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Abstract: With continued sea level rise and over-exploitation, saline water extends farther inland,
causing changes in soil salinity and water quality and leading to permanent land salinization and
ecosystem damage. Saltwater intrusion (SWI), causing numerous ecosystem problems and disasters,
brings risk to urban ecosystems in coastal cities. Ecological risk, in the Greater Bay Area in China,
should be assessed based on the effect of SWI status on ecosystem health. In this study, we built a new
ecological risk-assessment model based on the geographic information system (GIS) technique and
spatial data. At the conceptual level, four main stressors were identified based on literature reading
and fieldwork. Four stress factors (SFs) were thoroughly investigated, namely, SF1: the intensity
gradient immersed in saltwater; SF2: the mountain phreatic water supply; SF3: the salinity tolerance
of urban greenbelt vegetation; and SF4: the supply capacity of irrigation water to suppress saline
water. After a comprehensive evaluation using GIS and the analytic hierarchy process (AHP), we
mapped and assessed the ecological risk level of the urban greenbelt for the SWI. Our results showed
that the area of urban green space affected by the SWI was approximately 49.31 km2, almost 12.05%.
Ecological risk was sorted into five ranks: (1) very low risk 47.53%, (2) low risk 26.29%, (3) medium
risk 22.92%, (4) high risk 2.45%, and (5) very high risk (0.8%). The ecological infrastructure of sponges
should include freshwater conservation in coastal cities, and more attention should be paid to fresh
groundwater discharge from coastal ecosystems in Shenzhen.

Keywords: saltwater intrusion (SWI); ecological risk assessment (ERA); urban ecosystem management;
salt-tolerant plants; Shenzhen City

1. Introduction

Over the past decades, many coastal cities have experienced increased saltwater intru-
sion (SWI), which is a serious threat to resident life and the socioeconomic system. Saline
water can have cascading implications on groundwater-dependent ecosystems [1], coastal
farmlands [2], ecosystem services, human health, and well-being [3]. Therefore, urban
greenbelt ecosystem in coastal cities is a typical fragile ecological area [4]. As an important
urban green infrastructure, it is necessary to conduct a comprehensive assessment of the
level of ecosystem risk caused by SWI and propose effective coping strategies to mitigate
its impacts, which will be crucial for the sustainability of the city.

With the acceleration of urbanization, many studies have considered the stressor
caused by territory development such as urban land expansion, which is not limited to the
research on the toxic effects of chemical pollutants [5]. Some ecological risks for individual
organisms, populations, and communities have been paid more attention. For example,
Kang [6] developed an interdisciplinary methodology, that combined the assessments of
ecosystem service and ecosystem health into ecological risk assessment. Chen [7] indicated
that although sea level rise (SLR) is only one factor in the transfer of salt to land, the future
impacts of SLR could be considerable and may not be limited to coastal locations.
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To date, more than 500 cities worldwide have reported SWI-induced salinization of
groundwater, which might significantly hinder the sustainable development of the local
economy [8]. In the USA, almost 250,000 coastal wells, and the majority of groundwater
levels are below sea level [9]. Moreover, land reclamation may have served as a useful
barrier against the invasion of seawater into inland groundwater systems before SWI [10].
Fresh groundwater discharge is insignificant for oceans but important for coastal ecosys-
tems. Luijendijk [11] presented a spatially resolved global model of coastal groundwater
discharge, and found that local coastal groundwater discharge can in many cases pose
an equally high risk for coastal water quality and coastal ecosystems. SWI is a serious
environmental problem in the Pearl River Estuary (PRE) of China, threatening the social–
economic–natural complex ecosystems [12]. Specific topography, spring tidal variations,
localized wind stresses, and their interactions can significantly affect the SWI.

Urban ecological risk (UER) is defined as adverse effects and the possibility of impacts
on urban ecosystem services resulting from urbanization [13]. UER caused by rapid
urbanization could lead to potential threats to the structures, patterns and services of urban
ecosystems [14]. Liu [15] completed the urban ecological risk assessment of Lijiang City
by using the spatial interaction model and other methods, which provided in-depth and
comprehensive technical support for identifying potential ecological risks, safeguarding
the ecological security of the subregion, and realizing sustainable development. The SWI
will become more severe owing to SLR and increased freshwater extraction [16]. The sea
level along the coast of China has risen at an increasing rate, with an estimated acceleration
of 0.07 mm/a2 [4].

The effect of the SWI on urban ecosystems under climate change conditions is an
increasing concern. However, many studies have assessed the risk of SLR using physi-
cally based methods, and in this study, we aimed to elucidate the ecological risk of SWI
in greenbelt and urban ecosystems on the west coast of Shenzhen under the influence
of SLR and anthropogenic activities. We first mapped the SWI-affected zone along the
coastlines through a digital elevation model (DEM), and conducted spatial analysis using
the geographic information system (GIS). Second, we analyzed vegetation types in different
patches, combined the data of remote sensing and water chemistry, and finally discussed
the relationships between anthropogenic activities and SWI on the west coast of Shenzhen.

In this paper, the ecological risk of SWI was conducted for the urban greenbelt on
the west coast of Shenzhen, utilizing rich spatial data and a risk-assessment model. These
results provide effective reference and decision-making support for the cultivation and
management of coastal greenbelts.

2. Methodology and Methods
2.1. Study Area

The study area is located in western Shenzhen City on the east bank of the Pearl River
Delta (PRD). Over the past four decades, Shenzhen has transformed from a small fishing
village to a modern and international metropolis with the highest degrees of openness
and the strongest economic vitality in China. It also holds a crucial strategic position in
national economic development [17]. Consequently, urban structures and land-use types
have changed, and urban water consumption has significantly increased.

Owing to the rapid population growth, the demand for urban land and water has
sharply increased [10]. However, as the drinking water of Shenzhen’s tap water intake is in
the upper reaches of the Dongjiang River, salty tides generally do not affect the city’s water
supply, and there is no drinking water risk for people. The water supply is stable, safe, and
reliable, and can meet the water needs of people and the economic development of this city.
However, the urban greenbelts are threatened by SWI.

Local groundwater in the coastal aquifers of Shenzhen has been heavily pumped
since the 1980s, coinciding with its rapid expansion from a fishing village to a modern
city [18]. As a pilot demonstration zone, Shenzhen continues to be influenced by the
progress of construction in the Greater Bay Area (GBA). The groundwater in this region has
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been overexploited but has since been effectively conserved. Therefore, the environmental
protection and sustainable development of Shenzhen face severe challenges [19,20]. Using
ASTER GDEM 30M digital elevation data, we delineated the western coastline (blue line)
of Shenzhen as the starting point and extended the 20 m elevation contour inland to its
termination (red line). Upon integrating the inland supply boundary of this region, we
established the SWI-affected zone line [10]. Figure 1 shows the study area affected by
the SWI in western Shenzhen. The different colored plots represent the eight watersheds
involved in this study.
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Figure 1. Study area and SWI-affected regions in western Shenzhen City.

Among metropolitan cities with high population density, Shenzhen is affected by the
typical shortages of green spaces and land resources [17]. Shenzhen has accelerated the
construction of an innovation-demonstration zone under the national sustainable develop-
ment agenda, implementing the strictest ecological environmental protection system, and
creating a safe and efficient space for development, a comfortable and livable living space,
an ecological space of clear waters, and a blue sky [20].

2.2. Processing Data Related to ERA

Ecological risk assessment (ERA) can be defined as the process that evaluates the
likelihood that adverse ecological effects may occur or are occurring as a result of exposure
to one or more stressors [21]. As one of the typical sources of ecological risk in seaside cities,
SWI is an important reference value for its effective ERA. In this study, the data sources are
shown in Table 1.

Through an analysis of the literature, we collected on-site data from the study area,
mainly including urban greenbelt plant species in the study area and salt-tolerance evalua-
tion. One source is the investigation conducted by Shenzhen Water Science and Technology
Development Co., Ltd. (Shenzhen, China) in the Qianhai Shenzhen–Hong Kong Modern
Service Industry Cooperation Zone [22]. Another source is a survey and salt damage
analysis conducted by the Fairy Lake Botanical Garden of the Chinese Academy of Sciences
in Shenzhen on coastal landscape plants in the city [23].
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Table 1. Data sources.

Name Source Website

Inventory of forest resources National Forestry and Grassland
Administration www.stgz.org.cn (accessed on 22 December 2023)

Hydrographic net Open street map www.openstreetmap.org (accessed on 3 January 2024)

Administrative boundary National Catalogue Service for
Geographic Information www.webmap.cn (accessed on 16 December 2023)

DEM Geospatial Data Cloud site www.gscloud.cn (accessed on 18 December 2023)
Coastline Landsat MSS/TM/ETM+/OLI https://landsat.gsfc.nasa.gov (accessed on 21 December 2023)

Water Workstations POI of AMAP https://ditu.amap.com (accessed on 23 January 2024)

Research schematic material University of Maryland Center for
Environmental Science https://ian.umces.edu (accessed on 15 January 2024)

2.3. Concept Framework of Ecology Risk Assessment

After investigation, some stress factors were identified and selected. Finally, four stress
factors (SFs) were thoroughly investigated. They are as follows: SF1: the intensity gradient
immersed in saltwater; SF2: the mountain phreatic water supply; SF3: the salinity tolerance
of urban greenbelt vegetation; and SF4: the supply capacity of irrigation water to suppress
saline water. We created a new conceptual framework for assessing the urban greenbelt
ecological risk from SWI. Within this framework, the salt tolerance of greenbelt vegetation is
recognized as an intrinsic property. Furthermore, the freshwater supplement capacity from
the mountain phreatic water supply and the emergency water supply capabilities for rescue
operations in urban greenbelts are considered as positive regulatory factors. Conversely,
the intrusion of saltwater upstream along rivers and onto both banks is identified as a
negative influence. These elements together constitute a comprehensive conceptual model
for evaluating the ecological risks assessment with SWI in urban greenbelts, as shown in
Figure 2.
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Generally, it is formalized as follows:

ER = collapsing force − releving force + salinity tolerance − rescue capacity (1)

The collapsing force is an important stress factor that results in saltwater pressure on
urban ecosystems [24]. The extent and scope of SWI are represented by the index, which
represents the intensity gradient immersed in saltwater, defined as SF1. The relieving force
refers to hedging SF1 and relieving pressure from dangerous saltwater resources. Freshwa-
ter resources flow from the back mountain; therefore, the mountain phreatic water supply
was the key factor, defined as SF2. The receptor accepts pressure from dangerous resources;
plants, shrubs, and grasses should be salinity-tolerant; therefore, SF3 is the salinity tolerance

www.stgz.org.cn
www.openstreetmap.org
www.webmap.cn
www.gscloud.cn
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of the urban greenbelt vegetation. Finally, disaster-prevention and -mitigation capabilities
are crucial factors; therefore, SF4 is related to the reuse capacity, and the supplementation
of freshwater to suppress saline water distance is a suitable parameter.

2.4. Analysis of the Geographical Mechanism of SWI

The seashore is the frontier line between land and sea; it mainly comprises intertidal
and supratidal zones, and has unique land and sea properties. Synthesis studies and
detailed simulations have predicted that SLR can harm coastal aquifers through SWI
and/or inundation of coastal regions. As saline water migrates underground and enters
fresh aquifers, groundwater is slowly and nearly irreversibly salinized [25,26]. As shown
in Figure 3, seawater can intrude into fresh aquifers from the western and southern sea
areas, whereas freshwater is recharged from the watershed, as represented by the red line
on the eastern and northern boundaries of the study area. However, the rapid economic
development of China’s coastal areas and the growth of industry and population have
increasingly affected the environment of coastal waters through anthropogenic activities.
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2.5. Mapping the SWI-Affected Zone

The low-elevation coastal zone comprises continental and island areas that are hy-
drologically connected to the sea, and are located no more than 10 m above the mean sea
level. The buffer along the river extended 200 m offshore. More greenbelt patches were
found within a distance of 200 m of the visible salt patch. Therefore, based on the results
of Mondal et al., we divided the buffer zones as follows: 0–50 m, 50–100 m, 100–300 m,
300–500 m, and more than 500 m; subsequently, we conducted an ecological risk assessment
of urban greenbelts for the buffer zones of the five different classes [2].

We used the “Multiple Ring Buffer” tool in ArcGIS 10.8 (version 10.8, ESRI, Redlands,
CA, USA) to create multi-ring buffers of 50, 100, 300, and 500 m along the rivers’ estuaries
within the study area, delineating the water system in the SWI-affected area on the west
coast of Shenzhen. The Dongjiang River could not hold back the tide, and pollutants
discharged from Dongguan were traced back to the Zhangcun area of Dongguan along
with tidewater.

2.6. Exploring the Freshwater-Remediation Capacity from Mountain Phreatic Water

Fresh groundwater discharge is important for coastal ecosystems [27]. Scholars have
explored how inland wetland-remediation techniques can be used to mitigate coastal wet-
land salinification by increasing freshwater delivery to targeted regions. The topographic
gradient is an important factor in recharging freshwater as it sets a maximum for the hy-
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draulic gradient in each watershed [11]. According to the different topographic gradients,
we classified the ecological risk levels corresponding to them.

According to the DEM data, the “hydrological analysis” module was used to form
the catchment area (watershed) in this region, and section-line analysis was conducted for
each watershed to determine the replenishable gradient of different watersheds against the
mountain, as can be seen in Figure 4, which shows in detail the basis for risk ranking for
each watershed.
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Based on these results, we used the average topographic gradients in coastal wa-
tersheds as the best estimate in subsequent model experiments, and the average topo-
graphic gradient of streams as the lower bound for the uncertainty range of coastal
groundwater discharge.

2.7. Rating the Salt Tolerance of Groundcover Plants

Dead trees underlain by wetland vegetation are a striking final indicator of uplands
displaced by SLR and SWI. The species sensitivity distribution (SSD) is a statistical distri-
bution model widely used for ecological risk assessments and water quality baselines. In
China, the Research Center of Saline and Alkali Land of the State Forestry Administration
contains a list of the salt tolerance of greening plants growing in saline-alkali areas in terms
of the salt stress treatment mode and treatment time, plant salt-tolerance evaluation index,
and data analysis [28]. The evaluation was plagued by a range of problems, including
many indices, long periods, and diverse results. According to the salt-tolerance level,
343 species of common greening plants were classified, among which there were 80 species
of especially strong salt-tolerant plants, 103 species of strong salt-tolerant plants, 93 species
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of moderate salt-tolerant plants, and 55 species of mild salt-tolerant plants. The number of
salt-tolerant plants in the south was significantly higher than that in the north. In terms of
the species and quantity of salt-tolerant plants, the quantity of shrubs was greater than that
of trees, whereas salt-tolerant herbs were the least abundant.

In Table 2, the salt-tolerance classes of common greenfield plants in the study area
are summarized. In this study, we summarized the application of saline-tolerant garden
greening plants, discussed methods to solve the problems of salt-tolerance evaluation,
identification, and practical application of garden plants in China, and discussed prospects
for future research.

Table 2. List of salt tolerance of groundcover plants.

Dominant Species Salt-Tolerance Level Code of Risk Level

1 Eucalyptus robusta Mild 2
2 Acacia mangium Mild 2
3 Casuarina equisetifolia Strong 4
4 Other soft broadleaved tree Moderate 3
5 Other hard broadleaved tree Moderate 3
6 Coniferous mixed forest Particular 5
7 Coniferous and broadleaved mixed forest Strong 4
8 Broadleaved mixed forest Moderate 3
9 Litchi chinensis/Dimocarpus longan Intolerance 1
10 Other woody fruit trees Intolerance 1
11 Mangrove Forest Particular 5

According to the forest resource inventory data of forest subclasses, the saline-alkali
tolerance grade was constructed by comparing the dominant tree species of different urban
green spaces in the code table of forest subclasses. Their results showed the presence of
119 species and varieties of landscape plants in Shenzhen, accounting for 47 families and
98 genera. Among them, 36 species were injured, accounting for 30.3% of all landscape
plants [23].

2.8. Estimating the Emergency-Response Capacity

Techniques primarily used to deliver freshwater to inland floodplains may reduce
salinification in certain coastal wetlands. The coordinate-picker function provided by the
AMAP® API was used to extract the geographic location information of the Shenzhen
Waterworks; detailed geographic locations of the Shenzhen Water Treatment Works are
shown in Table S1. The “Near Analysis” tool of ArcGIS was used to determine the distance
value of the nearest waterworks of each urban green space.

Using the AMAP® AMAP-POI search, we identified 40 functioning waterworks in
Shenzhen, China. Each urban greenbelt patch was assigned a risk rating to supplement
freshwater and suppress saline water from the nearest waterworks.

2.9. Building the Comprehensive Evaluation Ecological Risk Model of SWI

The comprehensive evaluation method, namely, the analytic hierarchy process (AHP),
was used to assess the ecological risk of urban greenbelts. The AHP is a comprehensive
evaluation method, wherein qualitative and quantitative analyses are combined to obtain a
scientific basis for selecting the best scheme through a multilevel analysis of a decomposed
complex problem [29]. In this study, we constructed a comprehensive evaluation index
system for the SWI using AHP. Four stressor factors were employed, in this study, to
strengthen the state’s capacity for emergency rescue and relief work; all the factors were
equally weighted.
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To comprehensively analyze ecological sensitivity, the GIS spatial superposition analy-
sis technique can be used to synthesize the spatial layers of each factor [30]. The specific
equation is expressed as follows:

ER =
n

∑
i=1

Wi ∗ SFi (2)

where ER is the ecological risk index, SFi is the ecological risk grade of factor i, and Wi is
the ecological risk weight of factor i.

3. Results
3.1. Results of ERA from SWI

The results of the ecological risk assessment are presented in Table 3. We found that
the mapping area of the SWI-affected zone was 409.2 km2, whereas the urban greenbelt
area was 49.3 km2. Almost 16.4 km2 of urban greenbelt existed in the 300 m buffer zone
of the salty tide invasion river, indicating that more than 30% of the urban greenbelt is at
risk of saltwater immersion during the SWI period. Simultaneously, the key factor that can
effectively counteract the risk of SWI—mountain phreatic water supply—exceeded 350 m
in all basins, except in the Dasha River Basin and Buji River Basin. The other six basins
were slightly less resilient to salt tide intrusion, although some of them did not have high
mountains to provide effective water recharge.

Table 3. Results of ecological risk assessment from SWI.

SF1: SWI Buffer Ecological Risk
SWI Buffer Distance (m) Risk Level Distance Level Area (km2)

1 0–50 Very high 5 7.644
2 50–100 High 4 2.169
3 100–300 Medium 3 6.592
4 300–500 Low 2 4.998
5 >500 Very low 1 27.918

SF2: Mountain phreatic water supply
Slope length of mountain (m) Risk level Slope length level

1 0–25 Very high 5 2.446
2 25–100 High 4 7.166
3 100–250 Medium 3 11.835
4 250–350 Low 2 24.985
5 >350 Very low 1 2.888

SF3: Urban greenbelt vegetation salinity-tolerance level
Dominant Species Salinity-tolerance level Sensitivity level

1 Eucalyptus robusta Mild 2 0.599
2 Acacia mangium Mild 2 4.058
3 Casuarina equisetifolia Strong 4 0.261
4 Other soft broadleaved tree Mild 3 4.097
5 Other hard broadleaved tree Mild 3 4.397
6 Coniferous mixed forest Particular 5 0.010
7 Coniferous and broadleaved mixed forest Strong 4 0.207
8 Broadleaved mixed forest Mild 3 30.953
9 Litchi chinensis/Dimocarpus longan Intolerance 1 4.189

10 Other woody fruit trees Intolerance 1 0.339
11 Mangrove Forest Particular 5 0.213

SF4: Supplementation of freshwater to suppress saline water Distance
Distance from waterworks (m) Risk level Distance level

1 0–1000 Very low 1 8.419
2 1000–2000 Low 2 13.231
3 2000–3000 Medium 3 15.519
4 3000–5000 High 4 11.191
5 >5000 Very high 5 0.961
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Based on the literature review and data collection, we found that in South China,
coniferous mixed and mangrove forests have fairly high salt tolerance, followed by conifer-
ous and broadleaved mixed forests and Casuarina equisetifolia [28]. However, in the study
area, these species constituted only 1.4% of the total. In contrast, plants with a lower
salt tolerance, such as broadleaved mixed forests and fruit trees, were widely distributed
throughout the study area.

Using the AMAP® AMAP-POI search, we identified 40 functioning waterworks in
Shenzhen, China. However, an urban greenbelt area of 12.2 km2 is present 3000 m away
from the nearest waterworks. This implies that these green spaces are not only at greater
risk during SWI but also incur higher transportation costs when irrigated.

3.2. Characteristics of the SWI-Affected Zone

The greenbelt area affected by SWI on the west coast of Shenzhen was 49.31 km2. As
shown in Figure 5, the urban green spaces on the west coast of Shenzhen were primar-
ily concentrated in the Nanshan and Futian districts, with fewer spaces in other areas.
This indicates that these two districts have more abundant green spaces, provide better
recreational areas, enhance residents’ quality of life, increase biodiversity, and alleviate
air pollution. However, during SWI events, salt-tolerant plants can effectively absorb and
resist the erosion caused by salt ions, preventing direct damage to the soil, buildings, and
other structures. Therefore, to address SWI, the selection and spatial distribution of tree
and forest species must be optimized to fully leverage the natural defense mechanisms of
urban green spaces against ecological risks.
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In areas affected by the SWI, degraded water quality directly affects recreational water
use in cities. In this study, seashores with a high risk of SWI and greenbelt plant species with
high ecological risk in Shenzhen were preliminarily identified and screened, respectively.
These research findings can serve as a basis for formulating water quality standards for
salinity gradients and protecting green spaces in the PRE. To mitigate SWI in the PRE and
reduce ecological risks for greenbelt organisms, the oversight and control of wastewater
sources in coastal rivers must be strengthened.

3.3. Difference between the Four Factors of SWI

The results of the ERA for the four factors are shown in Figure 6. Figure 6a shows that
in most areas of Futian and northern Bao’an districts, green areas are situated close to the
river outlet and may be significantly and persistently affected by SWI. Figure 6b illustrates
the differences in the recharge capacity of the phreatic zone in various watersheds backed
by mountains. The Buji and Dasha River watersheds, backed by the Hongling and Tanglang
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Mountains, respectively, exhibit a greater vertical drop, providing abundant recharge to
the submersible layers of the rivers.
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Figure 6c depicts the distribution map of salt tolerance among urban green vegetation
within the study area. Among the major greenbelt types, the broadleaved mixed forest
covers an area of 30.95 km2, indicating that the majority of greenbelts possess a moderate
capacity to withstand ecological risks associated with SWI.

Figure 6d shows the capacity of the region to address the ecological issue of salt tide
intrusion. Only a small portion of the area is more than 5000 m away from the waterworks,
which is fortunate. However, irrigation of this part of the green space should be considered
in future urban planning.

A group of plants can maintain normal growth in soil with salt patches, such as
Nerium oleander, Acacia mangium, Ficus microcarpa, Hibiscus tiliaceus, Syngonium podophyllum
‘Albovirens’, Alpinia zerumbet ‘Variegata’, and Iris tectorum.

3.4. Evaluation Result of the Urban Greenbelt Regarding the Ecological Risk for SWI

The results of the comprehensive ecological risk assessment of the SWI for urban
greenbelts are shown in Figure 7. The greenbelt located in the northwestern part of the
Bao’an River Chung Group faces a high ecological risk from SWI owing to its proximity to
the coastline, lack of tall mountains to provide submerged layer recharge, and the relatively
distant spatial location of the water supply plant. Therefore, even plants exhibiting strong
salt tolerance, such as mangroves and wood sorrels, remain vulnerable to SWI. The same
applies to the Futian District, where the population is highly concentrated and the impacts
of SWI tend to be more severe, potentially posing greater challenges to the city’s ecology
and the livelihoods of its residents.

By calculating the rate of the area of risk zones at different levels to the total area of
urban greenbelts within the evaluation scope, we determined the size relationship between
them. In the assessment results, the relationship between the size of each risk area is,
respectively, low ecological risk > very low ecological risk > medium ecological risk >
high ecological risk > very high ecological risk. Detailed results are shown in Table 4. The
ecological vulnerability of high-risk areas and the potential loss of ecological functions
owing to SWI, such as vegetation destruction, land salinization, and loss of biodiversity,
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should be further analyzed in subsequent studies. Simultaneously, the relevant depart-
ments should improve their strategies and measures to cope with SWI. These measures
include strengthening the monitoring and early warning systems of SWI, optimizing tree
species to enhance the resistance and recovery capacity of green areas, and implementing
appropriate land-use-planning and -management measures to mitigate the impact of SWI
on urban greenbelts.
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Table 4. Proportion of different SWI ecological risk levels.

Risk Level Code Risk Level Area (km2) Rate (%)

1 Very low risk 12.97 26.294
2 Low risk 23.44 47.528
3 Medium risk 11.30 22.921
4 High risk 1.21 2.454
5 Very high risk 0.40 0.803

4. Discussion
4.1. Enhancing Freshwater Ecosystem Services

SWI leads to a suite of ecological changes, including increased soil salinity. In the
future, green infrastructure will represent the application of nature-based solutions that
utilize a network of natural and semi-natural features to provide multiple benefits for both
human and natural systems. Green infrastructure increases the demand for freshwater and
associated ecosystem services.

As cities become larger and climate change threatens to cause more extreme weather,
some scientists and politicians have proposed the development of “sponge cities” aimed at
reshaping the urban environment to ensure that nearly every raindrop can be captured,
controlled, and reused. During sponge city construction, urban planners and managers
should solidify a city’s overall ecological security pattern (ESP), and take full advantage of
the surrounding natural ecological elements for internal accumulation, natural infiltration,
and purification. Large natural sponges, such as mountains, wetlands, and large green
areas, should be prioritized for protection planning. For this study area, specific measures,
roadside green swales, should be taken. These green swales play a crucial role in controlling
stormwater pollution and conserving freshwater resources by effectively removing runoff
pollutants, including suspended solids and saline contamination.

With the rapid economic development of China’s coastal areas and the growth of the
industry and population, the impact of anthropogenic activities on the coastal environment
has become increasingly significant, necessitating strengthened soil and water-conservation
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efforts along the coast. However, as illustrated by the outcomes of these projects, alternative
water sources can potentially maintain and restore riparian ecosystems in water-stressed
regions, particularly urban settings.

As cities develop in coastal environments, addressing the issue of freshwater supply
is essential for continuous development [31]. To control soil and water loss, the ecosystem
should be restored and a slope storage system should be developed. Shenzhen should
comprehensively promote the construction of sponge cities; implement multi-pronged
measures, such as non-point source treatment, dredging, ecological water replenishment,
and ecological restoration; effectively ensure the safety of drinking water sources; and create
waterfront leisure and recreation spaces where the water is clear and the banks are green
and beautiful. They are important aquifers with pore water yields of 100–1000 m3/day [10].

4.2. Planting the Salt-Tolerant Vegetation Type

Plant growth is susceptible to the high concentrations of salt ions, particularly at beach
fronts. Salinity is one of the most important environmental factors limiting the productivity
of agricultural land worldwide [32]. Many low-lying coastal areas have low elevations,
climate-sensitive physical and ecological characteristics, and high social exposure and
vulnerability (e.g., flood-prone high population and asset density, marine-dependent small-
scale economies), and are places where vegetation and the environment are often more
susceptible to damage and less likely to recover [33]. Our results indicate that the resilience
of landscape plants along the west coast of Shenzhen against SWI ecological risks needs
to be enhanced. Perhaps, an appropriate increase in the proportion of salt-tolerant plants
could be a viable solution to address this issue.

Salt tolerance of strand-halotolerant plants is of great significance to the structure
and function of coastal ecosystems and the maintenance of the region’s overall biological
resources. Some studies have shown that there are 119 species and varieties of landscape
plants in Shenzhen, accounting for 47 families and 98 genera. There were 36 species with
injuries, accounting for 30.3% of all landscape plants [23].

The smart selection of vegetation types was analyzed for the biomass accumulation,
leaf, stem, and root anatomical structure, root architecture, carbohydrate allocation, nutrient
utilization, antioxidant system-associated indicators, ontogenesis, molecular mechanisms
related to salt tolerance of strand halotolerant plants, and symbiosis between the strand
halotolerant plants and rhizosphere microorganisms.

4.3. Limiting High-Position Saltwater Aquaculture

Human intervention through defensive or adaptive planning can shift groundwater
responses toward either topography-limited or flux-controlled modes; however, alternate
modes may present new challenges. The construction and demolition of high-position
saltwater aquaculture areas corresponded to increases and decreases in Cl− concentrations,
respectively, in these areas. Municipal authorities should consider reducing large areas of
grass and flowers and increasing the planting of native trees and shrubs to conserve water
for landscaping.

This implies that greater variability is projected for river discharge and salt intrusion
length in a warmer climate. The water quality and degree of wastewater treatment must be
addressed to ensure public and environmental safety.

Monitoring shallow groundwater salinity is crucial for urban ecosystem management
in low-lying coastal cities and has implications for park management, subsurface pipes,
wastewater assets, and deeper aquifers. The release of wastewater from companies causing
significant pollution, such as the printing and dyeing of textiles, metal processing, and
electronics, must strictly be monitored. Firms should be encouraged to improve their
production processes and reduce the use of dangerous metal salts. For this study, the need
to accelerate the construction process of upgrading sewage-treatment plants to further
reduce the salt stress.
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For municipal parks and ecological landscapes utilizing rainwater, treated sewage,
and reclaimed water, the use of rainwater, treated sewage, and reclaimed water must be
prioritized. Therefore, efforts must be made to develop international monitoring programs
and standards for assessing groundwater quality.

With the rapid economic growth of China’s coastal areas and the continuous concentra-
tion of industry and population, the problem of heavy metal pollution in estuarine waters
has become more and more serious. This problem not only concerns the ecological balance
but also directly affects the health and sustainable development of coastal residents [34]. In
a previous study, the current knowledge on irrigation water quality, soil salinity, and smart
fertigation systems (using differential GPS, GIS, sensors, biosensors, automatic guidance
systems, etc.) was reviewed to manage global salt-affected soils through precision manage-
ment [35]. High concentrations of heavy metals have been detected in aquatic organisms in
the coastal areas of South China, with mollusks showing higher levels of heavy metals than
other species.

4.4. Policy Implications for Garden Cities

Whether in the fields of socioeconomics, estuarine dynamics, or ecological engineer-
ing, comprehensive research is needed to find solutions to mitigate the salt intrusion
problem [36]. To achieve the status of an “international garden city,” groundwater overex-
ploitation should be limited, which reduces the hydraulic head of freshwater and directly
exacerbates SWI [37,38].

In Shenzhen, mangroves are important wetland species. Mangroves are mainly found
in the Futian Mangrove Nature Reserve and partly in Shajing, Fuyong, and Xixiang in
Baoan District, Shahe in Nanshan District, and Baguang, Kuichong, and Nan’ao in Dapeng
New Area. Our research found that although mangroves have high salt tolerance, they
often face higher ecological risks during SWI due to their proximity to estuaries and the lack
of tall mountains nearby to provide sufficient freshwater. This study will aid in the decision-
making for plantation and conservation programs for mangrove forests. Future research
should explore methods to deliver sufficient freshwater to support coastal wetlands, while
also balancing the human needs for freshwater.

Dongguan discharges water pollutants into the PRE. Over the past four decades, the
west coast of Shenzhen, Guangdong Province, China, has undergone urbanization. Conse-
quently, urban structures and land-use types have changed, and urban water consumption
has increased. Groundwater in this region was initially overexploited and subsequently
well-conserved. Substantial measures must be taken to prevent further loss of this precious
ecosystem, which serves many vital functions, and ensure its restoration.

Climate-adaptation studies of mega-deltas require a comprehensive integration of
knowledge regarding natural systemic responses to upstream and downstream climatic
and anthropogenic developments. The main mountain range runs through the middle from
east to west and is the source and watershed of the main river. Owing to topographical in-
fluences, Shenzhen has many small river gullies with a wide distribution, short mainstream,
and small river runoff.

Understanding the interactions and relative importance of freshwater–saltwater inter-
face effects is critical for managing, mitigating, or adapting to the impacts of global climate
change. In 2022, Shenzhen’s cumulative sponge city area reached 441 km2, accounting for
46.1% of Shenzhen’s total built-up area.

5. Conclusions

SWI has emerged as a paramount stress on urban ecosystems in the coastal areas
of the PRD. Climate change has induced gradual changes in the physical and chemical
characteristics of global coastal areas, including acidification, warming, and SLR. SLR
will increase the adaptation needs along low-lying coasts worldwide, and Shenzhen is no
exception. To ensure that Shenzhen adapts to climate change, the following measures must
be implemented: considerable climate change impact and risk assessments, prediction and
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early warning, and disaster prevention and reduction; implementing the concept of climate
change adaptation into the entire process of land and space planning, construction, and
management; sustainable maintenance and renewal of the urban green infrastructure; and
improving climate adaptation in the natural ecological and socioeconomic fields.

Stress factors of SWI, ranging from chemical to physical, biological, and natural events,
are diverse and complex. However, the application of ERA to urban ecosystems is relatively
new and rare. We built an ERA model that is effective for urban ecosystems. We believe
that the average topographic gradients in coastal watersheds are the best estimates for
further model experiments and that the average topographic gradient of streams is a lower
bound for the uncertainty range of coastal groundwater discharge.

The flow of fresh groundwater can significantly contribute to rainwater, treated sewage,
and reclaimed water for landscaping, environmental sanitation, and ecological landscapes.
Units utilizing water should establish supporting facilities for collecting and utilizing
rainwater and reclaimed water, gradually reducing water consumption over time. Ground-
water is primarily recharged by the infiltration of atmospheric precipitation, generally
flowing from north to south, and is finally discharged into the sea. Restoring freshwater
delivery to wetlands may benefit the conservation of both inland and coastal wetlands
under climate change.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/land13091338/s1, Table S1: List of Shenzhen Waterworks. Table S1
provides the geographical location information of the tap water plants in Shenzhen City. Its main
function is to calculate the distance between each urban greenbelt affected by SWI and its nearest tap
water plant, thus serving as an important basis for evaluating the ability of stress factor SF4 (irrigation
water supply capacity) to inhibit saline-alkali water.
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