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Abstract

Identifying the important ecological areas for priority protection is critical to conducting  
the regional ecological security pattern. Taking a typical waterside area in Shanghai Metropolitan  
Area as a case study, this paper proposed a composite evaluating index framework of land-water 
ecosystem services (ESs) considering aquatic and terrestrial aspects, based on the ESs supply efficiency 
and multi-source data. We calculated the supply capacity of aquatic, terrestrial ESs, and land-water 
coupling degree respectively by quantitative evaluation model and coupling method to extract the 
vital ESs supply patches as the priority protected areas. Then some hierarchical control suggestions  
were put forward to determine the protected grades based on the landscape connectivity. The results 
showed that: (1) The total area of the priority protected areas was 263.37 km2, accounting for 12.29% 
of the whole region, and was mainly distributed in northwest areas more than in the southeast areas.  
(2) The aquatic and terrestrial priority protected regions were identified with areas of 240.02 km2 and 
23.35 km2 respectively through the land-water coupling analysis. (3) The ecological priority was divided 
into four grades. (4) The coincidence rate between the planned control line of the study area and priority 
protected areas was up to 81.12% and the non-coincident part could be used as the priority green 
spaces for urban planning in the future. The study provides a scientific model for the implementation 
of ecological space protection and restoration in regions around the metropolis in developing countries.

    
Keywords: ecosystem services, priority protected areas, coupling evaluation model, aquatic spaces, 
terrestrial spaces

*e-mail: weijx@njau.edu.cn

DOI: 10.15244/pjoes/151108 ONLINE PUBLICATION DATE: 2022-09-20



Ni Y., et al.5176

Introduction

Ecosystem services (ESs) refer to the goods, 
processes, and natural conditions provided by an 
ecosystem that is indispensable for human well-being 
and subsistence [1-3], including provisioning, regulating, 
supporting, and cultural service [4]. For the past years, 
rapid urbanization has transformed natural spaces  
into construction land dramatically, leading to the 
serious degradation of ESs capacity and an imbalance 
between the ESs supply and demand [5, 6]. This 
circumstance has caused a series of ecological risks, 
threatening both ecological security and sustainable 
economic development [7]. Thus, how to effectively 
and efficiently protect natural spaces and enhance the 
quantity and quality of ESs are of critical importance 
for spatial decisions under the background of land 
scarcity [8, 9].

In recent years, urban open and green spaces are 
continuously lost in rapidly developing regions [10], 
while the surge of the population with unhealthy 
urbanization has aggravated the mental and physical 
deterioration of people’s daily environment [11,12]. 
Hence restoring natural spaces is urgent to meet people’s 
environmental needs [13]. It has become a global trend 
to incorporate ecological network construction into the 
urban planning, alleviating environmental risks by the 
integration and connection of broken natural spaces 
[14, 15], especially in the areas with speedy population 
growth and environmental degradation, such as South 
Africa [16], Cuenca [17], Atakum [18] and Kolkata 
Metropolitan Area [19]. However, due to the limited 
land resources in China’s rapidly urbanized areas 
[20], it is unrealistic to restore ecosystem function and 
resist ecological risks by increasing natural spaces on 
a large scale [21]. In order to maximize the utilization 
efficiency of the existing natural resources [22], patches 
providing important ESs should be established as the 
priority protected areas to prevent the further damage 
to the regional ecosystem function caused by the blind 
expansion of construction land and the pollution from 
human activities [23].

The identification of priority protected areas that can 
provide sufficient ESs is the core of ecological security 
pattern zoning and planning, and the source of much 
difficulty in the practical application of ESs theory. 
Previous studies primarily focused on the protection of 
biodiversity [24, 25], leading a large number of scholars 
to conduct in-depth research from the perspectives 
of landscape network [26], green infrastructure [27], 
ecological control line, and ecological risks [28], 
and then gradually turned to the study of ecosystem 
services value (ESV) [29-31]. In recent years, ESs 
assessment and mapping have become effective tools 
to support ecological function evaluation and ecological 
importance identification of ecological spaces [32].  
The spatial representation of ES assessment results  
can show how the assessed value changes spatially [33] 

and reflect which areas should be retained preferentially 
or be included as key patches in the ecological network 
due to the high ESs supply [34-36]. In addition, the 
regional priority protected areas are supposed to 
play an effective and relatively more efficient role 
in the ecological protection of the whole region. 
The identification of priority protected areas mainly  
includes three modes as follows: 1) direct identification 
based on the existing protection spaces or land use 
status [37]; 2) selecting based on morphological spatial 
pattern analysis (MSPA) and combined with the patch 
function evaluation [38, 39]; 3) constructing multi-angle 
composite evaluating index systems of ESs importance, 
ecological sensitivity or ecological stability [40-42]. 

The primary problem in identifying high-supply 
ESs priority protected areas is the quantitative ESs 
assessment. At present, the application of evaluation 
formulas and models for terrestrial ESs is relatively 
mature [43-45]. Nevertheless, most studies of ESs 
spatial planning and mapping mainly focused on 
large magnitude terrestrial spaces or sites with few 
aquatic areas [46, 47]. They attached importance to 
the calculation of fixed environmental parameters 
based on the spatial pattern [48, 49], ignoring different 
types of dominant ES among different regions [50]. 
These traditional evaluation methods failed to link the 
prominent ecological risks in rapidly urbanized areas 
[51], which could not reflect the specific ecological value 
of the regional aquatic ecosystem. Actually, the aquatic 
ecosystem plays a pivotal role in ESs assessment [52, 
53]. Neglecting the ESs provided by water spaces will 
affect the analysis of the overall evaluation results, 
resulting in insufficient guidance for their practical 
application [54].

Given the above research gaps and the need to 
protect the whole land and water spaces in rapidly 
urbanized areas, a large number of developing countries 
are realizing that the accurate identification of priority 
protected areas has become the primary problem in 
ecological protection. They took relevant measures to 
delimit the spaces prohibited from development and 
construction [55, 56], ensuring the integrity of critical 
ecosystems and the effective ESs supply. However, in 
general, the identification method of urban ecological 
spaces guided by the regional key ESs functions is still 
under trial and exploration. Therefore, taking a typical 
waterside area in Shanghai Metropolitan Area as an 
example, this study proposes a novel composite ESs 
assessment approach to identify the ecological priorities 
based on land-water coupling modeling, extracting 
the vital ESs supply patches as the priority protected 
areas of the study area. The objective of this study is 
to quantify the ESs supply efficiency by constructing a 
new land-water coupling ESs assessment framework, so 
as to identify the spatial priority of rapidly urbanized 
areas more clearly and accurately. Meanwhile, our 
research can provide a reference for the protection and 
restoration of urban ecological spaces.
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Material and Methods

Methodological Framework of Land-Water 
Coupling ESs Assessment

This study generates a technical path of the 
composite ESs evaluating system considering both 
aquatic and terrestrial aspects, which is suitable for 
the rapidly urbanized areas in developing countries. In 
view of summarizing the typical ecological risks, we 
selected the regional key ESs to construct quantitative 
evaluation models, and calculated the supply capacity 
of aquatic and terrestrial ESs respectively. Based on 
the coupling model, the important ESs patches with 
high land-water coupling degree are extracted, and 
the priority protected areas are identified through the 
minimum area threshold. Finally, according to the 

landscape connectivity, the priority protected areas 
are divided into four grades with different hierarchical 
control strategies (Fig. 1).  

Study Area

Shanghai Metropolitan Area is one of the most 
developed and the most strongly urbanized regions with 
a distinctive water-land environment in China [57]. The 
study area is a typical waterside area at the junction 
of Jiangsu, Zhejiang and Shanghai (30°45'-31°17'E, 
120°21'-121°19'N), whose administrative divisions 
include Qingpu, Wujiang and Jiashan, covering an area 
of 2143 km2 (Fig. 2). With flat terrain, dense lakes and 
rivers, and abundant waterside villages, the study area 
provides necessary ESs to the Shanghai Metropolitan 
Area and is an important ecological buffer for the 
transition from Taihu Lake to rapidly urbanized areas.

Fig. 1. Integrated assessment framework of land-water coupling ESs.
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With the process of economic reform and opening 
up, the proportion of construction land in the study 
area has been increasing from 12.27% to 29.42% over 
the past 18 years, resulting in the severe loss of the 
traditional water network [58], which still accounts for 
20.45% of the total area. Meanwhile, typical ecological 
risks caused by the extensive economic development 
mode in small town clusters should be mitigated 
urgently, such as ecological patch fragmentation, lower 
landscape connectivity, serious flood disasters, increased  
pollution emission, and wetland environment 
degradation [59, 60]. These environmental problems 
have become key factors restricting economic 
development and destroying the distribution of 
ecological spaces in the study area.

Data Sources and Processing

The data used in this study mainly include 
meteorological data, ecosystem-type data, earth surface 
evapotranspiration data, soil data, elevation data (DEM), 
normalized differential vegetation index (NDVI), mean 
perennial net primary productivity (NPP), the land-
use/land-cover (LULC) and road network distribution 
of study area (Table 1). Since some data could not 
obtain the latest version, we used the data sets of 
different years (2015 and 2018, respectively). In order 
to reduce the uncertainty of the results caused by the 
fluctuation of the above indicator values in 2015/2018, 
the data (including soil seepage capacity, NDVI, and 
evapotranspiration, et al.) that did not need to be put 
into the evaluating formulas were standardized to a 

Fig. 2. The geographical location of the study area: a) geographical location of Shanghai Metropolitan Area; b) location map of the study 
area; c) land use type of the study area.
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value between 0-1 for the subsequent assessment, while 
the other data were directly used in the calculation. All 
the raw image data were processed with the ArcGIS 
10.7 platform for projection correction and boundary 
cropping.

Identification of Regional Key ESs

Regional key ESs are defined as the ES types that 
play a significant leading role and have a great impact 
on other services in a specific environment and scale 
[61]. In this paper, we have chosen the aquatic ESs  
as regional key ESs mainly based on the following 
criteria: As a national water conservation space 
[62], the study area has prominent geomorphological 
characteristics of the waterside environment, with 
water area accounting for more than 20% of the 
total area [63], which have a major influence on the 
ecological security pattern. Therefore, we evaluated 
the importance of aquatic ESs supply by constructing a 
land-water coupling ESs evaluating system to improve 
the accuracy and comprehensiveness of ecological 
space identification.

Composite ESs Importance Evaluating System

Aquatic ESs Importance

According to the existing studies [64,65] and the 
classification plan for ESs in the UN Millennium 
Ecosystem Assessment [66], we identified 6 services 
and 13 aquatic ESs supply evaluation index factors 
to construct the aquatic ESs importance evaluating 
system, including water supply (WS) in the provisioning 
service, flood regulation (FR) and water purification 
(WP) in the regulating service, aquatic biodiversity 
maintenance (ABM) in the supporting service, cultural 
landscape resources (CLR) and recreation potential 
(RP) in the cultural service.

We invited 12 experts to conduct a questionnaire 
survey, whose research fields include landscape 
ecology, ESs assessment and mapping, urban ecological 
design, and sustainable landscape. According to the 
experience and preferences of experts in relevant fields, 
the relative importance of each ESs factor to the study 
area was determined based on Analytic Hierarchy 
Process and used as the weights in the evaluating 
model (Table 2). The individual indicator was divided 
into five ranks in the evaluating model, then the rank 
values were transferred into ArcGIS 10.7 to map the 
spatial distribution of aquatic ESs assessment results in 
the study area (detailed evaluation criteria of ranks and 
questionnaire design are shown in the Supplementary 
Materials).

Among them, the habitat quality indicator adopts 
the biodiversity module in InVEST model [35], which is 
calculated as follows:

               (1)

    (2)

where Qxj is the habitat quality index of the grid x in 
land use and land cover j; Dxj is the habitat stress level 
of the grid x in land use and land cover j; Hj is the 
habitat suitability of land use and land cove j; k is half-
saturation constant; z is a normalized constant, for which 
the default parameter of the model is 2.5; r is the threat 
factor; R is the number of threat factors; Y represents the 
number of grid cells; ωr is the weight of r whose value 
is 0 or 1; iriy represents the influence of r from grid y on 
habitat in the grid i; βi is the level of accessibility; and Sjr 
is the sensitivity of LULC type j to r. 

Table 1. Data sources and basic information.

Data Set Time Accuracy Source

Meteorological data 2015 500m China Meteorological Data Sharing Service System (http://data.cma.cn)

Ecosystem type data 2015 - Remote Sensing Survey and Assessment Result of National Ecological Status

Earth surface 
evapotranspiration data 2015 1 km Website of Science and Technology Resources Service System of Chinese 

National Ecosystem Research Network(http://www.cnern.org.cn/)

Soil data 2015 1 km National Tibet Plateau Data Center 1: 1,000,000 China Soil Data Set(http://data.
tpdc.ac.cn/)

Elevation data 2018 30 m Geospatial Data Cloud DEM Data Set(http://www.gscloud.cn/)

NDVI data 2015 1 km Geospatial Data Cloud (http://www.gscloud.cn/)

NPP data 2015 250 m Geospatial Data Cloud (http://www.gscloud.cn/)

LULC data 2018 30 m Institute of Geographic Sciences and Natural Resources Research, CAS(http://
www.igsnrr.ac.cn/)

Road data 2018 - Geospatial Data Cloud (http://www.gscloud.cn/)
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 (7)

where SR denotes the amount of soil retention;  
represents potential soil erosion while Ap represents 
actual soil erosion; R is the rainfall erosion factor; 
K is the soil erodability factor; L and S represent the 
topographic factor (slope length and gradient); C denotes 
vegetation coverage factor; pi and p represent average 
monthly precipitation and average annual precipitation, 
respectively; β is the parameter that 0.3937 in warm 
seasons and 0.3101 in cold seasons; KEPIC is the soil 
erodability factor before correction.

Terrestrial biodiversity maintenance (TBM) service 
took the biodiversity maintenance service capability 
index as the evaluation index, and the calculation 
formula is as follows:

    (8)

where TBM represents terrestrial biodiversity 
maintenance service capability index, NPPmean is 
the mean perennial net primary productivity, Fpre is 
the average annual precipitation factor, Ftem is mean 
perennial temperature factor, and Falt is the altitude 
factor.

Identification of Priority Protected Areas 
Based on the Coupling Model

The coupling refers to the interaction and influence 
between two or more systems. and the coupling degree 
represents the extent of interaction between systems 
[69]. Coupling analysis has been widely adopted to 
investigate the relationships between urbanization  

Terrestrial ESs Importance

The study area located in the Middle-Lower Yangtze 
River Plain without a coastline is not closely related to 
wind prevention, sand fixation, and coastal protection 
services. Therefore, based on the characteristics of 
the regional ecological environment, we constructed 
the evaluating model for quantitative assessment with 
three services including water conservation (WC), soil 
retention (SR), and terrestrial biodiversity maintenance 
(TBM). 

Water conservation (WC) service is calculated by 
the water-balance equation [67]. The equation is: 

        (3)

                                (4)

where WC represents the water conservation index; Pi is 
the average annual precipitation factor; Ri is the surface 
runoff factor; ETi is the surface evapotranspiration 
factor; Ai is the ecosystem area; i is the serial numbers 
of ecosystem types; j is the total ecosystem types; P is 
the average annual precipitation; a is the average surface 
runoff coefficient determined by ecosystem type. 

Soil retention (SR) service applied the Universal Soil 
Loss Equation (RUSLE) model to simulate soil erosion, 
and SR is calculated using the following equation [68]:

  (5)

      (6)

Table 2. Classification and weight of aquatic ESs importance assessment.
Benchmark 

layer A Weight Benchmark 
layer B Weight Index layer (unit) Weight

Provisioning 
service 0.4961 WS 0.4961

Soil seepage (%) 0.0811

Production land types 0.2677

Distance from drinking water sources (m) 0.1473

Regulating 
service 0.2121

FR 0.1767

Water areas (km2) 0.0809

Areas of impermeable surfaces (km2) 0.0223

Flood inundation scope 0.0735

WP 0.0354
NDVI (%) 0.0236

Distance from wetland (m) 0.0118

Supporting 
service 0.1915 ABM 0.1915

Habitat quality 0.1596

Distance from biodiversity maintenance areas (m) 0.0319

Cultural 
service 0.1003

CLR 0.0752 Distance from waterside historical remains and traditional villages (m) 0.0752

RP 0.0251
Distance from historical waterway recreation (m) 0.0201

Number of visual river and lake landscapes 0.0050
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and ESs [70, 71]. In this study, to better reflect the 
extent of interaction between the terrestrial and aquatic 
ecosystems based on the results of ESs importance 
evaluation, a land-water ESs coupling model is 
constructed. The formula is:

                       (9)

where C denotes the coupling degree (0≤C≤1), while 
U1 and U2 are the normalized aquatic and terrestrial 
ESs importance assessment index (0≤U1≤1, 0≤U2≤1), 
respectively. The patches with a high coupling degree 
(0.8≤C≤1) of terrestrial and aquatic ESs were selected as 
the ecological patches for priority protection. 

The habitat patches can only impact the ecological 
security pattern and migration circulation of species 
under a certain scale and continuous space [72]. 
Referring to the results of previous studies and island 
biogeography theories [73], the species richness of 
patches rises with the increase of patches area [74]. The 
famous Species-area Equation was proposed as follows 
[75]:

                  (10)

where S is the species richness, A is patches area, and 
C and z represent constants. The theoretical value of z 
is 0.263, often between 0.18 and 0.35, while the change 
of C value reflects the influence of geographical location 
on the species richness.

Therefore, the minimum area threshold of ecological 
patches is determined by analyzing changes in the 
number of important patches and the proportion 
to the total study area. Then we further calculated 
the proportion of species richness in each threshold 
compared with the situation of retaining all ecological 
patches. The fragmentary patches whose area is less 
than the threshold are removed, while the concentrated 
small patches are combined and processed properly to 
obtain the final scope of priority protected areas.

Hierarchical Control of Priority Protected Areas 
Based on Landscape Connectivity

Based on the Conefor 2.6.2 software platform [76] 
and previous studies [77, 78], 800m is finally selected 
as the optimal migration threshold upon comparison 
among 11 groups of 100-2000m distance thresholds. 
The connectivity probability is set as 0.5, while the 
landscape coincidence probability (LCP), possible 
connectivity (PC), and other indices are used for 
landscape connectivity evaluation of priority protected 
areas. The priority protected areas are divided into 
four grades according to the results, putting forward 
hierarchical control framework. 

Results

Comprehensive Assessment of Aquatic 
ESs Importance

The results of aquatic ESs importance assessment 
obtained with the AHP method were shown in Fig. 3, 
and the area of ecological patches evaluated to be 
superior is 272.50 km2, which accounts for 12.72% of 
the total study area. Upon the index layer map stacking, 
high-supply areas of ESs were mainly concentrated in 
large lakes like Taihu Lake and Yuandang-Dianshan 
Lake, the junction between Jiashan and Qingpu, and 
the southwest of Wujiang. These areas had higher 
ecological quality due to the large patch size and the 
relative distance from densely populated urban living 
areas. The situation in low-supply ESs areas was 
roughly consistent with the construction spaces scope 
(Fig. 3e). 

Among them, the provisioning service was mainly 
affected by two drinking water sources close to Taihu 
Lake and Changbaidang (Fig. 3a). The regulating service 
was strongly related to the area of aquatic patches, 
and the broken patches in the southeast had relatively 
low importance (Fig. 3b). In the supporting service, 
Dianshan Lake area played a leading habitat role, while 
low-supply areas included most of the cultivated land 
and built-up spaces (Fig. 3c). In addition, the high-
supply areas of cultural service reflected regions with 
abundant waterside cultural landscape resources such 
as historical remains, traditional villages, and historical 
waterways (Fig. 3d).

Comprehensive Assessment of Terrestrial 
ESs Importance

The results of the terrestrial ESs importance 
assessment were shown in Fig. 4. The area of ecological 
patches evaluated to be superior is 34.31 km2, which 
only accounts for 1.60% of the total study area. 
Compared with important ecological patches in the 
aquatic area, the spatial distribution of terrestrial high-
supply areas was mainly concentrated in the southeast 
and had a relatively scattered spatial pattern which was 
basically distributed in the suburbs. Owing to the less 
vegetation coverage and lower evapotranspiration than 
farmland and forest in the suburbs and the permeability 
of natural soil is almost the same as that in the more 
peripheral cultivated land environment, while the 
surface run-off is relatively low, the suburbs can retain 
more rainfall after raining. The low-supply areas were 
mainly concentrated in the internal scope of urban areas 
and the perimeter zones around large lakes (Fig. 4d).

Among them, the high-supply areas of WC service 
were distributed in the suburbs close to the cities and 
towns, while the low-supply areas were concentrated 
in the northwest of Wujiang and the regions around 
Taihu Lake (Fig. 4a). The overall SR service spatial 
distribution was bounded by the Taipu River, showing 
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an ecological pattern of “high in the northwest, low in 
the southeast” (Fig. 4b). The high-supply areas of BM 
service were mainly located in the south of Wujiang 
and the junction between Jiashan and Qingpu. Due to 
the NPP factor being NoData in both water areas and 
construction spaces, the low-supply areas of TBM were 
located within these two types of underlying surfaces 
(Fig. 4c).

Priority Protected Areas Filter and Identification

Results of Land-Water Coupling Degree and Minimum 
Area Threshold

Summarizing the results of terrestrial and aquatic 
ESs assessment, we obtained the spatial layout of land-
water ESs coupling degree by constructing the coupling 

Fig. 3. Results of aquatic ESs importance assessment: a) provisioning service; b) regulating service; c) supporting service; d) cultural 
service; e) aquatic ESs.
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degree model (Fig. 5a). The important ecological 
patches with high coupling degree (0.8≤C≤1) were 
selected and further screened according to the area 
threshold of patches. With the minimum area threshold 

of the region increased, patches area and the retained 
species richness decreased. When the minimum area 
threshold was set between 0-1 km2 at an interval of 
0.1 km2, the percentage of patches areas to total study 

Fig. 4. Results of terrestrial ESs importance assessment: a) water conservation service; b) soil retention service; c) terrestrial Biodiversity 
maintenance service; d) terrestrial ESs.

Table 3. Changes in the number and area proportion of patches to the total study area.

Minimum area 
threshold/m2 Number of patches Retained patches areas/m2 Percentage of total 

study area/%
Percentage of retained 

species/% 

0 519 311.50 14.54 100.00

0.1 248 297.66 13.89 98.64

0.2 154 283.71 13.24 97.23

0.3 119 275.18 12.84 96.34

0.4 80 263.37 12.29 95.07

0.5 70 256.47 11.97 94.32

0.6 63 252.53 11.78 93.88

0.7 56 247.92 11.57 93.36

0.8 51 244.23 11.40 92.94

0.9 44 238.33 11.12 92.26

1.0 40 234.49 10.94 91.81
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area maintained between 10.94%-14.54%, while the 
percentage of retained species decreased from 100% 
to 91.81% (Table 3, Fig. 5b). Each index decreased 
rapidly at the threshold of 0-0.4 km2 and changed little 
after 0.4 km2. When the area threshold was 0.4 km2, 
the number of species retained could reach more than 
95% of retaining all the original patches. Therefore, the 
minimum area threshold was set to be 0.4 km2, and the 
scattered fragmented patches with an area less than this 
threshold were removed to obtain the spatial distribution 
of priority protected areas in the study area.

Spatial Distribution of Priority Protected Areas

Upon the small fragmented patches were removed, 
80 ecological patches were obtained in this typical 
waterside area in Shanghai Metropolitan Area as 
shown in Fig. 5c), with an area of 263.37 km2 and 
a proportion to the total study area of 12.29% (including 
1.09% for terrestrial spaces and 11.20% for aquatic 
spaces). In terms of land use types, there were wide 
gaps in priority protected areas between terrestrial and 
aquatic spaces, and terrestrial ecological patches were 

only sporadically distributed around the urban areas.  
In terms of spatial distribution, it mainly included Taihu 
Lake and Yuandang-Dianshan Lake, middle-sized lakes 
such as Beimayang in the south of Wujiang, Changyang, 
Fenhu Lake in the center of the study area, and other 
small contiguous lakes. Generally, it presents the spatial 
distribution characteristics of “North More and South 
Less, West More and East Less”.

Hierarchical Results and Control Suggestions 
of Priority Protected Areas

Based on the landscape connectivity analysis 
results, the conservation priorities were determined 
as four grades (Fig. 5d). The top priority zone 
(dPC>20.0) mainly included Taihu Lake and Yuandang-
Dianshan Lake, which had a decisive impact on the 
regional ESs supply and ecological environment. The 
high priority zone (5.0<dPC≤20.0) had made great 
contributions to individual ES, but the patches in this 
zone were relatively broken. The moderate priority zone 
(2.0<dPC≤5.0) and the low priority zone (dPC≤2.0) 
were scattered in the study area, mainly concentrated 

Fig. 5. Results of priority protected areas identification: a) land-water ESs coupling degree; b) changes in the minimum area threshold 
and the percentage of retained species; c) spatial distribution of priority protected areas; d) landscape connectivity evaluation of priority 
protected areas.
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in the west of the Wujiang High-tech Zone, northern 
Wujiang and the junction of three districts (Table 4).

Discussion

The Rationality of ESs Assessment Framework

Quantitative assessments of water-related ESs 
have traditionally focused on the benefits linked to 
direct water availability for humans [79]. Under this 
perspective, the terrestrial natural spaces with high 
vegetation coverage are regarded as the main water 
producers and savers, such as forest and grassland, 
which realize water supply and regulation through 
interception and transpiration [80, 81]. In contrast, the 
ecological role of the original water spaces and aquatic 
ecosystems that have been generated and maintained 
is often neglected in the calculation [82]. Therefore, 
specific indicators are necessary to incorporate the 
direct and indirect contribution of aquatic ecosystems 
into ESs assessment framework.

At present, most of the existing ESs assessment 
frameworks rarely consider the coupling evaluation 
of aquatic and terrestrial ESs equally, but rather treat 
aquatic ESs as part of terrestrial assessment. Their 
typical approaches include using water yield or water-
balance models to represent water-related ESs [83, 84], 
evaluating ESs of different land use types through 
experts scoring [85], and selecting indicators from the 
classification framework of UN Millennium Ecosystem 
Assessment (e.g. food security, water supplement and 
biodiversity conservation) [86]. But in the present study, 
aquatic ESs had a separate evaluating index system. 
The supply capacity of aquatic ESs was characterized 
by mapping the environmental indicators that were 
water-related or had a potential influence on aquatic 
ecosystem, such as distance from wetland, flood 
inundation scope and areas of impermeable surfaces. As 
for the terrestrial part of ESs assessment, our methods 
were similar with the other studies, and then the aquatic 
and terrestrial evaluation results were standardized to 
the same dimension through the land-water coupling 
model. In addition, many previous studies only selected 
biophysical indicators for the ESs calculation [87], 
while rarely involved the socio-cultural indicators 
closely related to the regional social and economic 
status. Based on cultural characteristics of the study 

area, we evaluated cultural landscape resources (CLR) 
and regeneration potential (RP) through indicators 
such as distance from historical waterway, number of 
visual river and lake landscapes, which complemented 
the detailed evaluation of cultural services in the ESs 
assessment framework.

The assessment results provide a basis for adding 
composite surrogate indicators representing the aquatic 
ecosystem into the framework [88, 89]. The terrestrial 
priority protected areas were distributed seriously 
fragmented and basically in the suburbs, which could 
not reflect the natural features. Yet the aquatic part 
accurately reflected the distribution of lakes with 
important ecological value. It can be concluded that 
the land-water coupling ESs assessment framework can 
make up for the limitations of the traditional assessment 
formulas to some extent.

Priority Setting and Governance 
of Natural Spaces

In this paper, we consider implementing different 
control strategies for different grades of protected areas. 
The top priority zone with the highest connectivity 
index contains a large number of intact drinking 
water sources and wetlands. In addition, this zone 
has a high capacity to deliver recreation and water 
purification services, including two tourist attractions 
of Taihu Lake and Yuandang-Dianshan Lake that have 
a decisive impact on the regional ESs supply. Thus, 
any development and construction activities harmful 
to the environment should be prohibited, while the 
big lake patches should be protected as a waterside 
cultural core based on the local cultural landscape 
heritage. The high priority zone is the main space 
for ecological restoration, which not only provide 
important individual ESs but also connect the top 
priority zone and urban spaces to a certain extent. For 
this ecological location-critical zone, it is necessary to 
advance the integrity of patches and expand the scale 
of habitats by implementing measures for ecological 
restoration, river connectivity strengthening, and rural 
environment improvement. The patches of the moderate 
and low priority zones are relatively smaller and widely 
distributed, which can be assembled and integrated into 
larger patches at a regional scale. These patches would 
be used as stepping stones to connect the top priority 
zone and important ecological hubs in the study area, 

Table 4. Distribution statistics of conservation priorities.

Conservation 
priorities Land use type Number of 

patches
dPC 
mean Area/m2 Percentage of total 

protection spaces/%

Top priority Water area, forest 2 41.20 125.08 47.49

High priority Water area 6 7.20 51.13 19.41

Moderate priority Water area,  forest 9 2.90 30.20 11.47

Low priority Water area,  forest, grassland 63 0.73 60.97 23.15
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establishing suburban greenbelts and wetland parks. In 
the rapidly urbanized areas like Shanghai Metropolitan 
Area, the governance of natural spaces needs detailed 
strategies according in accordance with priorities to 
address complex and diverse ecological risks. Our 
research results can provide spatial reference guidance 
for decisions on optimal natural resource management 
and environmental protection in future urban ecological 
network planning.

Reliability and Outlook of Urban Ecological 
Spaces Delimitation

Overlapping the priority protected areas with the 
control line of important lakes delimited, it can be 
found that 76 lakes including Taihu Lake, Yuandang-
Dianshan Lake and Fenhu Lake are basically located 
within the scope of priority protected areas (Fig. 6). 
The spatial coincidence rate reaches 81.12%, indicating 
that the identification results are reliable. Moreover, the 
remaining 18.88% of the priority protection areas that 
do not coincide with the lakes control line are land areas 
with a high ESs coupling degree. The main components 
of these ESs are wetlands, forests and farmlands in 
suburbs, around important lakes or close to water 
sources. Due to the high proportion of farmland and 
the relatively small area of forest and grassland in the 
study area, according to the expected goal of increasing 
the forest coverage from 8.6% to 12% by 2035 proposed 
in the planning scheme of the study area [53], the non-
overlapping areas in the priority protected areas can 
be used as the critical areas of land-water coupling 
ecosystem. These new green spaces will become the 
focus of future ecological construction in the study area, 
providing references for the site selection of ecological 
spaces such as forest parks and suburban greenbelts.

Since the influence of regional scale, data 
acquisition accuracy, and other aspects, there are certain 
limitations in the land-water coupling ESs evaluating 
system and key ecological sources identification 
methods in this paper. The future study can be 
conducted from the following aspects: 1) Exploring the 
quantitative evaluation methods of blue-green coupling 
infrastructure based on multi-source data. 2) Combined 
with the coordination between supply and demand, 
discussing the influence of synergistic or trade-off 
effects among different ESs on ecological spaces 
identification in specific scale areas.

Conclusions

Under the background of regional integration and 
rapid urbanization, optimizing the rational distribution 
of ecological spaces and identifying the priority 
protected areas [90] are the most important topics for 
regional green development and ecological civilization 
construction. This paper constructed a composite land-
water coupling ESs evaluating system to assess both 
aquatic and terrestrial ESs importance in a typical 
waterside region of Shanghai Metropolitan Area, 
then effectively quantified the ESs coupling model, 
identifying and mapping the priority protected areas 
distribution pattern of high ESs supply. Finally the 
priority protected areas were divided into four grades 
with a hierarchical management framework based 
on the landscape connectivity. The results showed 
that 80 patches of the priority protected areas were 
identified with a total area of 263.37km2, where the 
main distribution pattern is “North More and South 
Less, West More and East Less”. Given the aquatic 
ESs were selected as regional key ecosystem services, 

Fig. 6. Comparison of the important lake control line and priority protected areas.
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we determined land and water priority protected areas 
through the land-water coupling analysis, respectively 
accounting for a total area of 1.09% and 11.20%. 
Compared with the existing planning scheme of the 
study area, the coincidence rate between the planned 
control line and priority protected areas is up to 81.12%, 
which illustrated the reliability and practicality of the 
assessment framework.

The results of this paper made the identification 
methods of priority protected areas more complete 
and comprehensive. Against the backdrop of regional 
ecological green integration development, the land-
water coupling ESs assessment provides a reliable 
theoretical basis for the survival of waterside areas in 
the Shanghai Metropolitan Area. In addition, under 
the circumstance of sufficient farmland resources and 
extremely limited forest and grassland, identifying 
terrestrial patches as the green priority spaces can help 
decision-makers formulate economic and reasonable 
management strategies for the city park site selection 
and future urban smart growth. The study provides a 
scientific model for the implementation of ecological 
space protection and restoration with the purpose of 
further optimizing the regional ecological security 
pattern in other regions in China. 
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Supplementary Materials

Table S1. Evaluation criteria of aquatic ESs importance.

ES Indicator
Value ranks and descriptions

Superior (9) High (7) Moderate (5) Lower (3) Low (1)

Soil seepage (%) 0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1

Production land types Forest Rivers
Lakes

Grassland
Paddy field

Dryland
Unused land

Construction 
land

Distance from drinking water sources 
(m) ≤1000 1000-2000 2000-3500 3500-6000 ≥6000

Water areas (km2) ≥60 24-60 14-24 3-14 0-3

Areas of impermeable surfaces (km2) ≤7 7-20 20-80 80-140 ≥140

Flood inundation scope Restricted navigable 
water level

10-year 
flood level

20-year flood 
level

50-year flood 
level Other areas

NDVI (%) 0-22 22-44 44-56 56-80 ≥80

Distance from wetland (m) 0 0-1000 1000-2000 2000-5000 ≥5000

Habitat quality Superior High Moderate Low Lower

Distance from biodiversity maintenance 
areas (m) 0 0-1000 1000-2000 2000-5000 ≥5000

Distance from waterside historical sites 
and traditional villages (m) ≤200 200-500 500-1000 1000-2000 ≥2000

Distance from historical waterway 
recreation (m) 0 0-200 200-500 500-1000 ≥1000

Visibility of river and lake landscapes Superior High Moderate Low Lower
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S2. Design of experts’ questionnaire:

Dear expert,
For the past years, rapid urbanization has transformed natural spaces into construction land dramatically, leading to 

the serious degradation of ecosystem services (ESs) capacity and imbalance between the ESs supply and demand. This 
circumstance has caused a series of ecological risks, threatening both ecological security and sustainable economic 
development. Thus, how to effectively and efficiently protect natural spaces and enhance the quantity and quality of 
ESs are of critical importance for spatial decisions under the background of land scarcity.

The study area is a typical waterside area at the junction of Jiangsu, Zhejiang and Shanghai (30°45’-31°17’E, 
120°21’-121°19’N), whose administrative divisions include Qingpu, Wujiang and Jiashan, covering an area of 2143 km2 
(Fig. 2). Tthe study area provides necessary ESs for the Shanghai Metropolitan Area and is an important ecological 
buffer for the transition from Taihu Lake to rapidly urbanized areas. With the economic reform and opening up and the 
progress of rapid urbanization, the proportion of construction land in the study area has been increasing from 12.27% 
to 29.42% over the past 18 years, resulting in the severe loss of the traditional water network, which still accounts 
for 20.45% of the total area. Meanwhile, typical ecological risks caused by the extensive economic development 
mode in small town clusters should be mitigated urgently, such as ecological patches fragmentation, lower landscape 
connectivity, serious flood disasters, increased pollution emission, and wetland environment degradation. These 
environment problems have become key factors restricting the economic development and destroying the distribution 
of ecological spaces in the study area.

The purpose of this questionnaire is to determine the relative importance of each indicator in the aquatic ESs 
assessment to the study area. According to your experience, please take the 9-degree method to score each indicator 
based on its importance. The purpose of this questionnaire is to obtain more authoritative opinions and information. 
We guarantee that the data obtained will be used for academic research, and we promise to keep your personal 
information confidential. 

Thank you for your support!
Below, please judge the importance of these ESs types and indicators in the study  area, and assign the 

corresponding weight score:

 Scoring description:
—1: i and j are equally important.
—3: i is slightly more important than j.
—5: i is more important than j.
—7: i is much more important than j.
—9: i is absolutely more important than j.
—1/3: i is slightly less important than j.
—1/5: i is less important than j.
—1/7: i is much less important than j.
—1/9: i is absolutely less important than j.

 The importance of ecosystem services:
i : j 1 3 5 7 9 1/3 1/5 1/7 1/9

Provisioning service : Regulating service

Provisioning service : Supporting service

Provisioning service : 
Cultural service

Regulating service : 
Supporting service
Regulating service : 

Cultural service
Supporting service : 

Cultural service

 ESs importance—Regulating service:
Please evaluate the relative importance of the following two indicators for regulating service.

i : j 1 3 5 7 9 1/3 1/5 1/7 1/9

Flood regulation: 
Water purification
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 ESs importance—Cultural service:
Please evaluate the relative importance of the following two indicators for cultural service.

i : j 1 3 5 7 9 1/3 1/5 1/7 1/9

Cultural landscape resources: 
Recreation potential

 ESs importance—Provisioning service—Water supply:
Please evaluate the relative importance of the following three indicators for water supply service.

i : j 1 3 5 7 9 1/3 1/5 1/7 1/9

Soil seepage : 
Production land types

Soil seepage : Distance from drinking water sources 

Production land types : Distance from drinking water 
sources

 ESs importance—Regulating service—Flood regulation:
Please evaluate the relative importance of the following three indicators for flood regulation service.

i : j 1 3 5 7 9 1/3 1/5 1/7 1/9

Water areas : 
Areas of impermeable surfaces 

Water areas : 
Flood inundation scope 

Areas of impermeable surfaces : Flood inundation scope

 ESs importance—Regulating service—Water purification:
Please evaluate the relative importance of the following two indicators for water purification service.

i : j 1 3 5 7 9 1/3 1/5 1/7 1/9

NDVI : Distance from wetland

 ESs importance—Supporting service—Aquatic biodiversity maintenance:
Please evaluate the relative importance of the following two indicators for aquatic biodiversity maintenance service.

i : j 1 3 5 7 9 1/3 1/5 1/7 1/9

Habitat quality : Distance from biodiversity maintenance 
areas

 ESs importance—Cultural service—Recreation potential:
Please evaluate the relative importance of the following two indicators for recreation potential service.

i : j 1 3 5 7 9 1/3 1/5 1/7 1/9

Distance from historical waterway recreation : Number of 
visual river and lake landscapes

Thank you very much for your help! Your valuable comments and suggestions are welcome to help us.
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Table S3. Sources and application methods of aquatic ESs indicators.

ESs Indicator Source Data Processing

WS

Soil seepage
National Tibet Plateau Data Center 1: 

1,000,000 China Soil Data Set (http://data.
tpdc.ac.cn/)

Selecting the seepage field of China Soil Data Set 
based on HWSD to characterize the indicator

Production land 
types

LULC Data, Institute of Geographic Sciences 
and Natural Resources Research, CAS (http://

www.igsnrr.ac.cn/)

Dividing the land use type into forest, grassland, 
paddy field, rivers and lakes, dry land, unused land and 

construction land to characterize the indicator

Distance from 
drinking water 

sources

Division Scheme of Centralized Drinking 
Water Source Protection Areas in Jiangsu 

Province (http://sthjt.js.gov.cn/), Regulations 
of Zhejiang Province on the Protection of 

Drinking Water Sources (http://sthjt.zj.gov.
cn) 

Taking the spatial location of drinking water sources as 
the center, the buffer zones are analyzed to characterize 
the indicator. The radius of buffer zones is determined 
according to the protection scope of each water source.

FR

Water areas
LULC Data, Institute of Geographic Sciences 
and Natural Resources Research, CAS (http://

www.igsnrr.ac.cn/)

Extracting water patches from land use data, 
calculating the area of water patches and grading it to 

characterize the indicator
Areas of 

impermeable 
surfaces 

Extracting urban built-up area patches from land use 
data, calculating the area of these patches and grading 

it to characterize the indicator

Flood inundation 
scope

Prevention Plan for Excessive flood in Key 
Areas of Jiashan County (http://www.jiashan.
gov.cn), Prevention Plan for Excessive flood 
of Jiangsu Province(http://jswater.jiangsu.

gov.cn/), Prevention Plan for Excessive Flood 
in Taihu Lake (http://swj.sh.gov.cn/)

Counting the average value of restricted navigation, 
10-year, 20-year and 50-year flood water levels in the 
study area as the threshold, and the space higher than 
the threshold altitude is successively screened through 
the raster calculator tool in ArcGIS based on DEM, so 

as to characterize the indicator

WP

NDVI Geospatial Data Cloud (http://www.gscloud.
cn/)

classifying by the natural breakpoint method to 
characterize the indicator

Distance from 
wetland

Jiashan ecological protection red line(http://
www.jiashan.gov.cn/), Wujiang ecological 

protection red line(http://www.wujiang.
gov.cn/), Qingpu ecological protection red 

line(http://www.qingpu.gov.cn/)

Taking the spatial location of wetland as the center, the 
buffer zones are analyzed to characterize the indicator. 
The radius of buffer zones is determined according to 

the protection scope of each wetland patch

ABM

Habitat quality Data sources and specific calculation methods can be found in the manuscript

Distance from 
biodiversity 
maintenance 

areas 

Regional Planning of Ecological Space 
Management and Control in Jiangsu Province 
(http://www.jiangsu.gov.cn/), List of Nature 
Reserves in Shanghai (https://lhsr.sh.gov.cn/)

Taking the spatial location of biodiversity maintenance 
areas as the center, identifying the buffer zones to 

characterize the indicator

CLR

Distance from 
waterside 
historical 

remains and 
traditional 
villages 

Draft of Overall Planning for National Space 
of Green Ecological Integration Development 
Demonstration Zone in Yangtze River Delta 

(2019-2035)

Taking the spatial location of waterside historical 
remains and traditional villages as the center, 

identifying the buffer zones to characterize the 
indicator

RP

Distance from 
historical 
waterway 
recreation

Draft of Overall Planning for National Space 
of Green Ecological Integration Development 
Demonstration Zone in Yangtze River Delta 

(2019-2035)

Taking the spatial location of historical waterway as the 
center, identifying the buffer zones to characterize the 

indicator

Number of 
visual river and 
lake landscapes

LULC Data, Institute of Geographic Sciences 
and Natural Resources Research, CAS (http://

www.igsnrr.ac.cn/)

The distance between each grid and the nearest water 
area is generated by the Euclidean Distance tool of 

ArcGIS, and then the Viewshed Analysis tool is used to 
calculate the number of rivers and lakes landscapes that 

can be viewed within the visual range of each grid
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S4. Detailed results of aquatic ESs importance assessment

a) b) c)

d) e) f)

g) h) i)

j) k) l)

m) n) o)

Fig. S4. Results of aquatic ESs importance assessment: a) soil seepage; b) distance from drinking water source; c) production land 
types; d) provisioning service; e) water areas; f) distance from wetland; g) flood inundation scope; h) areas of impermeable surfaces; 
i) NDVI index; j) regulating service; k) distance from biodiversity maintenance areas; l) habitat quality; m) supporting service;  
n) cultural service; o) aquatic ESs.


