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Under the dual effects of global climate change and intensive human development activities, vulnerability to coastal erosion in bay areas is becoming increasingly serious. This study focuses on 15 counties and districts along the coast of the Pearl River Estuary (PRE) Great Bay Area and selects 12 evaluation indices from five perspectives for analysis, including coastal characteristics, hydrodynamic forces, economics, population and coastal reconstruction. The analytic hierarchy process (AHP) method, Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) method, independent weight method, Jenks natural breaks method (Jenks), exposure-sensitivity-adaptation (ESA) model and obstacle degree method are used in conjunction with the above indices to construct a coastal erosion vulnerability evaluation system for the PRE. The results show that coastal erosion vulnerability in the PRE is low in the eastern hilly area and high in the central and western delta areas. Coastal characteristics, coastal lowlands and protection capability are the main controlling elements of erosion. The PRE experienced an era of rapid economic development from 1980 to 2010, and coastal erosion vulnerability gradually increased, with a cost of ecological environment destruction. Then, an era of coastal zone ecological restoration supported by policy protection occurred from 2010 to 2020. Compared with three major bay areas with similar developed economies worldwide, the PRE is characterized by comparatively late but rapid economic development. Notably, the development and utilization efficiency of coastal zones is very high, the duration of damage to the ecological environment is short, and the effects of ecological repair and restoration are obvious. The results of this study provide a reference for economic development and ecological restoration in the bay areas of China and provide scientific guidance for coastal zone development, management and planning.
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INTRODUCTION

Coastal erosion is a common phenomenon associated with geological hazards, coastline migration and subbed erosion in intertidal and subtidal zones (Cai et al., 2009). This phenomenon is accelerated by sea level rise issues caused by global warming, frequent storm surges and human activities (Li et al., 2015; Phong et al., 2017; Flor-Blanco et al., 2021). The number of coastal cities worldwide increased from 472 to 2,129 between 1950 and 2015 (Stronkhorst et al., 2018). At the same time, coastal areas are densely populated areas that are home to high-economic-value activities, such as those in the industrial, transportation, and tourism sectors (Rangel-Buitrago et al., 2018). Many cities, people and businesses are being threatened by coastal erosion, and immeasurable losses could occur. Since China’s reform and expansion in 1978, the study area has experienced rapid urbanization, rapid population growth, frequent shoreline reconstruction, and frequent reclamation activities, and the low-lying Pearl River Delta has been severely affected by marine disasters. Frequent natural disasters have influenced many residents, and coastal areas with many high-value buildings are threatened by erosion. The erosion of sandy shorelines is prevalent in the study area. The Guangdong Provincial Government has selected some shore sections of Huidong County, Huiyang District, Longgang District, and Nansha District as coastal erosion priorities, among which the gold coast of Huiyang District is seriously eroded. Additionally, historical data indicate that hard artificial revetments, mainly seawalls, have been eroded by storm surges, and outburst events have regularly occurred (Chen et al., 2010). The threat of coastal erosion in the PRE coastal zone system is high, and the current coastal erosion situation is bleak.

Therefore, the vulnerability of coastal zones to coastal erosion disasters needs to be effectively evaluated to quantify the potential amount of loss and the degree of damage. Like most studies in the twentieth century, early evaluations of coastal erosion vulnerability based on factors such as sea level rise, coastal geomorphology, elevation, coastal slope, coastline change, land use, tidal range and wave height (Pendleton et al., 2010; Yin et al., 2012; Jana and Bhattacharya, 2013), focused too much on the effects of natural or climatic conditions on coastal zone systems, leading to exaggerated effects of natural factors. As social factors, such as gross domestic product (GDP), fiscal expenditure, population density, value of coastal buildings, proportion of artificial shoreline, and reclamation area were considered in studies of coastal erosion vulnerability (Cai et al., 2019; Zhu, 2019; Wang X. T. et al., 2021), vulnerability evaluation systems have been improved, and vulnerability hazards can now be comprehensively assessed. However, the number of evaluation factors is not directly related to the accuracy of the evaluation system because the evaluation factors will be highly correlated (McLaughlin and Cooper, 2010). With the optimization of index systems, mathematical methods for coastal vulnerability assessment have evolved from the simple place vulnerability index (PVI), coastal social vulnerability index (SVI) and coastal vulnerability index (CVI) models (Boruff et al., 2005; Duriyapong and Nakhapakorn, 2011) into the analytic hierarchy process (AHP) (Hoque et al., 2018), fuzzy mathematical (Luo et al., 2013) and cloud model methods (Zhu et al., 2018; Cai et al., 2019) for assessing vulnerability. The AHP is a reliable method to deal with multicriteria analysis (Roy et al., 2021), and most coastal erosion vulnerability assessments are based on this method. With the introduction of geographic information system (GIS) technology, the results of coastal erosion vulnerability assessments can be effectively visualized (Li et al., 2015). Jenks is a map classification method in GISs, that can group similar values most appropriately and maximize the differences among various classes. This method has achieved good results in vulnerability zoning of the Chittagong District and Bangladesh coast (Miah et al., 2020). System vulnerability includes three main factors: exposure, sensitivity and adaptation (ESA). Exposure refers to the degree of interference in the system caused by natural and human-made external factors. Sensitivity refers to the inherent vulnerability within a system, and adaptability is the ability of a system to return to its original state under the effects of external disturbances (Swami and Parthasarathy, 2021). The ESA concept has been coupled with coastal vulnerability in studies of coastal areas in South East Queensland, Australia, and the Korean coast (Sano et al., 2015; Kang et al., 2018). However, few scholars have coupled ESA models with coastal erosion vulnerability. The TOPSIS method can comprehensively and objectively reflect the dynamic change trend of the research object (Li and Damen, 2010), which has been verified and applied by many experts from various fields (Yang et al., 2018). The obstacle degree model can obtain the main influencing factors restricting the development of the research object, and is widely used in the study of ecology, environmental carrying capacity and vulnerability (Wu and Hu, 2020; Wang X. Y. et al., 2021; Yang and Shuai, 2021). TOPSIS method and obstacle degree model can well explain the temporal and spatial variation laws and main influencing factors of China’s delta urban agglomeration in the fields of sustainable development and air quality (Gao et al., 2019; Liang et al., 2021; Xu et al., 2021); however, few scholars apply them to the evaluation of coastal erosion vulnerability. The Pearl River Delta, where the Pearl River Estuary (PRE) Bay Area is located, has been studied in detail; specifically, the spatiotemporal evolution of urbanization, coastlines, and wetland types has been considered (Li and Damen, 2010; Yang et al., 2020, 2021; Guo et al., 2021), but few studies have examined the temporal and spatial changes in coastal erosion vulnerability and quantitatively evaluated vulnerability.

In this study, 15 coastal counties and districts in the Great Bay Area of the PRE were used as evaluation units, and each decade between 1980 and 2020 was divided into an evaluation period, with a total of 5 periods. According to previous studies and regional characteristics, the impact of natural and socioeconomic conditions on the coastal zone is considered at the same time, and 12 evaluation indices were selected from 5 perspectives: coastal characteristics, hydrodynamic forces, economics, population and coastline reconstruction. The AHP, independent weight, TOPSIS, Jenks, ESA and obstacle degree methods were applied to comprehensively calculate the erosion vulnerability indices and grades for each coastal evaluation unit. Additionally, an obstacle degree model was used to evaluate the temporal and spatial distributions of the ESA characteristics in the coastal zone of the PRE, and analyses of the main controlling elements and indices affecting the spatial and temporal distributions of coastal erosion vulnerability in the Great Bay Area were performed.

Through weight, vulnerability calculation and factor analysis method, we hope to find out the temporal and spatial variation law and main influencing factors of coastal erosion vulnerability in the Pearl River Estuary Bay area since the reform and opening up. The assessment results can provide a scientific basis and practical experience for coastal zone protection and vulnerability assessment and contribute to government decision-making.



MATERIALS AND METHODS


Study Area

The PRE is located in the southeast coast of Guangdong Province, China (111. 35°∼115.47° E, 21.45°∼24.40°N). It is a bay area composed of 9 cities in Guangdong Province, China, including Guangzhou, Shenzhen, Foshan, Zhuhai, Dongguan, Zhongshan, Jiangmen and Zhaoqing (except Hong Kong and Macao special administrative regions). The evaluation units of this study are 15 coastal counties and districts in the PRE (Both Dongguan City and Zhongshan City have only district along the coast, Figure 1).
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FIGURE 1. ThePRE is located in the southeast coast of Guangdong Province, China. The study area encompasses 15 counties and districts along the PRE coast (study areas are gray, and other areas are white).


The study area covers a land region of approximately 17,915 km2, of which nearly one-third of the area is low, flat and vulnerable to coastal erosion caused by sea level rise. Approximately 63.1% of hard artificial shorelines in the PRE are resistant to natural erosion over long-term periods. The study area is located in the PRE, which is severely affected by marine hazards. Since 1970, 277 tropical cyclones have affected the PRE (Ye et al., 2020), accompanied by strong winds, large waves, and rainstorms, which have considerably increased the vulnerability of the area to coastal erosion (Han et al., 2010). The permanent population of the study area is approximately 33.6 million (according to statistics from China’s seventh census), and the population density is as high as 1,874 people/km2. Thus, this region is one of the most densely populated and urbanized areas in China, and the coastal zone system is under enormous pressure. As of 2020, 87.6% (944 km) of the coastline in the study area was disturbed by human activities, and approximately 597 km2 of sea area has been reclaimed. Frequent and intense human activities have changed the morphology and length of the coastline, causing irreversible changes to the coastal zone (Manuel et al., 2015). From the initial low-production-value economic structure based on farming and breeding to the current high-value industries with coastal tourism, business districts, ports and docks, the losses caused by coastal erosion were immeasurable.



Establishment of an Index System

The AHP method decomposes complex problems into various constituent factors and then groups these factors according to the dominant relationship to form a hierarchical evaluation system. A top-down evaluation hierarchy was constructed using the AHP method, with natural and socioeconomic conditions used to establish the element layer. Five factors, namely, coastal characteristics, hydrodynamic conditions, economic conditions, demographic conditions and shoreline modifications, were used to establish the index layer, and 12 indicators, among which include coastal lowlands, storm surges and GDP, were used to construct the factor layer (Figure 2, P1). Table 1 lists the indices used for coastal erosion vulnerability evaluation in the study area and the corresponding data sources.
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FIGURE 2. Flow chart of the technical methods used in this study. This study consists of three phases: Index system construction, data processing and analysis of the results. The corresponding tables of numerical symbols and acronyms in this paper are described in Supplementary Table 1.



TABLE 1. Indicators used in the integrated coastal erosion vulnerability assessment.

[image: Table 1]


Computational Method

The data processing method in this study consists of weight calculation and the TOPSIS method. The weight is composed of the subjective weight AHP method and objective weight independent weight method (Figure 2, P2).

Jenks is used to classify the vulnerability evaluation results. The changes in exposure, sensitivity and adaptability in the study area over the past 40 years were analyzed by the ESA model. The obstacle degree model is used to analyze the main vulnerability factors. Then, the results of this study are compared with other regions, and the similarities and differences in coastal zone system development in the study area are obtained. Finally, this study puts forward some suggestions to provide a reference for management decision-making (Figure 2, P3).


Evaluation Index Weight Calculations

The AHP method determines the relative importance of each factor through pairwise comparison between elements, and then obtains the weight value of each element by synthesizing the judgment of decision-makers. The independence weight method is an objective weight method. The idea of this method is to use the collinearity between indicators to determine the weight. The method was used to establish the top-down evaluation hierarchy between the element layer and factor layer in the evaluation system for coastal erosion vulnerability, and the AHP method was used to calculate the weight set Aj = {a1, a2, ⋯, a5} for the five factors in the element layer. The 12 evaluation factors were first determined by the independent weight method, and the weight set Bj = {b1, b2, ⋯, b12} was obtained. Then, the weight set Wj = {w1, w2, ⋯, w12} was obtained for the 12 evaluation indices by the joint weighting of sets Aj and Bj (Supplementary Table 3).



Coastal Erosion Vulnerability Assessment

The TOPSIS method is a comprehensive evaluation method with distance as the evaluation standard. This method combines the size of data to determine the positive and negative ideal solutions and the distance between positive and negative ideal solutions, and finally obtains the proximity value. The set of weights Wj = {w1, w2, ⋯, w12} was substituted into the weighted TOPSIS method for calculation.

(i) Dimensionless index processing. The sample matrix X = (xij)75×12 (Supplementary Table 4), consisting of 75 evaluation units and 12 evaluation indices, was processed by linear normalization to obtain the normalization matrix Y = (yij)75×12 (Supplementary Table 5).

Positive indices:
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Negative indices:
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The purpose of adding 0.001 to formula 1 and 2 is to prevent the divisor from being 0 in subsequent calculations.

(ii) The positive and negative ideal reference points were determined, and the distances to the positive and negative ideal reference points (Supplementary Tables 6A,B) were calculated.

[image: image]

(iii) The coastal erosion vulnerability assessment values were obtained.
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The greater the assessment value is, the more severe the level of coastal erosion vulnerability is.



Analysis of Computational Results


Vulnerability Levels of Subareas

The Jenks method will set its boundary where the difference in data values is relatively large. The method was used for the 75 evaluation units to classify the calculated coastal erosion vulnerability values Ni = {n1, n2, ⋯, n75}T into a set of 5 levels with the smallest standard deviation within groups and the largest standard deviation between groups: low vulnerability, moderately low vulnerability, medium vulnerability, moderately high vulnerability, and high vulnerability V = {v1, v2, ⋯, v5}, and the results are presented in the map.



ESA Analysis of Coastal Zone

The ESA model consists of three elements: exposure, sensitivity and adaptation. Exposure represents the extent to which a coastal zone system is disturbed by external conditions, sensitivity represents the degree of inherent vulnerability in a coastal zone system, and adaptation represents the ability of a coastal zone to resist coastal erosion. Storm surges, waves, coastline transformation and reclamation were used as exposure evaluation indicators. Additionally, coastal lowlands, population density, urbanization rate and building value were used as sensitivity evaluation indicators. Finally, tides, GDP and the public expenditure budget were used as adaptation evaluation indicators. The 12 evaluation indices were regrouped according to the ESA model, and the above calculation steps (Section “Coastal Erosion Vulnerability Assessment” steps i–iii) were repeated. Then, the weighted TOPSIS method was applied to obtain the exposure, sensitivity and adaptation values for the 75 evaluation units in the studied coastal zone system. Exposure and sensitivity evaluation values are positively correlated with coastal erosion vulnerability, with large values reflecting large contributions to coastal erosion vulnerability. The opposite trend was observed for the adaptation indicators.



Analysis of the Main Factors

The obstacle degree model obtains the obstacle degree of each factor vulnerability of the evaluation unit by analyzing the weight of the evaluation index and its specific value. To explain the spatial variation in the vulnerability to coastal erosion in the study area, the normalization matrix and the weight matrix were processed using the obstacle degree model to obtain the contributions (Supplementary Tables 7A,B) of the factors that influence coastal erosion vulnerability in each of the evaluation units in the PRE. The formula is given as follows:
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where TO represents the obstacle degree of the element layer, with a value equal to the sum of the evaluation indices for the prior factor layer; the larger the value of the obstacle degree of an evaluation index is, the larger the contribution of this index is to coastal erosion vulnerability.





The Suitability of the Method

This study used the weighted TOPSIS method to calculate values of coastal erosion vulnerability, and presented them on a map, which intuitively reflects the spatial and temporal changes in vulnerability in each county in the PRE region. The results are consistent with the physical process of coastal erosion. Because the span of the data used in this study is as long as 40 years, the quantitative differences among indicators are large in some cases, and the regional and temporal differences are eliminated by using data normalization to obtain comparable evaluation results. The accuracy of the sample data is appropriate, which can effectively distinguish the differences between counties and districts, and the vulnerability calculation results will not lose the sample data information. The independent weight method can eliminate the weight of high correlation factors and prevent the influence of high correlation between factors on the correctness of the evaluation system, which is not the case for other objective weight assignment methods. The Jenks method was used to classify the evaluation results, and the data were divided into five groups of results with the smallest standard deviation within groups and the largest standard deviation between groups. Overall, the vulnerability levels of 75 evaluation units were effectively classified. The ESA model and the obstacle degree model were used to calculate the main factors that influence ESA changes in each county and district for each period in relation to coastal erosion vulnerability, and the results provide effective guidance for shoreline protection in the study area.




RESULTS


Temporal and Spatial Distribution Characteristics

The coastal erosion vulnerability in the 75 evaluation units in the study area was comprehensively evaluated using the improved TOPSIS method and the obstacle degree model, and the evaluation results (Ni values) for the vulnerability of districts and counties in each period were averaged to obtain the overall vulnerability [image: image]i of the study area in each period (Table 2).


TABLE 2. Evaluation results for coastal erosion vulnerability in each county, district and study area in each period.

[image: Table 2]
The overall coastal erosion vulnerability value in the study area ranged from 0.478 to 0.526 during the four decades from 1980 to 2020, reaching a maximum value of 0.558 in 2010 and falling back to 0.526 in 2020; overall, coastal erosion vulnerability increased in the first three decades and has gradually decreased in the past decade. The vulnerability of coastal erosion in Futian District started to decline in 2000, and this region displayed the earliest decline in the PRE area (Table 2).

The spatial and temporal variations in coastal erosion vulnerability zones, numbers of evaluation units and the vulnerability of each zone in the study area are shown in Figure 3. The coastal erosion vulnerability levels in the Futian, Yantian, Longgang, Huiyang, and Huidong Districts, which are located in the eastern part of the study area, are comparatively low, and these districts form an overall low-vulnerability area. Most of the moderately high- and high-vulnerability areas are concentrated in the central and western parts of the PRE, such as the Nansha, Zhongshan, Doumen, Jinwan, Xiangzhou, and Xinhui Districts. During the three decades from 1980 to 2010, the PRE area exhibited a trend of increased vulnerability to coastal erosion, and the overall vulnerability of the PRE area has considerably recovered since 2010, with notably decreasing vulnerability levels in the Nansha District, Dongguan District, Nanshan District, Futian District, and other regions.
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FIGURE 3. The classification map of coastal erosion vulnerability in each era and the distributions of low-vulnerability and high-vulnerability areas in 15 counties and regions of the study area. Different colors in the color chart represent different vulnerability levels. From left to right, the colors represent high vulnerability (a total of 18 evaluation units in this interval), moderately high vulnerability (14), medium vulnerability (18), moderately low vulnerability (14) and low vulnerability (11). Finally, the evaluation unit is filled with gradient color to reflect the change of their vulnerability level from 1980 to 2020.




Analysis of Exposure, Sensitivity, and Adaptability

The ESA evaluation results for 75 evaluation units in the study area (Supplementary Tables 8A–C) are plotted in Figures 4, 5. Since 1980 and 1990, the sensitivity and exposure of the coastal zone in the study area have increased period by period, and the adaptation level decreased from 1990 to 2010. The level of coastal erosion vulnerability has also increased period by period since 1980. From 2000 to 2020, exposure and sensitivity slowly increased, and adaptation has increased rapidly since 2000, resulting in a reduction in the rate of increase in vulnerability in the study area since 2000. Exposure also decreased in 2020, and adaptation levels significantly improved in the coastal zone, eventually resulting in a decrease in the coastal erosion vulnerability value to 0.526 at the end of 2020, which represented a return to the pre-2000 level (Table 2 and Figure 5).


[image: image]

FIGURE 4. Differences in exposure, sensitivity and adaptation in the coastal zone systems in 15 counties and districts in the study area. The depth and gradient of the three colors in the plots show the differences in ESA values in each county and district.
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FIGURE 5. Bar chart showing the changes in exposure, sensitivity, adaptation and erosion vulnerability in the overall coastal zone system in the study area over time.




The Main Factors

Coastal characteristics, coastal lowlands and protection capability are the main elements and indices influencing coastal erosion vulnerability in the study area. At the same time, the impact of these factors on the high vulnerability area is significantly higher than that on the low vulnerability area. The impact of economic coastal erosion vulnerability in Xiangzhou, Jinwan, Nanshan and other areas near the middle of the study area is lower than that in the areas to the east and west of the study area. Finally, hydrodynamic conditions have a weaker impact on vulnerability to coastal erosion in the central part of the study area than in the areas to the east and west (Figures 6A,B).
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FIGURE 6. Obstacle degree model analysis of the main elements (A) and indices (B) that influence coastal erosion in 15 counties and districts and the distribution of coastal characteristic differences in the study area (average of 5 periods). The scope of the high vulnerability area and low vulnerability area is the same as that in Figure 3. The specific meaning of the characters in the figure and the corresponding relationship between factors are shown in phase 1 of Figure 2.


In 1980, the main factor that increased vulnerability in the study area was the weak economic conditions in China, followed by coastal characteristics and hydrodynamic conditions. From 1980 to 2010, economic conditions contributed increasingly less to the vulnerability of the study area; in contrast, the effects of population conditions and shoreline reconstruction increased. Therefore, the overall vulnerability of the PRE increased, and a 30-year erosion stage began (Figure 7A). The Futian District shows a different development process from the entire study area. Since 1980, the impact of element coastal characteristics in Futian on coastal erosion vulnerability has evidently decreased, while the population conditions are the opposite (Figure 7B).


[image: image]

FIGURE 7. Temporal variations in the main influential elements and vulnerability to coastal erosion in the entire study area (A) and Futian District (B). The specific meaning of the characters in the figure and the corresponding relationship between factors are shown in phase 1 of Figure 2.





DISCUSSION

Coastal zone related vulnerability is affected by both natural and economic conditions, in which natural conditions affect the spatial differences in vulnerability, while social conditions affect the temporal changes in vulnerability (Boruff et al., 2005; Mani Murali et al., 2013; Bukvic et al., 2020; Wu and Hu, 2020; Yang et al., 2020; Feng et al., 2021). Under natural conditions, slope, regional altitude and shoreline geomorphic type are the main influencing factors. Economic development, urbanization, population growth and policy implementation are the main driving factors affecting vulnerability in social conditions. This finding is consistent with the obstacle analysis results of this study.


Variation in Coastal Erosion Vulnerability


Spatial Variation

The high vulnerability and low vulnerability areas exhibit obvious spatial differences (Figure 8). The elevation in the eastern region is generally higher than 10 m, and this region has a large proportion of highly protected coastal sections. Conversely, the central and western regions include more low-elevation and non-protected sections. Since the incoming sand from the Pearl River Basin accumulates in the estuary and bays, leading to the development of complex deltas, the high-vulnerability areas are located within the low-elevation estuarine deltas, which are most affected by sea level rise and storm surges. Most of the coastline has changed from natural shoreline areas with high protective capacities to artificial shorelines dominated by farming (Zhou et al., 2019), with frequent reclamation activities and high-economic-value coastal buildings. As a result, this area is characterized by high exposure, high sensitivity and poor adaptability, and the vulnerability to regional coastal erosion is relatively high (Figure 5). However, the main low-vulnerability area is located in a hilly region with high elevations, a predominantly bedrock and sandy shoreline and few artificial revetments. Additionally, the population density in high-elevation areas is low, with sufficient resilience to the threats of climate change and sea level rise. Therefore, the coastal zone system in this region exhibits distinct spatial characteristics in terms of ESA and low vulnerability to coastal erosion.


[image: image]

FIGURE 8. Distribution map of coastal characteristics differences in the study area. Coastal characteristics include coastal lowlands and protection capability, which are reflected in DEM and protection coastline in the figure.


The cities of Shenzhen and Zhuhai in the central part of the study area play key roles in the Chinese economic system and areas where foreign capital and management strategies have been introduced. Thanks to the favorable policies of reform and expansion and geographical location advantages, Shenzhen and Zhuhai, which are adjacent to Hong Kong and Macau, have healthy industrial structures and rapidly benefit from economic growth. Compared with the economic conditions in the counties on the east and west sides of the study area, the sufficient per capita GDP and public budget expenditures in the central area aid in resisting coastal erosion and restoring the ecological functions of the coastal zone.

The study area is located on the southern coast of China and is frequently affected by tropical cyclones in the Northwest Pacific, which have a long duration and strong impact on the coastal zone. The frequency and intensity of typhoons that make landfall in the PRE area in the central part of the PRE are less than those that make landfall on the east and west sides of this area (Ye et al., 2020); additionally, the wave intensity in the central region is also lower than that in the areas to the east and west regions, which are more open to the sea, and the tidal range in the central area is greater than that in the east and west (Xiao, 2003; Ma, 2005). Therefore, the downstream area of the PRE in the central part of the PRE is less disturbed by both external storm surges and waves, and with a larger tidal range, the adaptability to resist storm surges is strong; consequently, this area is more resilient to storm surges and less vulnerable to hydrodynamic influences on coastal erosion than are other areas.



Variation Over Time

The variation process of coastal erosion vulnerability in the PRE is divided into three stages. Before 1980, the first stage was a period of low coastal erosion vulnerability; then, the second stage was a period of increased vulnerability from 1980 to 2010. The third stage, starting in 2010, was a period of declining vulnerability and restoration of coastal ecosystems (Figure 9).
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FIGURE 9. Timeline showing the development process in the study area, which can be divided into three stages. The first stage is the low coastal erosion vulnerability period from 1970 to 1980, the second stage is the period of coastal system damage with vulnerability growth from 1980 to 2010, and the third stage is the period of coastal ecological system recovery with vulnerability decline from 2010 to 2020.


Before the reform and expansion in 1978, the coastline of the study area was mainly used for farming and aquaculture and was relatively underdeveloped compared with coastlines in other regions around the world (Yang et al., 2021). From 1970 to 1980, many typhoons affected the PRE, and the coastal system was greatly disturbed by hydrodynamic variations. At this time, the retention rate of natural shorelines was high due to the absence of large-scale reclamation activities, and the population and urbanization indices were relatively low; thus, the inherent vulnerability of the coastal zone in the PRE was low.

Since 1978, the economy of the study area has rapidly developed, and the total GDP in the nine cities in the PRE is currently approaching ¥ 9 trillion, accounting for approximately 8.8% of China’s total GDP in 2020. The adaptability of the coastal system in the PRE has greatly improved, and the impact of economic conditions on erosion vulnerability has begun to decline. With the expansion of urbanization and reclamation (from 1990 to 2000, the land reclamation area in the PRE reached approximately 233 km2), the increased population and the increased artificial coastline length in the PRE, infrastructure components, such as airports and docks, have been constructed in traditional farming and breeding areas. Moreover, the value of coastal buildings has increased; therefore, population and coastline reconstruction have increasingly contributed to coastal vulnerability (Zhao et al., 2018; Yang et al., 2020; Guo et al., 2021). The impact of coastal hydrodynamic conditions has increased due to the increasing intensity of typhoons, although the frequency of storm events has generally decreased since 1980 (Ye et al., 2020). The overlapping effects of human activities and environmental conditions have led to a gradual increase in the exposure and sensitivity of coastal systems (Figure 4). From 1973 to 2000, the mangrove area in the PRE decreased by more than 75% (Jia et al., 2018), and the resilience of the coastal system significantly decreased (Figure 4). With rapid economic development, problems such as decreasing species diversity in coastal systems, increasing coastal erosion, population growth, the disappearance of sea areas and natural coastlines, and declines in coastal protection capabilities have become increasingly serious. Consequently (Wang et al., 2007; Li and Damen, 2010), the vulnerability of coastal erosion continues to increase in the PRE.

Mangrove nature reserves have been established in the Futian District, Dapeng Bay, and Qi’ao Island in Zhuhai since 1984 (Peng et al., 2016). Previous policies established the foundation for large-scale restoration in the PRE, although most measures were implemented after 2010. From 2000 to 2015, 34% of mangrove forests were gradually restored (Jia et al., 2018), and ecological restoration initially achieved positive results. After 2010, local governments realized the risks of massive coastline development and utilization to coastal erosion and successively established restrictive plans such as the “General Plan for the Comprehensive Coastal Protection and Utilization of Guangdong Province,” which imposed restrictions on the unnecessary utilization of sea areas and promoted beach restoration and wetland protection activities.

From 2010 to 2018, nearly 70 coastline renovation and restoration projects were established, and investments totaling more than 3 billion yuan occurred. These projects involved wetland ecological restoration, beach erosion protection, sand replenishment, and coral and mangrove restoration. Several major coastal restoration projects have occurred in the PRE, such as the Xianglu Bay Beach Restoration Project in Xiangzhou District, Nansha Shenzhen Bay Mangrove Park and Futian District Mangrove Ecological Park (Zhang et al., 2021).




Coastal Zone Process Over Time

The gulf area is an important base for marine economic activities and tourism. The urbanization and economic development processes in gulf areas can be divided into three periods: Slow economic development, rapid urban economic development, coastal system conflict resolution, policy intervention, and coastal recovery. Other large bay areas worldwide have experienced similar evolutionary processes.

Although these areas have experienced rapid urban and economic development, losses of natural wetlands have occurred, and vulnerability to coastal erosion has increased: more than 90% of the local wetlands have been lost in the approximately 120 years of development in the San Francisco Bay (McPhearson et al., 2013); in approximately 150 years, more than 90% of the natural Bank of Tokyo Bay has been lost, the sea area has been reduced and the shoal has been lost (Furukawa, 2013); finally, over the 160 years of development, 85% of tidal wetlands and 90% of freshwater wetlands in the New York Bay area have been destroyed (McPhearson et al., 2013).

To restore valuable natural resources and slow the irreversible consequences of excessive coastal zone development, local governments have formulated policies to effectively restrain the further deterioration of the coastal ecosystem. Coupled with effective ecological restoration measures, the harmonious coupling of natural processes and anthropogenic activities could once again occur. Over a 25 years period since 1972, 10 major wetland restoration projects have been implemented and achieved varied results (Williams and Faber, 2001). The “Tokyo Bay Restoration Plan” launched in 2003 has achieved good results (Furukawa and Okada, 2006); After 1974, the abuse and occupation of wetland resources in New York have been fundamentally curbed (Weinberg, 2010).

As a young bay area, the PRE has recently promoted wetland protection and coastal restoration concepts. Due to the high efficiency of policy implementation, the time for the PRE to develop its economy at the expense of the environment is greatly shortened. The PRE entered a period of ecological restoration faster than other bay areas.



Management Recommendations

According to the analytical results, this paper proposes some suggestions to provide information for management decision-making.

First, exposure of the coastal zone system should be reduced, its adaptability should be improved, and the implementation of policies related to coastal zone protection, restoration and reclamation should continue to be promoted. As mentioned above, the study area is located in an economically developed littoral area. The urbanization process and population density are expected to continually increase in the foreseeable future, and the increase in the sensitivity of the coastal system will be irreversible for a long period in the future. The impact of coastal policies on vulnerability has been most obvious in the Futian District (Figure 7B). After establishment of the reserve in 1984, the proportion of high-protection coastlines in the Futian District increased, and the impact of coastal characteristics on vulnerability gradually decreased; consequently, the Futian District was the first region to enter the ecological restoration period in the study area, and the advanced coastal zone protection concept achieved good results. The implementation of relevant policies and restoration projects (construction of wetland parks and beach restoration projects) has gradually naturalized the coastline and transformed artificial revetments into near-natural shores, thus avoiding direct damage to the coastal zone caused by human activities but also improving the anti-disturbance and protection capabilities of the coastal ecosystem, reducing the exposure of the coastal system and enhancing adaptability. Relevant policies and restoration projects have prevented further deterioration of coastal vulnerability in the PRE, and this stage represents the beginning of the ecological restoration period in the PRE.

The increased coastal erosion vulnerability caused by natural conditions is difficult for us to control; thus, we need to formulate disaster prevention and mitigation measures to deal with extreme weather and sea-level rise. According to the IPCC report, due to global warming, sea level will continue to rise, and the frequency and intensity of extreme weather will intensify, which will seriously threaten low-lying islands and coastal areas, increasing the threat of coastal erosion due to deterioration of the natural environment over a long time (Han et al., 2010). The study area is a low-lying delta area. Storm surge disasters are very serious. The combination of strong typhoons and spring tides causes a surge in tide level, accompanied by the overflow of sea water caused by strong winds, large waves and rainstorms, which destroys dikes and seriously aggravates the vulnerability of coastal erosion in the PRE Bay area. At the same time, the poor development of the coastline over a long-term period has led to the loss of the coastline’s ability to resist natural disasters, which urgently needs to be addressed.




CONCLUSION

The PRE is characterized by low coastal erosion vulnerability in the eastern hilly area and high vulnerability in the central and western deltas. Coastal characteristics, coastal lowlands and protection capability are the main elements and indices related to erosion vulnerability.

The development process of the PRE can be divided into three stages. Before 1980, economic development was slow, and vulnerability to coastal erosion was low. From 1980 to 2010, with the rapid development of the regional economy, the intensity of coastal zone development and coastline utilization increased; consequently, coastal erosion vulnerability increased. With the establishment of ecological restoration policies after 2010, the development and utilization processes in the coastal zone gradually shifted toward ecological repair and restoration, and the vulnerability to coastal erosion gradually decreased. Economic development and GDP inputs are important controlling factors related to coastal erosion vulnerability in each period.

Many bay areas worldwide have experienced rapid economic development at the expense of the ecological environment. With simultaneous development of the economy and utilization of natural resources, restoration to near-natural conditions has been needed in many bay areas; this case was also true in the PRE area. Due to the effectiveness of China’s economic policies, although the economy in the study area is still rapidly developing, the local environment is rapidly recovering. The ecological restoration methods used to achieve close-to-natural conditions are effective, and ecological repair and restoration measures have been successful. These cases provide scientific experience for the synergistic development of the economy and the environment in other regions of China.

The PRE is densely populated, and the sensitivity of the coastal zone system will be irreversible for a long time in the future. Therefore, managers should consider how to reduce the coastal erosion vulnerability in the study area from the aspects of exposure and adaptability of coastal zone systems to provide a scientific basis and decision-making for coastal zone protection. At the same time, due to the increased vulnerability of coastal erosion caused by natural conditions, it is difficult for us to control. It is necessary to formulate disaster prevention and mitigation measures to deal with extreme weather and sea-level rise to contribute to the sustainable development of coastal systems.
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the coastal to mitigate coastal erosion (Wiliams
et al., 2018; Zhu et al., 2018; Armenio et al.,
2021).
C8 Storm surges + The storm surge caused by a typhoon will ,S’, where S is the typhoon wind speed inthe ~ China Typhoon 1 m/s (M/s)
directly affect the coastal zone (Castelle et al., impact evaluation unit and / is number of Network
2015). typhoons (weather.com.cn)
C4 Waves + Wave actions cause erosion at the foot of Annual average effective wave height in an Copernicus Marine 0.2° (m)
revetment slopes, and storm surge water levels  evaluation unit Service (CMEMS)
rise after a typhoon passes (Phan et al., 2013; (marine.copernicus.eu)
Armenio et al., 2021).
C5 Tides - Microtidal coastal areas are more likely to Annual average tidal range in an evaluation unit ~ Tidal contour maps; 0.01 m(m)
experience acute erosion than are macrotidal tidal level station data
coastal areas. Additionally, the larger the tidal (Xiao, 2003; Ma, 2005)
range is, the larger the amount of deposition is,
which is beneficial to tidal flat development in
delta areas (Qi et al., 2010; Wang X. T. et al.,
2021).
C6 Gross domestic The main disaster reduction factors include Per capita GDP in an evaluation unit Statistical yearbooks 10,000 yuan
product - government investment in disaster reduction, form each era (yuan)
C7 Public expenditure  effective financial resource allocation and
budget - personal disaster recovery, which are mainly
reflected in the general GDP and public Per capita public budget expenditures in an Statistical yearbooks 10,000 yuan
expenditure budget (Zhu, 2019). evaluation unit from each era (yuan)
C8 Population density ~ With high population densities and high Total population Census data and 10,000 persons
+ urbanization rates, coastal zones are highly Unit area Statistical yearbooks (per km?)

C9 Urbanization rate +
C10 Coastline

transformation +

C11 Reclamation +

C12 Building value +

affected by erosion, which can lead to damage
to high-value residential and industrial buildings.
Sparsely populated areas suffer from the same
coastal erosion processes but require less
protection (Jana and Bhattacharya, 2013;
Armenio et al., 2021).

Coastline reconstruction and reclamation
activities have led to the conversion of many
natural coastlines to artificial coastlines. In this
process, the sea area is lost, the sediment
balance in the original coastal zone system is
disrupted, and the threat of coastal erosion may
remain (Cai et al., 2019).

The higher the economic value of buildings
along a coastline is, the greater the potential
loss due to coastal erosion (Zhu et al., 2018).
Type 1, undeveloped area; Type 2, agricultural
cultivation; Type 3, urban construction land;
Type 4, Industrial transport; Type 5,
commercial, real estate and parks

Ratio of urban population to total population

Percentage of artificial coastline

Cumulative reclamation area

Type1 x1+Type2 x 2+ Type 3 x 3
+ Type d x4 +Type b5 x5
Total coastline length

from each era; Landsat

Census data and
Statistical yearbooks
from each era

Site investigations;
Landsat

Site investigations;
Landsat
Site investigations;
Landsat

10,000 persons
(%)

30 m (%)

30 m (km?)

30m

(+) indicates that the value of the indicator is positively correlated with vulnerability, and (=) is the opposite. Due to the limitations of the data acquisition methods, the
C4 and C5 data are consistent in 5 periods, and the remaining data are the most recent data for each period. In the early years, some counties and districts were not
established, and missing data were replaced with the lowest or average values. Supplementary Table 2 shows the specific establishment process of the formulation.
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