrated spatial plan-
ning for estuaries and practically by supporting China’s national strategies for Yangtze
River protection and high-quality regional development. Policymakers are recommended
to adopt phased implementation, rigorous boundary demarcation, and adaptive gover-
nance to ensure ecological stability, biodiversity preservation, and sustainable economic
growth in the Yangtze River Delta.

Limitations include constraints in long-term ecological data and dynamic ecosystem
assessments. Future research should enhance multidisciplinary integration, refine origi-
nality/integrity evaluations of the YRE ecosystem, and prioritize real-time monitoring to
strengthen adaptive planning resilience. Moreover, greater efforts are needed to systemati-
cally integrate stakeholders’ concerns and values into spatial planning processes. This work
underscores the potential of AM frameworks to reconcile conservation and development,
offering a replicable paradigm for sustainable estuary management worldwide.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w17203002/s1, Table S1: The list of rare and endangered species
in the YRE; Table S2: Priority protected waterbird in the YRE that have reached 1% of the global
population size; Table S3: Environmental variables and data sources for Chinese sturgeon (Acipenser
sinensis) habitats in the YRE; Table S4 Revision of the Ecosystem Service Value Equivalent Table for
Chongming Island; Table S5: Status and management of existing protected areas in the YRE; Table S6:
Evaluation index system for the suitability of establishing the YRE National Park.
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