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Abstract: In this study, a combination of example-based feature extraction and visual interpretation
was applied to analyze the coastline variations in the Guangdong–Hong Kong–Macao Greater Bay
Area (GHMGBA) from the past four decades based on the Landsat satellite remote sensing image
data from 1987–2018, using ENVI and ArcGIS software. The results showed that the total length of
the coastline of the GHMGBA increased in the past four decades, rising from 1291 km in 1987 to
1411 km in 2018. Among these, artificial coastline increased by 450 km, while the other coastline
types decreased. The type of coastline that decreased the most was bedrock coastline, by a total of
172 km. The silty coastline disappeared, and almost all of it was converted to artificial coastline.
Variations in the coastline of the GHMGBA were mainly connected to human activities and showed
an overall trend of advancing towards the ocean. Dynamic monitoring of coastline variations can
provide a reference for the protection of natural resources, sustainable marine development and
rational planning of the coastal zone.

Keywords: Landsat; feature extraction; visual interpretation; ENVI; ArcGIS; Guangdong–Hong
Kong–Macao Greater Bay Area

1. Introduction

A coastline is the boundary line between land and sea, located in the sensitive tran-
sition zone extending from both regions [1] and refers to the boundary reached by high
tide [2]. It is an area where human activities are more concentrated and resources and
environmental conflicts are the most prominent [3]. The changes on coastlines are the
result of the interaction between human activities and natural factors, reflecting the mutual
influence among economy, society and ecology. The study of coastline variation plays
an important role in the natural resources and ecological protection of the coastal zone.
Studies have shown that the major reasons for the coastline changes in the Pearl River
Estuary (PRE) were government policies, regulation of the estuary, urban construction and
beach reclamation [4–8].

The areas with the greatest changes were the Nansha District of Guangzhou and
the Nanshan District of Shenzhen [9]. Scholars in the field conducted research on the
eight estuaries of the PRE [5,10], both sides of Lingdingyang [11], the PRE region [4,6] and
other small areas. For a larger area, such as the Guangdong–Hong Kong–Macao Greater
Bay Area (GHMGBA), which includes the PRE, the coastline variability at a longer time
scale (nearly four decades) remains unclear.
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Traditional coastline survey means are not effective in measuring extensive areas or
those with large topographic relief, complex coastlines. In addition, it can be challenging
to study long-term changes using this method only [12]. Satellite remote sensing has the
advantages of wide observation coverage, long time, convenient data acquisition and small
restricted range [13–15]. It has been successfully applied to studies that have looked into
coastline variation [16–18], sedimentation area change [19], reclamation monitoring [20,21],
beach area change [22–24], aquaculture area change [25,26], land use change [27] and
vegetation cover change [28].

Currently, automatic extraction and visual interpretation are two major coastline
extraction methods that are widely used by researchers in this field of study. The au-
tomatic extraction method is another means to identify the coastline relies, and it relies
on the differences in spectral features exhibited by different land use types on remote
sensing images [29]. Commonly used methods include the edge detection algorithms [30]
(Sobel, Canny, Roberts and other classical operators [31]), object-oriented method [32],
region growing method [33–35], mathematical morphology method [36]) and threshold
segmentation method [37].

However, the automatic extraction of coastline has issues with “same spectrum and
heterogeneity” (same spectrum but unique features), inaccurate location due to the influ-
ence of mixed pixels and low accuracy of silty coastline extraction [38]. On the other hand,
the visual interpretation method can be to recognize remote sensing images according to
the interpretation marks.

The GHMGBA is a city cluster comprising two special administrative regions, Hong
Kong and Macau and nine cities in Guangdong Province, i.e., Guangzhou, Shenzhen,
Zhuhai, Foshan, Zhongshan, Dongguan, Huizhou, Jiangmen and Zhaoqing. It is an impor-
tant area for China to build a world-class city cluster and take part in the competitive global
scenario [39]. The region is also the most economically active region and an important
growth pole in China at present [40]. It is the fourth largest bay area in the world after New
York Bay Area, the San Francisco Bay Area in the United States and the Tokyo Bay Area in
Japan, with a superior geographical position and diverse coastline types [4,41].

Since China’s reform and opening up in the 1980s, these coastal cities have developed
rapidly, especially in the areas where human activities are frequent. As a new world-class
city cluster, the GHMGBA is a demonstration area for in-deep cooperation between the
mainland, Hong Kong and Macao and also a positive reinforcement for implementing the
“One Belt, One Road” initiative [42].

Computer graphics image processing technology and extraction software support
automatic coastline monitoring [29]. Satellite remote sensing provides different periods of
information of the coastline, reducing the engineering investment of manual measurement
and shorting the repair and measurement cycle [14]. Studying the long-term evolution
of coastline is of great significance for ecological environment protection and scientific
management of the coastal zone [43]. The dynamic monitoring of coastline variations could
provide a reference for the protection of natural resources, sustainable marine development
and rational planning of the GHMGBA coastal zone.

2. Materials and Methods
2.1. Study Area

The study area is located in the northern South China Sea (SCS), 112.3◦–115.05◦ E,
21.6◦–22.85◦ N, including the coastal areas of Hong Kong, Macao, Guangzhou, Shenzhen,
Zhuhai, Zhongshan, Dongguan, Huizhou and Jiangmen (Figure 1).
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Figure 1. Study area.

2.2. Data Sources

The Landsat satellites are oceanic land resource satellites launched by NASA and are a
type of technology that enables effective multi-temporal dynamic monitoring of coastlines.
In this study, Landsat images for nearly 4 decades from 1987 to 2018 were obtained
(http://www.gscloud.cn/, accessed on 10 May 2020), including 10 Landsat-5 TM images
in 1987 and 1990, 10 Landsat-7 ETM images in 2000 and 2010 and five Landsat-8 OLI images
in 2018 (Table 1). Among them, 1987–1990 represents the 1980s, 1990–2000 represents the
1990s, 2000–2010 represents the 2000s, and 2010–2018 represents the 2010s.

Table 1. Remote sensing data.

Date (dd/mm/yy) Satellite Sensor Resolution Orbit

09/03/2018 Landsat-8 OLI 30 m 121-44
03/10/2018 Landsat-8 OLI 30 m 121-45
01/04/2018 Landsat-8 OLI 30 m 122-44
03/05/2018 Landsat-8 OLI 30 m 122-45
23/03/2018 Landsat-8 OLI 30 m 123-45
08/10/2010 Landsat-7 ETM 30 m 121-44
08/12/2010 Landsat-7 ETM 30 m 121-45
28/10/2010 Landsat-7 ETM 30 m 122-44
28/10/2010 Landsat-7 ETM 30 m 122-45
20/11/2010 Landsat-7 ETM 30 m 123-45
16/04/2000 Landsat-7 ETM 30 m 121-44
15/09/2000 Landsat-7 ETM 30 m 121-45
01/11/2000 Landsat-7 ETM 30 m 122-44
01/11/2000 Landsat-7 ETM 30 m 122-45
20/08/2000 Landsat-7 ETM 30 m 123-45
22/10/1990 Landsat-5 TM 30 m 121-44
22/08/1991 Landsat-5 TM 30 m 121-45
14/09/1991 Landsat-5 TM 30 m 122-44
14/09/1991 Landsat-5 TM 30 m 122-45
02/09/1990 Landsat-5 TM 30 m 123-45
19/12/1988 Landsat-5 TM 30 m 121-44
03/12/1988 Landsat-5 TM 30 m 121-45
08/12/1987 Landsat-5 TM 30 m 122-44
08/12/1987 Landsat-5 TM 30 m 122-45
10/09/1987 Landsat-5 TM 30 m 123-45

http://www.gscloud.cn/
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The resolution of data was 30 m. In order to ensure the successful extraction of
coastline data, all the remote sensing images were obtained from images with cloud cover
less than 10% and images with unobstructed coastline. The quality of the collected data fully
meets the requirements of this study. We obtained the vector maps (2017) of the GHMGBA
with 1:1 million geographic data (https://www.webmap.cn, accessed on 22 May 2020) that
could be tested based on coastline extraction accuracy. The PRE is a weak-tide estuary, and
the tide does not have a significant impact on the long-term variation of the coastline [5];
therefore, it is not considered in this study.

2.3. Coastline Extraction and Classification

In this study, a combination of example-based feature extraction [44,45] and visual
interpretation [46] was used to extract coastline data. Using ENVI 5.3.1 (Exelis VIS, Silicon
Valley, CO, USA) software, the acquired Landsat images were preprocessed hrough a series
of procedures, including image mosaicking, registration, clipping and stripe repair. The
object-oriented feature extraction method based on samples was applied to segment the
preprocessed image. According to the interpretation signs and the principles of extraction,
the features of the study area were then segmented and merged into two categories: marine
and land, and the boundary between them was the coastline.

During this process, vector data of the coastline were obtained. Using ArcGIS 10.3
(Esri, Redlands, CA, USA) software, false color band combination and appropriate image
enhancement processing were applied to Landsat images to improve the distinguishability
of coastline. The coastlines of the study area were classified into five types: artificial,
bedrock, biological, sandy and silty coastlines [47–49] (Figure 2). Based on the established
coastline interpretation signs and principles of extraction, the visual interpretation method
was adopted to classify the automatically extracted boundary and correct the coastline
(Figure 3).
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Figure 3. Technology route of coastline extraction.

According to the distinct features of the coastline illustrated by the Landsat images
(e.g., the hue, texture, location and spatial form) the coastline interpretation markers
were established and the principles of coastline extraction were determined [48]. Sandy
coastlines are formed by sand and gravel accumulation at the seashore and usually present
low water content and high brightness in remote sensing images. It is usually shown as a
bright white “line” parallel to the seashore [11]. The inner boundary of the “line” is the
location of the sandy coastline (Figure 2a).

Silty coastlines are mainly located in the nearshore with abundant sand and less
erosion. In remote sensing images, these are gray or off-white. There are tidal gullies on the
tidal flats, and the vegetation above the tidal flats generally grows luxuriantly and presents
itself in reddish brown in remote sensing images. The location where the vegetation density
changes significantly is the silty coastline [50] (Figure 2b). The biological coastline is formed
by the growth and reproduction of plants and animals in the coastal waters. In this study,
biological coastline refers to mangrove coastline, which is reddish brown in remote sensing
images and distributed in patches in the bay area or river estuaries [51].

The inner boundary of the mangrove forest is where the biological coastline is lo-
cated (Figure 2c). Artificial coastlines are formed by artificial activities in the process of
development, with regular shapes and sharp edges. In remote sensing images, the spectral
reflectance is high, and the texture is clear [11,52]. The outer boundary of the artificial
buildings represents the position of the artificial coastline (Figure 2d). Last, the bedrock
coastline is composed of rocks with zigzag shapes and evident contours. In remote sensing
images, the spectral reflectance is low, and the predominant color is gray [52]. The sea-land
boundary is the bedrock coastline (Figure 2e).

2.4. Coastline Length Calculation

In this study, the average change rate method was applied to calculate the change
of coastline length of GHMGBA. This refers to the annual percentage change of coastline
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length over a certain period and is often used to express the change in intensity of the
region, which can better illustrate its variations over time [53]. The average velocity is
calculated as follows:

LCImn = (Lm − Ln)/Ln (m − n) × 100 (1)

where LCImn stands for the average rate of change of different types of coastlines in
the m − n; Lm represents the length of the coastline in the year m; Ln represents the
length of the coastline in the year n; and Lm − Ln represents the change length in the
determined period.

2.5. Accuracy Test

In this study, 50, 25, 5 and 15 points were randomly selected on the artificial coastline,
bedrock, biological and sandy coastlines of 2018, respectively. An additional five points
were randomly selected on the silty coastline of 2010. A total of 100 points were selected for
testing. The distance between points and the coastline were obtained using the near dist
analysis function in ArcGIS 10.3 software. The average value was 29.9 m, and the standard
deviation was 18.2 m.

The average value of the artificial, bedrock, biological and sandy coastlines was about
30 m, and the standard deviation was less than 30 m. The error of the silty coastline was
about two pixels. This may be related to the fact that the points were selected in 2000,
a period far from 2017. The error in one pixel was in the normal range, satisfying the
demands of this study [54]. Therefore, the coastline extraction methods used in this study
are reliable and successfully meet the accuracy requirements for coastline changes.

3. Results
3.1. Changes in Coastline Length

Based on Landsat images, data from the coastlines of the GHMGBA in 1987, 1990,
2000, 2010 and 2018 were extracted (Figure 4), and their lengths were 1291, 1300, 1335,
1356 and 1411 km, respectively (Figure 5). The coastline showed an increasing trend as
a whole, which included: (i) an increase of 10 km in the 1980s, with a variation rate of
0.3%, accounting for 7.9% of the total increase length; (ii) an increase of 35 km in the 1990s,
with a variation rate of 0.3%, accounting for 29.2% of the total increase length; and (iii)
an increase of 21 km in the 2000s, with a variation rate of 0.2%, accounting for 17.1% of
the total increase length. In the 2010s, it increased by 55 km with a variation rate of 0.5%,
accounting for 45.7% of the total increase length (Table 2). The major outcome of these
procedures reveals that the coastline of the GHMGBA has increased by 120 km in the past
four decades, with an overall variation rate of 0.3%.

3.2. Distribution and Types of Coastline

Information on the coastline of the GHMGBA in the 1980s, 1990s, 2000s and 2010s was
obtained according to the five types of classification mentioned above (Figure 4). In the
1980s, the major changes happened in Huidong County of Huizhou City, Baoan District
of Shenzhen City and Doumen District of Zhuhai City. In the 1990s, the major areas of
change were Longgang District of Shenzhen City, Jinwan District of Zhuhai City and Duhu
Town and Chixi Town of Taishan City of Jiangmen City. In the 2000s, Baoan District and
Nanshan District of Shenzhen City as well as Jinwan District of Zhuhai City were the areas
that changed the most. In the 2010s, the major areas of change were Huiyang District of
Huizhou City, Futian District of Shenzhen City and Xiangzhou District of Zhuhai City.

Considering the same data, statistics were provided according to different types of
coastlines (Figure 5). Among them, the artificial is the one that coastline has changed the
most, with its length increasing from 406 km (31.5% of the total) in 1987 to 872 km (61.8%
of the total) in 2018. In 1987, the artificial coastlines were mainly distributed in Nanshan
District and Baòan District of Shenzhen City, Nansha District of Guangzhou City and
Doumen District of Zhuhai City.
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In 2018, they were mainly distributed in Nanshan District and Baòan District of
Shenzhen City, Humen Town of Dongguan City, Nansha District of Guangzhou City,
Doumen District and Xiangzhou District of Zhuhai City [55], Guanghai Town, Wencun
Town and Haiyan Town of Taishan City, Jiangmen were distributed along the coast of the
GHMGBA. In the last four decades, the artificial coastline increased by 465 km with an
overall change rate of 3.7% (Table 2). It burgeoned in the 1980s and 1990s, but the pace
slowed down in the 2000s and 2010s.

The bedrock shoreline decreased the most, with its length changing from 594 km in
1987 (46.0% of the total) to 407 km in 2018 (28.8% of the total). In 1987, it was mainly
distributed in Huidong County and Huiyang District of Huizhou City, Longgang District
of Shenzhen City, the eastern and southern coasts of Hong Kong, the southwest coast of
Huangmao Sea and the west coast of Zhenhai Bay. In 2018, it was mainly distributed in
Longgang District, Shenzhen City. In the past four decades, the bedrock coastline has
decreased by 187 km, with an overall change rate of −1.0% (Table 2). It showed a trend of
rapid decrease in the 1980s and 1990s, but the pace slowed down in the 2000s and 2010s.
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The length of the biological shoreline decreased from 51 km in 1987 (4.6% of the total)
to 16 km in 2018 (1.2% of the total). In 1987, the biological coastline was mainly distributed
in Renshan Town, Huidong County of Huizhou City, Futian District of Shenzhen City, Nan-
lang Town of Zhongshan City and Xinhui District of Jiangmen City. In 2018, it was mainly
distributed in Futian District of Shenzhen City. The biological shoreline has decreased by
42 km in the past forty years, with an overall change rate of −2.3% (Table 2). It showed a
trend of rapid decrease in the 1980s and 1990s, slow decrease in the 2000s and increasing
again in the 2010s.

The length of the sandy coastline decreased from 172 km in 1987 (13.3% of the total)
to 116 km in 2018 (8.2% of the total). It was mainly distributed in Huidong County of
Huizhou City, Longgang District of Shenzhen City, Haiyan Town and Beidou Town of
Taishan City of Jiangmen City in 1987 and in Huidong County of Huizhou City in 2018. In
the past forty years, the sandy coastline has decreased by a total of 56 km, with an overall
change rate of −1.1% (Table 2) and a fluctuating trend of decrease.

The length of the silty coastline was about 60 km in 1987 (4.7% of the total), and all of
it disappeared in the 2000s. In 1987, the silty coastline was mainly distributed in Bao‘an
District of Shenzhen City and Duhu Town and Chixi Town of Taishan City, Jiangmen City,
with an overall change rate of −4.8% in the past four decades (Table 2).
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Figure 5. Coastline length in the GHMGBA at different times.

Table 2. Variation of coastline in the GHMGBA in different decades.

Period
Coastline Change (km)/Change Rate (%) Proportion

to Total
Change (%)

Artificial
Coastline

Bedrock
Coastline

Biological
Coastline

Sandy
Coastline

Silty
Coastline Total

1980s +125/+10.2 −72/−4.0 −29/−16.5 +24/+4.6 −37.84/−21.0 +10/0.3 7.9
1990s +242/+4.6 −82/−1.6 −17/−5.6 −94/−4.8 −14/−6.4 +35/0.3 29.2
2000s +44/+0.6 −27/−0.6 −3/−2.7 +15/+1.5 −8/−10.0 +21/0.2 17.1
2010s +54/+0.8 −6/−0.2 +7/+8.9 0/0 0/0 +55/0.5 45.7

4 decades +465/+3.7 −187/−1.0 −42/−2.3 −56/−1.1 −60/−4.8 +120/0.3 100
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4. Discussion
4.1. Coastline Classification

In this study, we combined feature extraction and visual interpretation to extract
coastline data, so we could make corrections based on the automatic extraction of an
object-oriented coastline. Related studies classified coastlines into only four categories:
bedrock, sandy, silty and artificial coastlines [56,57], because the term “biological coastline”
generally refers to mangrove coastline, coral reef and reed coastlines, which are usually not
distributed in some coastal areas. Here, biological coastline refers to mangrove coastline.
Some studies provide a more detailed classification of coastlines, adding estuarine shore-
lines to the list [51], or classifying artificial coastlines considering other aspects, such as the
existence of wharf coastlines, as well as agricultural, farming, salt land, construction and
transportation dykes [51,58].

4.2. Major Change Areas of the GHMGBA Coastline

In the past four decades, the length of the Chinese mainland coastline has continued
to expand and the intensity of change has gradually escalated. The coastline of the PRE
presented significant changes. The growth of breeding dikes and port terminal coastline
and farming reclamation as during 1980–2000 kept Guangdong among the top three coastal
provinces in China. The area increased with new port infrastructures and became the
largest in China [2]. Related studies have shown that the coastline of Guangdong Province
advanced toward the ocean during 1980–2010 [59], a phenomenon that is consistent with
the results of this study.

The coastline changes in the GHMGBA were mainly manifested by the transformation
of natural to artificial coastlines. Major changes were found in Huidong County and
Huiyang District of Huizhou City, Futian District, Baoan District and Nanshan District of
Shenzhen City and Jinwan District of Zhuhai City. The areas where the transition from
bedrock to artificial coastline was clear were Huidong County and Huiyang District of
Huizhou City (Figure 4b). Fanhe Port in Huidong County (Box C in Figure 4a) is the mouth
of many rivers, and the low flow rate of rivers leads to sedimentation. In addition, the port
is located in the bay, where the tidal action is weak, and thus the erosion effect of the current
on the beach is small [60]. Therefore, the fragmented land can easily be transformed into
farming and industrial land. After 2000, the construction of Chinese ports and wharves
entered a high-speed development stage [2]; therefore, the coastline near the Fanhe Port
advanced to the ocean.

Located in Huiyang District of Huizhou City, the Daya Bay Petrochemical Industrial
Zone (Box J in Figure 4d) is one of the key petrochemical industrial bases in Guangdong
Province, and its construction changed the original coastline pattern. The rapid develop-
ment of the petrochemical industry after 2000 expanded the demand for land, and the
coastline of this specific zone extended to the ocean through land reclamation projects
based on the original coastline. The convex embankment formed by the construction of
the port terminals also increased the length of the artificial coastline [61]. As a result, it
continues to increase until now.

The areas where the transformation of the silty coastline to the artificial coastline and
the advancement of the original artificial coastline to the ocean is more evident are the east
coast of Lingdingyang and the west coast of Huangmao Sea (Box D in Figure 4b). From
1990 to 2000, the average change rate in the length of the PRE coastline reached 15.5% [5],
due to the expansion of urban land, the construction of transportation networks and the
development of ports and terminals. Lingdingyang is the major inlet of the Pearl River,
and its eastern coast has undergone tremendous changes in the past four decades. Among
them, considerable changes affected the coastline of Shenzhen, especially regarding its
spatial distribution [4].

Shenzhen Baòan International Airport was built based on land reclamation and was
officially inaugurated in 1991. After 1993, the infrastructure of the airport was further
improved, forming a relatively straight coastline that kept advancing towards the ocean [6].
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Shenzhen’s Qianhai Bay, Houhai Bay and Shekou Peninsula (Box G in Figure 4c) are the
frontline of Shenzhen’s economic development. In the 1980s, the Qianhai Bay and the
Houhai Bay were dominated by sea-farming, and, after 2000, land reclamation episodes
became frequent. The artificial farming area was filled in, the original aquaculture area was
gradually transformed into towns, and the zigzag natural coastline was transformed into a
straight artificial coastline.

The zigzag of the coastline decreased, and Qianhai Bay (Box B in Figure 4a) showed
a trend of merging [61], while Houhai Bay gradually became smaller [62]. In the Shekou
Peninsula, the continuous construction of infrastructure projects, such as ports, wharves
and town facilities has straightened the original zigzag coastline [10,11,61]. In 1987, the
silty coastline was widespread. In the 1980s, 1990s and 2000s, the area was dominated by
the construction of pond farming constructions. The pond reclamation made the coastline
advance to the ocean to form new artificial coastlines [61]. This is when the transformation
of the silty coastline and the biological coastline to artificial coastlines became evident, and
almost all of them were converted to artificial coastline in the 2010s.

The newly added artificial coastline performed significantly in the Jinwan District
of Zhuhai City (Box H in Figure 4d). The Hong Kong-Zhuhai–Macao Bridge (HZMB) is
a bridge-tunnel project connecting Hong Kong, Zhuhai and Macao in China, located in
the Lingdingyang of PRE in Guangdong Province, China. The HZMB was constructed
through a land reclamation project that took advantage of artificial islands [63]. Since the
construction began in 2009, the original coastline shape has been continuously changed and
the formation of two artificial islands has increased the length of the artificial coastline [11].

The Gaolan Island (Box F in Figure 4c) is located in the south of Jinwan District, Zhuhai
City. In the 1980s, its northern side was dominated by sea farming. Since the embryonic
stage of the project, in 2003, the land reclamation area has increased [10], resulting in the
water area between islands and land being gradually filled. Once the gradual construction
of the Zhuhai Port and the Gaolan Port was completed, and the islands were connected
to the land around 2008 [10,61]. The Sanzao Island (Box E in Figure 4b) in the southeast
of Huangmao Sea became a land-linked island in the 2010s, increasing the length of the
coastline. After 2000, the construction of towns, the Jinwan International Airport, and new
coastal transportation lines have also collaborated to increase the length of the artificial
coastline [6,55].

The biological coastline (mangrove coastline) in the GHMGBA showed a trend of
decreasing and then increasing. The decreasing trend in the biological coastline was a
reality during the 1980s, 1990s and 2000s; however, in the 2010s, the scenario changed, and
there was an increase of 7 km. The biological coastline was reduced by 42 km over the
past four decades (Table 2). Guangdong Province has the largest mangrove distribution
area in China [64], with about 120 km2 (12,040 hectares), accounting for about 57.3% of the
Chinese mangrove area [65].

The biological coastline retention rate in the GHMGBA declined and is currently at a
low level (from 90% in 1973 to 34.5% in 2016) [66]. Early regional economic development
and factories construction led to an increased demand for land and the destruction of the
biological coastline [67]. In recent years, there has been an increasing awareness of the
importance of mangrove conservation and restoration initiatives [68].

China has issued several related action plans for mangrove restoration [69] and related
policies and regulations for marine development (http://www.forestry.gov.cn/, accessed
on 3 August 2020), promoted the “Blue Bay” comprehensive improvement project, repaired
damaged shorelines, increased the area of coastal wetlands and effectively controlled the
scale of sequestration and reclamation [70]. The Shenzhen Futian Mangrove Nature Reserve
(Box I in Figure 4d) is the second largest mangrove reserve in China. Its construction helps
to purify water bodies, strengthen the shore protection, prevent wind and waves and
promote siltation and beach preservation in the adjacent waters [11,55,62,67].

The silty coastline in the GHMGBA has been decreasing over the past four decades,
with a total reduction of 60 km (Table 2). The major areas of change were two shores of

http://www.forestry.gov.cn/
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the Huangmao Sea (Box A in Figure 4a and Box D in Figure 4b). The pond aquaculture
and coastline development projects in the 1980s and 1990s transformed the silty coastline
into artificial coastlines, resulting in its complete disappearance in the 2000s. Almost all the
Huangmao Sea coastlines were transformed into an artificial coastline.

4.3. Major Reasons for Coastline Changes in the GHMGBA

The coastline changes in the GHMGBA in the past four decades can be explained
by natural and human factors. Natural causes mainly include sediment deposition in
estuaries, coastal erosion in areas with high wind and waves, river diversion and sea level
rise due to global warming. However, these natural factors did not heavily influence the
scenario. Human factors, on the other hand, are more directly related to these changes.
These include land reclamation, urban construction, construction of ports and docks and
national policies.

Major coastline variations were caused by human activities, even under different
climatic conditions. In Mediterranean Climate, the coastline has been drastically modified
by human interventions over the last two centuries [71]. In southeastern Spain, the coastline
has changed due to human land reclamation to the sea in different periods (1956–1957 and
2014–2016) [72]. In the Athens Riviera, the coastline was enhanced by 40% from 1945 to
2021, while land reclaimed to the sea area now approached 2.7 km2 because of human
interventions. The growth of urban fronts in the coastal area resulted in this artificial
increase of coastline length [73].

Reclamation is an effective method to solve the shortage of land resources in coastal
areas. Relevant studies showed that, during 1980–2010, the land reclamation area in
Liaoning Province was 358 km2, mainly used for coastal industry, fishing ponds and
town construction [74]. Guangdong province increased land reclamation by over 600 km2,
ranking the highest in China [60]. The PRE region is the most economically developed and
fastest growing region in the area with a great demand for land for urban construction and
port construction, and the scale of land reclamation is the largest in the province [75].

For small island countries, e.g., Indonesia, Malaysia and Singapore, land reclamation
is an important way to increase the available land area, mainly used for urban construction
and agricultural development [76]. In the 1980s, coastal towns in the GHMGBA developed
planting and aquaculture through beach reclamation and pond culture at the estuary and
bay area where tidal flats were deposited. In the 1990s, urban expansion covered the
original agricultural areas, farming waters and polder boundaries advanced toward the sea,
urban construction development sped up, and the construction of port wharfs increased [6].
Hence, coastal development changed the spatial pattern of the original coastline.

The development of coastlines brings great economic benefits but may also shine a
light on environmental pollution and ecological problems [77]. Coastline changes may be
related to global warming, rising sea levels and tropical cyclone activities [78]. In order to
ease the conflict between human and nature, China promulgated Notice of the State Council
on Several Issues Concerning Further Strengthening the Work of Marine Management (http:
//www.gov.cn/, accessed on 12 August 2020) and Regulations of Guangdong Province on
the Administration of the Use of Sea Areas (http://www.gd.gov.cn/, accessed on 15 August
2020) to strictly approve marine development activities and control land reclamation and
the mining of sea sand.

Management was, thus, gradually standardized. Ecosystem protection and restoration
were strengthened, and the biodiversity level can, therefore, be maintained. From then
on (2000–2018), the length change rate of the artificial coastline and bedrock coastline
was relatively small, because national policies played a significant role. The length of the
biological coastline increased, and the mangroves have slowly recovered, but small-scale
land reclamation and water conservancy projects are still in progress. Therefore, it can be
affirmed that the coastline changes in the GHMGBA are connected with human factors,
such as beach reclamation, pond aquaculture, urban construction, land reclamation and
national policies.

http://www.gov.cn/
http://www.gov.cn/
http://www.gd.gov.cn/
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5. Conclusions

The GHMHBA coastline data of four decades (1980s, 1990s, 2000s and 2010s) was
extracted using geographic information system (GIS) technology based on Landsat series
multi-period remote sensing images. The total length of the coastline tended to increase,
with the artificial coastline increasing the most, the bedrock coastline decreasing the most,
and the silty coastline disappearing. These phenomena are connected with human activities
such as land reclamation, town construction, port and wharf construction and national
policies. The coastline as a whole showed a trend of advancing toward the ocean. Due to
the strengthening of marine ecological and environmental protection in recent years, the
coastline changes in the GHMGBA slowed down after 2000.
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