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Abstract: The acquisition of dynamic coastline change at fine spatial and temporal resolution is
essential for enhancing sustainable coastal economic development and coastal environmental con-
servation. Port construction, land reclamation, urban development, and sediment deposition have
resulted in extensive coastline change. In this study, the coastlines along the 56 coastal countries
in 1990, 2000, 2010, 2015, and 2020 were delineated and classified into six categories using Landsat
time—series images. Five relevant indices, i.e., the length, length ratio, length change rate, index
of coastline utilization degree (ICUD), and fractal dimension (FD), were calculated to analyze and
explore the spatiotemporal pattern of the coastlines. The results indicate that: (1) The overall length
of the coastlines has increased from 3.45 x 10° km to 3.48 x 10° km in the past 30 years, with a net
increase of nearly 3904 km. Between 1990 and 2020, the length of the artificial coastline increased
by about 13,835 km (4.9~8.8%), while the length of the natural coastline decreased by 9932 km
(95.1~91.2%). The increase in artificial coastline is concentrated in Southeast Asia and South Asia.
(2) The coastline fractal dimensions (FDs) of countries and continents show that the average FD
values of countries in South Asia (1.3~1.4) and Southeast Asia (1.2~1.3) were higher than other
countries in the study regions, meaning that the coastlines in South Asia and Southeast Asia are
more complex and curved. (3) The value of the ICUD index increased consistently between 1990 and
2015 (177.7~186.6) but decreased sharply between 2015 and 2020 (186.6~162.4), implying that the
impact of human activities on the coastline continued to increase until 2015 and began to decrease
after 2015. Our study examined the changes in various types of coastlines, which could be significant
for sustainable development and environmental protection in coastal areas.

Keywords: coastline change; coastline structure change; fractal dimension; index of coastline utilization
degree; land-sea pattern; Landsat imagery

1. Introduction

The coastal zone is the transition zone of land-ocean interactions, which is considered
the most complex and dynamic natural surface system. It is heavily influenced by natural
and anthropogenic disturbances, and rich in land and marine resources. Thus, the coastal
zone is an important and thriving ecosystem that benefits people in many ways, such
as fisheries, aquaculture, agriculture, human settlements, harbors, ports, tourism, and
industries [1,2]. Global climate change and various natural phenomena, such as erosion,
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saltwater intrusion, subsidence, tsunamis and flood, and tropical cyclone [3-5] affect coastal
regions. The pressure faced by the coastal zone is not only from natural disasters but also
from frequent human activities and rapid social-economic development [6]. Coastal zones
have been identified as highly vulnerable in terms of environmental and socioeconomic
settings [7]. The majority of the coastal zone is heavily populated due to the spatial cluster-
ing of the world’s megacities (population > 10 million) [8]. By using the global geospatial
grid datasets, researchers have estimated that about 39% of humans all over the world
live within 100 km of the coastline [9], and the population density has continually risen in
recent decades. Human interaction with infrastructure, city expansion, the development
of maritime commerce [10], and other intensive exploitations are often accompanied by
maritime disasters and coastline degradation [11,12]. Therefore, the importance of coastline
protection and coastal sustainability has been emphasized in recent years [13,14].

Defined as ‘the line of the physical interface between land and water
body’ [15,16], the coastline is an important linear feature for describing the dynamic
changes of coasts and coastal degradation due to both natural and artificial factors [17,18].
It is the dividing line between land and sea and is constantly changing due to its unique
environmental characteristics. However, the rapid expansion of ports and changes in the
population and land use patterns of coastal cities (e.g., fisheries) pose challenges to coastal
ecosystems and species diversity, the coastal environment, the socioeconomic activities of
local residents, and the tourism industry. Extreme weather and climate-induced changes
such as coastal erosion and sea level rise [19,20] are likely to increase the risk of inun-
dation in many parts of the coastal zone, especially over densely populated low-lying
areas. Anthropogenic activities (such as marine reclamation, port construction, and tourism
development) [21-23], as well as the climate change process and deterioration of the coastal
environment in multiple ways (such as mangrove degradation, deforestation, near-shore
water pollution, coastal erosion, seawater intrusion, and coral bleaching), tend to destroy
coastal resources, alter the coastal environment, reduce the stability of ecosystems, and
reshape the coastline [24-27]. At least 70% of the world’s beaches show a long-term chronic
erosion tendency [28].

The selected areas include more than 50 countries, and most of the countries are located
mainly in tropical and subtropical regions. Some of the countries are prone to frequent
natural disasters, such as hurricanes and tsunamis, and some have fragile ecosystems [29]
that are sensitive and show weak self-recovery [30,31], some are facing severe coastline
retreat, and some have ongoing urban development and reclamation activities. In 2015,
the United Nations proposed 17 Sustainable Development Goals (SDGs), which provide
a shared blueprint for peace and prosperity for people and the planet. Regarding ocean
and coastal resources, SDG 14 emphasizes the idea of conserving and sustainably using
the oceans, seas, and marine resources. Hence, monitoring coastline changes in coastal
countries could provide a better assessment of SDG 14.

This study aimed to assess coastline changes in terms of position and types for
56 coastal countries between 1990 and 2020, using multi-temporal Landsat imagery. With
its long history, Landsat imagery has been the most recognized archive for monitoring
long-term coastline changes over large areas [32]. However, most of the studies have
been focused on delineating the coastline and its temporal change, and few studies have
assessed the coastline changes in terms of different types of coastlines. Therefore, this
study analyzed and assessed the coastline changes using the metrics of coastline length,
length change, coastline change rate, index of coastline utilization degree (ICUD), and
fractal dimension (FD) to assess the regional pattern of coastline change and their response
to natural and anthropogenic factors. This study provides fundamental information for
government officials and coastal managers to construct scientific and rational policies for
land use planning and the sustainable development of coastal zones [33,34].
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2. Materials
2.1. Study Area

The study area encompasses 3 continents, 13 typical coastal areas, and over 50 countries
or regions, with broad spatial scales and significant regional distinction (Figure 1). The
countries selected for this study are mainly along the coastal zones of Eurasia and African
continents. It was divided into five regions, including Southeast Asia, South Asia, West Asia,
the Mediterranean coast, as well as Southeast Africa. Countries with long coastlines, such
as Indonesia, the Philippines, Malaysia, and Vietnam, are also included. Most countries
and regions are sensitive in the context of climate and geological changes, with very
complex natural and fragile ecological environments [35]. Southeast Asia, one of the most
biologically diverse and rich regions in the world, is also included, which is affected by
typhoons and flooding annually.
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Figure 1. Study area.

2.2. Data Sources

The Landsat series (TM: Thematic Mapper, ETM+: Enhanced Thematic Mapper Plus,
and OLI: Operational Land Imager, 30 m) from 1990, 2000, 2010, 2015, and 2020 were
used for extracting the coastline datasets. A total of 3872 scenes of Landsat images with
good-quality and free of cloud (at least over the coastlines of interest) and sensor defects
(striping or banding), covering the entire coast of the study area, were selected for this
study via https:/ /earthexplorer.usgs.gov (assessed on 15 October 2021). The NIR (near
infrared) (0.85-0.88 pm), red (0.64-0.67 um), green (0.53-0.59 um) bands were selected to
composite false color images, as they provided strong contrast between land and water, so
the coastline can be easily identified in remote sensing images.

3. Methods
3.1. Coastline Definition and Classification

Although the definition of coastline is simple and clear, this line is not easily recognized
on satellite images. It maintains a dynamic state because of coastal sediment movement,
tidal surge, beach erosion, waves, and human activities. Many previous studies have
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proposed various practical coastline metrics, such as mean high-water line (MHWL),
instantaneous high-water line (HWL), and low-water line (LWL) [36,37]. Among these
indicators, the MHWL is the most accepted because of its clear identification and high
stability [38]. Thus, these coastline metrics were also used in this paper.

The methods of coastline extraction using remote sensing images can be generally
classified into two categories: manual visual interpretation and automatic computer in-
terpretation [39,40]. Although automatic computer interpretation has the advantage of
extremely high efficiency and reusability, visual interpretation has the advantages of high
interpretation accuracy and continuous extraction of coastlines when distinguishing dif-
ferent categories of coastline and is very resistant to noise when targeting complex areas,
which ensures accuracy and precision [41]. This study extracted the coastline data with a
manual visual interpretation method, and the banded images were processed in ArcGIS
software to outline the coastline with vector data.

At present, there is no definite and acceptable coastline classification system. Based
on the literature review, coastlines were classified into five types according to differences
in anthropogenic utilization. The broad classification includes artificial coastline and
natural coastline. The natural coastlines include biotic coastline, bedrock coastline, estuary
coastline, silty coastline, and sandy coastline [42]. Artificial coastlines, such as harbors,
reclamation, aquaculture dikes, and beach berms, are usually built at the convergence
zone between land and sea for living security and economic development. The coastline
classification system and the description of different types of coastlines are presented
in Table 1. The specific flowchart for coastline extracting and classification is shown in
Figure 2.
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Figure 2. Flowchart of extraction and coastline classification.
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Table 1. Coastline categories.

Category

Description

Image Sample

Natural coastline Bedrock coastline

Biotic coastline

Estuary coastline

Sandy coastline

Silty coastline

The coastline distributed on bedrock with
a distinct state of undulation, and is
relatively tortuous and remains largely
unchanged. Bare, steep, and hard rocks
cover the surface of this coastline.

Biotic coastline is usually developed by
the role of mangroves and reef-building
coral. The seaward side is mostly
consisted of mangrove forests, showing
some green shore in remote sensing
images (no silt, sandy, landward side is
not an artificial coastline).

Estuary coastline is generally located at

the entrance of the rivers into the sea. Its

boundary is between estuary and ocean,
which remains largely unchanged.

Sandy coastline is mostly located in the
open bay. The beach is yellow or
off-white, generally smooth and wide.
The coastline is long and largely in a state
of erosion.

Silty coastline grows in hidden bays, and
the shore form is mostly smooth silty
beach. The coastline is obviously dark in
color, with sediment accumulation and
weak hydrodynamic conditions.

Artificial coastline Harbors, dikes, jetties, etc.

Artificial coastline is a coastline that has
been changed by human action that has
altered the original form of its natural
state. Obvious artificial coastline includes
ports, wharfs, and docks for
human activities.
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3.2. Indicators of Coastline Change
3.2.1. Coastline Change Rate (CCR)

The coastline change is widely accepted as a highly reliable and effective indicator
to estimate coastline change [43]. We calculated the change in total coastline length over
time, the rate of change, and the length ratio and rate of change ratio for each type of
coastline. To avoid the effects caused by inconsistent observation intervals and to ensure
the consistency of coastline change data, annual average data were used to describe these
changes, as shown in this formula:

h

CCR = 12;

p— )

where I and I; represent the length of the coastline for different years, and vy, and y;
represent the year they each correspond to.

3.2.2. Index of Coastline Utilization Degree (ICUD)

The ICUD indicates the extent to which the coastline is affected by human actions [44].
According to the impact of human activities on the coastline, different human action intensity
indexes are given to different types of coastlines: bedrock coastline = estuarine coastline =1,
sandy coastline = 2, biotic coastline = silty coastline = 3, artificial coastline = 4 [45]. The
following formula is used for calculation:

ICUD =) " | (A; x C;) x 100 2)

where 1 represents the number of types of coastlines; A; represents the human action
intensity index corresponding to the ith type of coastline; and C; represents the percentage
of the length of the coastline of type i. The larger the ICUD, the greater the impact of human
actions on the coastline.

3.2.3. Fractal Dimension (FD)

Length is the basic characteristic of the coastline. However, the length of the coastline
cannot be used as the indicator of coastline change because there are significant differences
in the length of the coastline measured at different scales [46]. The fractal dimension mainly
describes the most important parameters of fractal [47]. The higher the fractal dimension
is, the higher the curvature and complexity of the coastline are. This study used the grid
method [48] to calculate the fractal dimension of the coastline.

Square grids with constant side length r are used to cover the coastlines, and the
number of grids (N(r)) will inevitably change according to the variable r. In fractal theory,
the relationship between the side length of the grid and the number of grids is as follows:

N(r) o rD 3)

When the length of the grid is set to a series of different values, a series of correspond-
ing grid number sequences are obtained. After taking the logarithms of the two sequences,
linear fitting is carried out, and the following formula is obtained:

IlgN(r) = —Dlgr+ A 4)
where A is a constant and D is the fractal dimension of the coastline.

4. Results
4.1. Coastline Length Change

The extracted coastlines derived from the Landsat images between 1990 and 2020 are
depicted in Figure 3a. The coastline of the 56 countries showed a general trend of increasing
and then decreasing between 1990 and 2020. Figure 3b illustrates the overall coastline
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length of 3.45 x 10° km in 1990 to a maximum length of 3.59 x 10° km in 2010 and then
decreased to 3.48 x 10° km in 2020. the increase in coastline length over the last 30 years
was 3904 km, with an average annual rate of change of 130 km/year.

(@)
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Figure 3. (a) Coastline length changes in five regions (colored as Figure 1) from 1990 to 2020; (b) The
length change of artificial and natural coastlines for the 56 coastal countries.

The natural coastline shows a trend of slight increase and then decrease, from
3.28 x 10° km in 1990 to 3.34 x 10° km in 2000, and then decrease to 3.18 x 10° km in 2020.
The artificial coastline shows a continuous growth trend, increasing from
1.69 x 10* km in 1990 to 3.07 x 10* km in 2020, an overall increase of 1.38 x 10* km,
with an annual rate of change of 461 km/year. Although a rapid increase was revealed in
the artificial coastline, the overall length of the coastline of the 56 coastal countries began
to decrease slowly after reaching a maximum in 2010. Over the past 30 years, continued
development in the dynamic coastal zones induced more natural coastlines to be destroyed,
and more artificial coastlines were constructed during that period.

Figure 4 shows the average annual rate of coastline change for each country from
1990-2020. In Southeast Asia, the coastlines of Indonesia and Myanmar are growing rapidly,
with an average annual growth rate of 31.8 km/year and 47.2 km/year, respectively, while
the coastlines of Malaysia and the Philippines are decreasing with an average annual rate of
change of —33.1 km/year and —26.2 km/year. The coastline of countries in Southeast Asia
is more variable, with an average annual rate of change of —23.8 km/year for the coastline
of Bangladesh and —23.8 km/year for the coastlines of India. Most countries in the West
Asia region have positive average annual rates of coastline change, with Saudi Arabia
and the United Arab Emirates at 27.7 km/year and 33.8 km/year, respectively. In the
Mediterranean region, Greece and Italy have higher average annual coastline growth rates
of 28.1 km/year and 36.3 km/year, respectively, while the coastline of Spain shows a greater
decrease with an average annual rate of change of —37.9 km/year. Most of the countries in
Southeast Africa show a decrease in the coastline, with Eritrea, Mozambique, and South
Africa showing average annual rates of change of —22.6 km/year, —16.2 km/year, and
—16.4 km/year.
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Figure 4. The annual change rate of coastline length for 56 countries from 1990 to 2020. We calculated the rate of coastline change over 30 years, and the values
showed almost good normal distribution characteristics. Thus, we divided the rate of coastline change into four levels, arranging all values from smallest to largest
and dividing them into quartiles, 0-25%, 25-50%, 50-75%, and 75-100%, and displayed them in the grids in Figure 5.
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Figure 5. Grid distribution of coastline change rate in the 56 countries from 1990 to 2020. (The size of
the grids: 100 x 100 m).

There has been an increasing trend along the coastlines of Southeast Asia, South Asia,
West Asia, and the Mediterranean coast during the last 30 years. As shown in Figure 5,
the coastline in Southeast Asia has grown more significant and extensive (light blue grid),
increasing by approximately 860 km, with an annual rate of change of 28 km/year. The
main increase in the coastline occurred along the northern coast of Indonesia (dark blue
grid), and the decrease occurred in southwestern Malaysia and the Philippines (dark red
grid). The coastline around South Asia has increased by about 756 km, with an annual
rate of change of 25 km/year. The coastline in West Asia has increased more significantly
(dark blue grid), increasing by approximately 3213 km, with an annual rate of change of
107 km/year. The coastline along the Mediterranean coast has increased by 863 km, with
an annual rate of change of 29 km/year. The length of the coastline around Southeast
Africa has fluctuated, with an overall decreasing trend, as shown in Figure 5 (light red grid),
decreasing by about 1788 km over 30 years, with an annual rate of change of —59 km/year.

4.2. Coastline Structure Change

Coastline structure refers to the length proportion of different types of coastlines
in a certain area, which can reflect the status of different types of coastlines under the
influence of various activities. Therefore, we analyzed the coastline length proportion
and annual change rate of various coastlines (Table 2 and Figure 6). The coastlines of the
study area were mainly dominated by the estuary coastline, followed by bedrock coastline
(Figure 6). Table 2 shows the rate of coastline change of different types from 1990 to 2020.
The table shows that the total coastline change rates in 1990-2000, 2000-2010, 20102015,
and 2015-2020 were 918.7, 537.1, —998.4, and —1132.5 km/year, respectively.
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Table 2. Length ratio and change rate of different coastlines types from 1990 to 2020.

: Year 1990 2000 2010 2015 2020
Type of Coastline

Bedrock Length ratio (%) 21.9% 20.7% 19.6% 19.5% 19.9%
edroc Change rate
—238.9 —291.2 —227.3 21.8
(km/year)
Bioti Length ratio (%) 11.4% 12.3% 12.6% 12.9% 14.5%
1otic Change rate
424.6 191.5 50.2 968.5
(km/year)
Estuar Length ratio (%) 32.8% 33.6% 33.3% 33.0% 31.4%
y Change rate
Natural coastline (ke year) 577.7 545 —513.1 —1470.6
Sand Length ratio (%) 17.9% 17.0% 17.2% 16.8% 17.4%
y Change rate
—124.1 160.0 —442.2 186.2
(km/year)
Silty Length ratio (%) 11.1% 10.6% 9.9% 9.5% 8.0%
Change rate ~79.1 ~202.9 —3385 ~1166.0
(km/year)
Sub 1 Length ratio (%) 95.1% 94.2% 92.6% 91.8% 91.2%
et Change rate 560.2 —88.0 —1471.0 —1459.9
(km/year) ’ ’ ’ ’
Length ratio (%) 4.9% 5.8% 7.4% 8.2% 8.8%
Artificial coastline
Change rate 358.4 625.1 472.6 3274
(km/year)
100% 190
(7]
il
=
—_
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Figure 6. Structural characters and index of coastline utilization degree (ICUD) of coastline from
1990-2020.

Regarding the natural coastline, the overall proportion of natural coastline length
slowly decreased from 95.1% in the early 1990s to 91.2% in 2020. The length of the natural
coastline increased slightly from 1990 to 2000, and since then, the length of the natural
coastline decreased slowly, falling from 3.3 x 10° km in 2000 to 3.2 x 10° km in 2020.

The most obvious decrease in the natural coastline is the silty coastline, which has
been decreasing from 3.8 x 10* km in 1990 to 2.8 x 10* km in 2020. Tidal scouring and
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flooding will lead to a huge change in the silty coastline. In contrast, the bedrock coastline
change rate shows an upward trend, and this means that the bedrock coastline is decreasing
more and more slowly. Among the natural coastlines, almost all of them are decreasing in
length percentage. Estuary and sandy coastline changed slightly, while estuary coastline
decreased from 32.8% in 1990 to 31.4% in 2020, with a maximum dissolution rate of
1470.6 km/year between 2015 and 2020, and sandy coastline decreased from 17.9% in 1990
to 17.4% in 2020. Bedrock coastline decreased from 21.9% in 1990 to 19.9% in 2020, and
silty coastline decreased from 11.1% in 1990 to 8.0% in 2020, reaching a maximum erosion
rate of 1166.0 km/year between 2015 and 2020. In contrast, it is noteworthy that the biotic
coastline length ratio has been consistently increasing from 11.4% in 1990 to 14.5% in 2020
and reaching an average annual growth rate of 968.5 km /year from 2015 to 2020. At the
same time, the artificial coastline is growing rapidly, from 4.9% in 1990 to 8.8% in 2020. The
average annual growth rate reached a maximum of 625.1 km/year in the period 2000-2010.

The ICUD index reflects the degree of influence of human activity on the coastline.
Figure 6 shows a continuous increase in ICUD from 177.7 in 1990 to 186.6 in 2015, which
shows that more and more coastlines were affected by human activities. However, it had a
dramatic drop in 2020, reaching 162.5, implying that the coastlines became less affected by
anthropogenic events, which corresponds with a significant increase in the biotic coastline
between 2015 and 2020.

4.3. Coastline Fractal Dimension Change

The coastline fractal dimension (FD) provides an important precondition for accurate
measurement of coastline length, promotion of intensive coastline use, and effective coast-
line protection and management. We calculated the fractal dimension of each country from
1990-2020. A series length of the grid (6000, 7000, 8000, 9000, 10,000, 11,000, 12,000, 13,000,
and 14,000) were used to calculate the fractal dimension of the countries’ coastlines. We
found that most countries have a relatively stable trend of FD change, but a small number
of countries have a large variation. The values of FD for five regions and for the countries
with variable FD are shown in Figure 7a,b. Remote sensing images of some coastal zone
areas with significant changes in FD are demonstrated (Figure 8).

(a) 1.50 (b) 1.50

1.30

1.30

1.20 1.20 '\/ /
W
1.10 1.10 \/

i

Fractal dimension
Fractal dimension

1.00 T T T T T 1.00 T T T T T
1990 2000 2010 2015 2020 1990 2000 2010 2015 2020
Year Year
—v— Southeast Africa —&— Mediterranean coast| —<&— Bahrain —»— Myanmar
—#— Southeast Asia —e@— South Asia —e— Kenya —— Kuwait
—&— West Asia —a— Singapore

Figure 7. Fractal dimension (FD) of coastline in regions (a) and countries with highly variable FD (b).



Remote Sens. 2023, 15, 2344

12 of 20

Figure 8. Landsat images of coastlines in the area with large fluctuations in FD values during 1990
and 2020: (a) the Bahrain coastal zone area, (b) the area along the Singapore coastal zone. Areas with
great changes are circled in the red box.

At the regional scale (Figure 7a), South Asia had the highest FD values and has shown
a gradual increase over the last 30 years. Southeast Asia was in second place but showed a
slow decreasing trend. West Asia, the Mediterranean, and Southeast Africa had the lowest
FD. The Mediterranean region was higher in terms of FD than Southeast Africa, while
West Asia had the lowest FD. The FD of West Asia and Southeast Africa showed a slowly
increasing trend, while the FD of the Mediterranean showed a more rapid decreasing
trend. The larger the FD, the more curved and complex the coastline. This downward
trend indicated that the coastline of Southeast Asia and the Mediterranean coast was
more influenced by human activities, such as the building of dikes, the building of ports,
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and reclamation, which make the originally curved coastline regular, thereby decreasing
the FD.

In West Asia, Bahrain showed the highest average FD values, with a continuous
increase from 1.14 to 1.40 between 1990 and 2010, and although its FD fluctuated between
2010 and 2020, it generally showed an increasing trend. As the remote sensing image in
Figure 8 shows, the coastlines of Bahrain became more curved and thus complex from
1990 to 2020. It can be clearly seen that many artificial structures, such as docks and
harbors, have been built around this coastal zone, so the FD value shows an increasing
trend. In Southeast Asia, the FD value of Singapore decreased from 1.47 to 1.29, followed
by an increase between 1990 and 2010 and a slight decrease after 2010, which indicated
that the shape of the coastline along Singapore had undergone major changes during this
period (Figure 8). The FD value of Slovenia in the Mediterranean Sea showed a continuous
decreasing trend from 1.50 to 0.88 during the period 1990-2020. Similarly, in Kuwait, the
frequent shipping in the port made the coastline more and more tortuous, which led to the
coastline being more curved and its FD value changing. The FD value of Kuwait fell from
1.23 to 1.06 from 2010 to 2015 but increased to 1.27 in 2020.

4.4. Changes of Land-Sea Pattern

Changes in coastline erosion or accretion caused by human activities (land reclamation
and development) or natural changes (tides, sedimentation) are expressed at a macro
level as changes in the advance and retreat between sea and land. Changes in land-sea
patterns respond to the direction and process of coastline erosion or expansion, and changes
in coastline structure types explain the main drivers and factors of changes in land-sea
patterns. By comparing the coastline changes between the two periods, the sea-land pattern
could reflect the changes in the coastal zone area.

From 1990 to 2020, the coastal areas of Eurasia and Africa changed dramatically, with
land expansion of about 9663.15 km? and land retreat of about 5913.75 km?. It showed
that the trend of the coastline change was mainly expansion into the sea (land advancing
and coastline expansion), and there was relatively less erosion to land (land retreating and
coastline erosion) (Figure 9a).

The areas with large changes in land-sea patterns are mainly distributed in South Asia
and Southeast Asia. Most of the countries in Southeast Asia showed a net increase in land
area in coastal areas. Indonesia, the Philippines, and Vietnam showed a land advance with
a net increase of about 2223.88 km?, 863.22 km?, and 419.42 km? (Figure 9b). In South
Asia, Bangladesh showed a net increase in land area of 222.49 km?, India showed a retreat
of land area with a net change of —512.61 km?, and Pakistan had a significant change
of the land area of about —561.71 km? (Figure 9c). Many countries in Southeast Africa
maintained a slight change in coastline area, showing a slight erosion (Figure 9d). Among
the Mediterranean coastal countries, Egypt and Greece suffered coastal erosion, with land
retreating of area change of —23.28 km? and —11.74 km?, respectively (Figure 9e). Most
countries in West Asia remained a net increase in land area, with Iran showing the largest
increase of area of about 292.29 km? and Turkey of about 196.44 km? (Figure 9f).
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5. Discussion
5.1. Driving Factors and Potential Impacts for Coastline Change

The coast is a very important buffer zone between the land and sea, which provides
services including carbon storage, protection for coastal settlements, and a balanced envi-
ronment for ocean life [49]. Based on the previous research [8,9], in the past 30 years, the
continuous expansion of human activities has led to effects on the coastline, therefore, the
original structure of the coastline has been affected. Specifically, the length of the entire
coastline showed a decreasing trend after 2010, indicating that the coastline is suffering
severe disturbances.

Based on the changes in various types of coastlines from 1990 to 2020 (Figure 6), espe-
cially the continuous growth of artificial coastlines, it can be inferred that human activities
are the main drivers of coastline change. Geographically, Southeast and South Asia are the
main regions contributing to the overall growth of artificial coastline length [50], as most
developing countries are experiencing rapid development of their marine economies, with
coastal countries such as Indonesia and Myanmar vigorously developing their aquaculture
industries and accelerating the rate of expansion of aquaculture ponds [51]. The reduction
of coastline is mainly concentrated in Eritrea, Mozambique, and South Africa in Southeast
Africa, where marine economic development is relatively weak. Coral bleaching and some
aquaculture ponds are frequently affected by coastline erosion, monsoonal winds, and sea
level rise, which results in an overall decreasing trend in coastline length [52].

In terms of coastline type, although the proportion of artificial coastline is low, it is
widely distributed and is the main driver of overall coastline length growth. Artificial
coastlines are mainly densely distributed along the Mediterranean coast, the Persian Gulf
coast in West Asia, the Strait of Malacca, the Red Sea coast, and the northern part of Java
Island in Southeast Asia, which consists of breeding ponds, port towns, cargo ports, and
reclamation projects that carry great economic significance [53]. Urban development of
ports and coastal zones, human activities, and marine economic construction are the main
drivers of the growth of artificial coastlines, such as the construction of coastal farming
ponds in Southeast Asian countries, the upgrading and expansion of ports in various
countries, reclamation projects in island countries, and intensive touristic activities in West
Asia [54]. Compared to other studies, our results of the Index of Coastline Utilization
Degree (ICUD) data further illustrate the driving factors of coastline changes. In general,
the ICUD of the coastline across the study area increased almost continuously until 2015,
with a large and rapid increase between 2000 and 2010, a period when the growth rate of
the artificial coastline also reached its maximum and the intensity of human activities on
the coastline continued to increase.

The natural coastline retention rate refers to the ratio of the retained length of the
mainland natural coastline to the total length of the mainland coastline. Setting this
indicator is conducive to strengthening coastline protection, utilization, management,
and improving marine ecology. From 1990 to 2020, the natural coastline retention rate
along the seashore declined from 95.1% to 91.2%. When we compare the changes in the
length of different types of coastlines, we can figure out the differences and changes in the
structure of the coastlines. The proportions of biotic coastline and artificial coastline are
increasing continuously, and the proportion of silty coastline is decreasing significantly.
More and more countries are paying more attention to environmental protection and
biodiversity. Coastal zone areas, such as coral reefs, mangroves, and coastal wetlands, have
been protected and developed, increasing the biotic coastline percentage [55,56]. The biotic
coastline is mainly dominated by mangroves and other offshore plants, concentrated in
Southeast Asia, which increased from 3.9 km (1990) to 5.1 km (2020). Mangrove forests are
an effective barrier to the coast, and proper planting and protection will mitigate the effects
of climate change in coastal regions [57,58].

The Sustainable Development Goals (SDGs) are a set of global goals set by the United
Nations in 2015 to achieve a better and more sustainable future for the public, with 17 goals
accompanied by 169 specific targets. SDG 14 emphasizes the protection and sustainable
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development of oceans and marine resources, and SDG 14.5 addresses the protection of
coastal and marine areas, suggesting that, by 2020, our world should protect at least 10% of
coastal and marine areas with national and international law. The impact of the intensity
of human activities on the coastline has been dramatically reduced, as can also be seen in
Figure 6, where the ICUD shows a decreasing trend after 2015.

5.2. Selected Regions for Detailed Analysis

Changes in coastline structure can be closely related to the direction of a country’s
marine economic development, as well as resource development and utilization [59]. Many
previous studies have investigated changes in coastline length, but most of them only
focused on individual countries or regions [33,44]. In terms of changes in coastline length,
considering the coastline changes of the countries over the past 30 years, Southeast Africa
frequently suffered natural disasters such as tsunamis and hurricanes [52], and the coastline
length in this region continued to decrease. Owing to busy maritime trade and developed
tourism, the Red Sea and the Mediterranean Sea along the route are the regions with a
concentrated coastline increase (Figure 5).

Focusing on the coastline structure change, it is evident that countries with a large
proportion of artificial coastlines are mainly those with developing aquaculture and are
rich in marine resources. The coastline changes in the Southeast Asia region are mainly
based on the artificial coastline, which is manifested by the phenomena of aquaculture
ponds, dykes, and polders. This is inseparably related to the developed local aquaculture
industry. The countries with a large proportion of bedrock coastline, on the other hand,
have natural geographical advantages at the hub of seas, such as the Black Sea and the Red
Sea, and have more natural resources, such as oil, so their marine trade mainly relies on
ocean import and export of resources [60]. Countries near West Asia and the Mediterranean
Sea are located at the center of the oceans and straits and have rich oil and gas resources, so
they rely mainly on marine imports and export to drive the development of the maritime
economy. In addition, for the natural-disaster-prone Southeast of Africa, Madagascar’s
coastline shows fluctuating changes in silty and sandy coastlines, whereas Southeast Africa
shows sandy coastline increasing and estuary coastline decreasing.

The eroded coastline is mainly estuary and silty coastlines. It has been shown that the
natural coastline of Indonesia has been reduced by about 6000 km in the last 30 years [61].
The coastline in Southeast Asia is long and rich in types. According to our analysis of
coastline types, we found that most of the Indonesian coast is silty coast. The erosion of the
silty coast is mainly due to wave and tidal action in seawater and the scouring action of
rivers, which leads to the retreat and erosion of the coastline. The Estuary coastline in South
Asia is generally subject to significant erosion, and the coastline with the fastest erosion
rate is along Bangladesh. Bangladesh is a country bordering the sea, with a coastline that
spans the southern coast of the country that is also connected to the Bay of Bengal. The
erosion of Bangladesh’s estuary coastline is mainly due to precipitation from monsoons,
combined with the low and flat topography of Bangladesh, slow-flowing rivers, severe
siltation of rivers, and estuarine displacements [62], resulting in flooding, siltation of rivers,
and severe displacement and erosion of the estuary coastline.

It is estimated that about 3 million hectares of global mangrove area were lost between
1980 and 2005, the largest proportion in Southeast Asia, where about 50% of the mangroves
were lost; the area from which mangroves were lost was mainly converted to aquaculture
or agriculture, and the others were lost due to urban development [63-65]. The reduction in
the biotic coastline is concentrated in some countries in Southeast Asia. Large aquaculture
countries, such as Thailand and Myanmar, need to balance their aquaculture and coastal
zone area conservation. Few studies have used fractal dimensional to estimate coastline
change. As with the FD values calculated in this study, the West Asia region has the lowest
average FD in almost all study areas. When combined with Figure 7, it is obvious that the
coastal zone areas in West Asia, on the other hand, are mainly used for port expansion
and maritime trade; these activities are prone to sediment accumulation and tides, which
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threaten urban life, so a balance should also be established between economic development
brought about by artificial coastlines and comfortable living space for humans [66]. A series
of serious problems, such as sea level rise, seawater flooding, dike construction, cyclones,
and the degradation of mangroves are problems that need to be solved to protect the
coastal zone area [67], and we still need a lot of effort to solve these issues and conserve the
coastal zone.

6. Conclusions

In this study, the spatial locations and types of 56 coastal countries’ coastlines and
their change patterns over the past 30 years (1990-2020) were mapped using Landsat time
series. Significant coastline changes occurred during the study period. From 1990 to 2020,
the coastline of 56 coastal countries increased from 3.45 x 10° km to 3.59 x 10° km. The
length ratio of artificial coastline rose from 4.9% to 8.8%, while the proportion of natural
coastline fell from 95.1% to 91.2%. Coastal spreading is a prevalent trend observed on
most coastlines. In particular, the majority of coastlines in Southeast and West Asia exhibit
spreading. Conversely, South Asian coastlines predominantly experience erosion. Minor
erosion is also observed in coastlines along southeastern Africa and the Mediterranean
Sea. Between 2000 and 2010, the coastline underwent a significant process of curvature
change and complexity change, especially in some countries in Southeast Asia and West
Asia, such as Singapore, Myanmar, Brunei, Bahrain, and Vietnam. During this period,
human activities have had a significant impact on the spatial and temporal variability of
the coastline [65]. Most of the coastlines are being eroded, with severe erosion of silty
coastline in Southeast Asia and estuarine coastline in South Asia. Biotic coastlines are
effectively protected, and areas containing mangroves and coral reefs in Southeast Asia
show a growing trend.

Changes in coastlines are closely related to the development of the marine economy
in the region, and thriving coastal zone development can significantly boost regional
economic development. We should seek a balance between economic development and
coastal zone protection. Since the first year of the Sustainable Development Goals (2015),
the growth in the length of the coastline and artificial coastline has started to slow down,
indicating that coastal countries have achieved some success in the scientific management
and planning of coastlines. Highly efficient and accurate research methods should be
used to further study and protect coastlines. In the future, we will investigate the precise
coastline erosion or accretion state on a large spatial scale, which can provide data sup-
port for understanding the spatial and temporal changes in coastal countries’ coastlines
and support decision-making in the land-use planning and sustainable development in
coastal areas.
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