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A B S T R A C T   

The negative impacts of anthropogenic disturbances on the ecology of small island states or regions are important 
topics mentioned by United Nations’ Sustainable Development Goals. This study used the coastline as an indi-
cator to analyze four parameters (the annual variation rate of the artificial coastline length, the index of coastline 
utilization degree, the index of coastline type diversity, and the standard deviation ellipse of the latter two in-
dicators) to study the changing characteristics of coastal development and utilization of over 13,000 islands, 
revealing the spatiotemporal evolution characteristics and patterns of human disturbance in island coastal zones. 
The results indicated that:(1) The spatial–temporal patterns of coastline length and structure undergone sig-
nificant changes. The length of artificial coastline increased, while natural coastline decreased. The most pro-
nounced change in the artificial coastline was the proliferation of aquaculture embankments, and the most 
drastic changes occurred in the coastal areas of Southeast Asia.(2) The intensity of coastal development and 
utilization, as well as the diversity of coastline types, showed an upward trend on the islands. (3) The centroid of 
coastline utilization degree and type diversity both shifted southeastward by 59.53 km and 931.05 km, 
respectively. (4) The anthropogenic disturbance patterns on the islands primarily included land reclamation and 
occupation of original wetland systems. Our study revealed the spatiotemporal characteristics and multiple 
scenario patterns of anthropogenic disturbance on islands at a large spatial scale from 1990 to 2020, and we 
quantitatively analyzed the relationship between anthropogenic disturbance factors and changes in the coastline 
of islands. Islands are currently facing significant pressures from development and conservation. This work is of 
great significance for the study of sustainable development and management of islands experiencing high- 
intensity human activities.   

1. Introduction 

Small island nations and regions are a focal point of the United Na-
tions’ Sustainable Development Goals (Van Beynen et al., 2018; Hume 
et al., 2021). Due to their relatively underdeveloped economies, many 
small island nations often sacrifice natural resources in exchange for 
economic development. It is noteworthy that the development and uti-
lization of coastal zones and marine resources are key pathways for their 

economic growth (Lee et al., 2014; Hassanali, 2017; Sarathchandra 
et al., 2018). Due to increasing human activities, such as large-scale land 
reclamation for urban expansion, construction of ports and aquaculture 
ponds, the ecological pressure on island ecosystems is becoming 
increasingly severe. Moreover, anthropogenic disturbances have a pro-
found and often irreversible impact on island ecosystems (Nguyen et al., 
2016). This issue has garnered global attention on a widespread scale 
(Nicholls and Cazenave, 2010; Sahoo and Bhaskaran, 2018; Lapointe 
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et al., 2020; Zhang and Hou, 2020). 
The impacts of anthropogenic disturbances on island ecosystems are 

characterized by complexity and diversity. For instance, urbanization 
and land development can directly alter coastal landscapes, leading to 
the destruction of habitats and ecological connectivity, resulting in the 
loss of biodiversity, and the discharge of wastewater (Duan et al., 2016; 
Chouhan et al., 2017). The excessive logging of mangrove forests for the 
construction of aquaculture ponds not only directly leads to the loss of 
wetland ecosystems and their ecological functions but also exacerbates 
the risk of storm surge disasters faced by islands (Thomas et al., 2017; 
Wei et al., 2021; Das et al., 2023). Furthermore, port construction results 
in the hardening of coastlines, altering the sediment transport patterns 
in nearshore waters and disrupting the biodiversity of benthic organisms 
in the vicinity (Dauvin et al., 2006; Davis et al., 2022; Chen et al., 
2023a). The degradation of island ecosystems can potentially lead to 
further issues such as biodiversity loss, habitat destruction, water 
pollution, coastal erosion, and increased risks of sea-level rise. However, 
research on the mechanisms of anthropogenic disturbances in island 
ecosystems is currently limited, with a particular lack of studies at large 
spatial scales. 

On the other hand, particularly for small island nations, there is a 
relatively low level of education and knowledge which limit island 
residents awareness of the negative impacts of various types of anthro-
pogenic disturbances on their ecosystems. In the pursuit of resource 
development, they may neglect to implement necessary mitigation 
measures, which can potentially lead to a vicious cycle of degradation in 
island ecosystems (Katircioğlu, 2014; Lapointe et al., 2020). Therefore, 
it is crucial to collect basic data and implement sustainable development 
strategies and management measures for the residents of island 
communities. 

Overall, the impact mechanisms of anthropogenic disturbances on 
islands are a widely studied field (Delgado et al., 2017). Current research 
on the effects of anthropogenic disturbances on islands primarily focuses 
on land use, species invasion, human-induced landscape patterns, 
nearshore water quality, and biodiversity. These studies aimed to 
investigate the changes in ecosystem services, ecosystem diversity, 
ecological vulnerability, biological homogenization, and the evolution 
of ecosystem health in island ecosystems (Shen et al., 2016; Iacarella 
et al., 2018; Adyasari et al., 2021; Chen et al., 2023b). Xie et al. (2021) 
developed an adjusted assessment system for ecosystem service values 
(AESV) based on land use and ecological vulnerability. This system 
provided a scientific basis for the management of island ecosystems 
undergoing land use changes. Chi et al. (2020) established an evaluation 
model for the impact of human activities on island ecosystems, from 
perspectives of damage to the natural ecosystem and support for the 
social ecosystem. This model served as a solid reference for sustainable 
development in island regions. Coccia et al. (2022) investigated the 
response of invertebrates in coastal wetlands in Chile to anthropogenic 
disturbances, extreme events, and key environmental factors using 
measures of size diversity and traditional community diversity. These 
findings contributed to the development of scientific strategies for the 
conservation of wetland invertebrates. 

However, current research in this field has mainly focused on indi-
vidual or a few islands, and there is a lack of understanding of human 
activities on large sample islands at a large spatial scale. This hinders the 
systematic study of the characteristics and patterns of human distur-
bances in complex island environments. Additionally, due to the 
geomorphological and locational characteristics of islands, island resi-
dents are mostly concentrated in coastal areas, similar to mainland re-
gions. The coastline is one of the most typical geographical elements for 
studying the theory of human-environment relationships and coordi-
nated development in the context of land-sea integration (Vousdoukas 
et al., 2020; Cai et al., 2022; Yan et al., 2023). Therefore, the develop-
ment and utilization of coastlines serve as good indicators of human 
activities in coastal areas. However, there is currently a significant lack 
of research on the characteristics of coastline development and 

utilization in large sample islands, and this knowledge gap needs to be 
addressed. 

This study took the coastline as its research subject, and investigated 
the characteristics and patterns of human disturbances in the coastal 
zones of islands at a large spatial scale in Southeast Asian archipelagos, 
the Indian Ocean, and the Mediterranean. The main objective of this 
study was to address a scientific question: how to study the character-
istics and patterns of anthropogenic disturbances in the coastal zones of 
island environments from a coastline perspective. Therefore, the 
research content and objectives of this study were as follows: (1) Using 
remote sensing and geographic information system (GIS) techniques, 
calculate indices such as coastline utilization degree, coastline type di-
versity, and coastline artificialization rate to reflect the characteristics 
and patterns of anthropogenic disturbances in the coastal zones of 
islands. (2) Visualize the spatial patterns of anthropogenic disturbances 
and their development trends using grid-based method, natural break 
method, and standard deviation ellipse method. (3) Utilize the DPSR 
(Driving-Pressure-State-Response) framework to reveal the response 
patterns of islands to anthropogenic disturbances. These indices will 
enable us to analyze the spatial patterns and development trends of 
anthropogenic disturbances in island coastal zones, and to reveal the 
impacts of different types of human activities on coastal ecosystem. The 
research not only established a solid foundation for preserving and 
overseeing island ecosystems, but also advocated for the sustainable use 
of resources and the environment, while promoting socio-economic 
growth in island regions. 

2. Material and methods 

2.1. Study region 

The study area extends from Southeast Asia to the Cape of Good 
Hope in Africa, and from the Mediterranean Sea to a longitude range of 
6◦ W to 140◦ E and a latitude range of 35◦ S to 45◦ N (Fig. 1). It spans 
across the three major plates of Eurasia, India, and Africa, encompassing 
the Pacific Ocean, Indian Ocean, and Mediterranean Sea. Considering 
the visualization effect of the research results and the differences in 
projection coordinate systems, the study area was divided into four sub- 
regions for the quantitative analysis of coastal development and utili-
zation index and type diversity index: (1) Southeast Asia - Indochina 
Peninsula region. (2) South Asia, West Asia and Maldives region. (3) Red 
Sea-Mediterranean region. (4) East African coast region. 

The Southeast Asia-Indochina region encompasses islands in the 
coastal waters of Southeast Asia, including the Indonesian archipelago 
and the Philippine archipelago. The majority of the region has a tropical 
rainforest climate, characterized by high temperatures and abundant 
rainfall throughout the year. The terrain is predominantly plains and 
hilly mountains, with numerous rivers. The tourism industry, aquacul-
ture, and foreign trade are the mainstay industries in this region. 

In the South Asia region, the majority of the area has a tropical 
monsoon climate with significant spatial and temporal variations in 
precipitation. The terrain is characterized by mountains, plateaus, and 
plains. Agriculture is the main economic source of South Asia. The West 
Asia region is mostly tropical desert areas, with desert and semi-desert 
landscapes. The main economic industries in this region are the petro-
leum industry, transportation industry, and livestock farming. The 
Maldives and its surrounding islands have a flat terrain and belong to a 
tropical marine climate. The tourism industry and shipping industry are 
the main economic pillars of the Maldives. 

The Red Sea region has a tropical desert climate, characterized by 
high temperatures and aridity throughout the year, with scarce precip-
itation.The Mediterranean region is mostly characterized by a Medi-
terranean climate, with significant differences in precipitation between 
winter and summer. The terrain is predominantly mountainous, with 
plains and plateaus along the coast. The islands and coastlines in this 
region are mostly mountainous and have a relatively low level of 
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development. The main economic pillars are fishing, tourism, and salt 
production. 

The East Coast of Africa region includes islands such as Madagascar, 
the Seychelles, and Mauritius. The region has a variety of climate types, 
but most areas experience high temperatures and distinct wet and dry 
seasons. The terrain is mainly composed of plateaus, mountains, and 
plains. The economic level in this region is relatively low, with agri-
culture, fishing, tourism, and export processing industries being the 
main drivers of development. 

2.2. Coastline data 

The extraction and dynamic monitoring of coastlines using high- 
resolution, long-term, and readily available land remote sensing im-
ages have become the mainstream approach for coastline monitoring 
(Choung and Jo, 2016; Abu Zed et al., 2018; Sun et al., 2023). In this 
study, more than 3500 scenes of Landsat TM/ETM+/OLI remote sensing 
images with a resolution of 30 m were used (download in United States 
Geological Survey, USGS). The availability of imagery for the Maldives 
archipelago in 1990 was limited, rendering it inaccessible for analysis. 

The fluctuating tides and irregular storm surges make it challenging 
to determine the exact position of the coastline. The mean high tide line 
(MHTL), due to its advantages of easy identification and high stability in 
remote sensing imagery, has been widely applied in coastal monitoring 
and management (Hou et al., 2014; Hou et al., 2016; Zhang and Hou, 
2020). It partially mitigates the influence of tides and serves as a reliable 
reference for coastline determination. Its utilization in coastal man-
agement practices facilitates precise analysis and decision-making. 
Therefore, in this study, MHTL was adopted as a proxy for the coast-
line. Through field investigations and on-site measurements of the 
coastal zones and islands in mainland China, an image feature library for 
visual interpretation of different types of coastlines was established, as 
shown in Table 1. The detailed process of coastline interpretation can be 
referred to in previous studies (Zhang and Hou, 2020; Zhang et al., 
2021). 

2.3. Uncertainty in coastline position 

In this study, an accuracy analysis was conducted using a feature- 

based evaluation method. Specifically, the vectorized coastline data 
was used to generate sample points at regular intervals. These sample 
points were then imported into the Google Earth platform, where their 
positions were adjusted to align more closely with the location of the 
mean high tide line, using high-resolution remote sensing imagery as a 
background. The adjusted sample points were defined as reference 
points. The actual error was calculated as the Euclidean distance be-
tween the sample points and their corresponding reference points. The 
“theoretical maximum allowable error (MPE)” of the coastline data was 
determined based on the mathematical relationship between the un-
certainty of the coastline position and the image resolution (Yi et al., 
2013; Hou et al., 2014). Finally, the accuracy of the coastline extraction 
was assessed by comparing the MPE with the average error, as shown in 
equations (1)-(3). 

η =

∑n
i=1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Xi − xi)
2
+ (Yi − yi)

2
√

n
#

(1)  

σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1(di − η)2

n

√

# (2)  

P =
2

̅̅̅
2

√

3
× α# (3)  

where (Xi, Yi) is the coordinates of the sample points, (xi, yi) is the co-
ordinates of the reference points, ƞ represents the average error of the 
sample, σ indicates the population standard deviation of the error 
values, di is the actual error values, and n is the number of samples. P 
represents the theoretical maximum allowable error, and α indicates the 
image resolution. 

The maximum allowable error for interpreting the coastline from a 
30-meter resolution remote sensing image is 28.28 m. In our study area, 
we selected 1694 sample points and calculated their average error to be 
11.24 m with a standard error of 22.54 m. Therefore, the accuracy meets 
the experimental requirements. 

2.4. Methodology 

The anthropogenic disturbance characteristics of coastal islands are 

Fig. 1. The study area.  

H. Li et al.                                                                                                                                                                                                                                        



Ecological Indicators 160 (2024) 111835

4

quantified using four indicators: the annual variation rate of the artifi-
cial coastline length, the index of coastal utilization degree, the index of 
coastal line type diversity, and the standard deviation ellipse of the latter 
two indicators. The specific research route is shown in Fig. 2. 

2.4.1. Coastline length change 
Annual variation rate of the coastline length reflects the intensity of 

coastline length changes over a certain period and is one of the standards 
for reflecting the spatiotemporal variation characteristics of the coast-
line (Li et al., 2022). In addition, this ratio can avoid errors caused by the 
length of the study unit and different study periods, as shown in equa-
tion (4). 

ICLIij =
Lj − Li

(j − i) × Li
× 100%# (4)  

where ICLIij represents the annual variation rate of the coastline length, 
Li and Lj indicate the coastline lengths in the starting year and ending 
year, respectively. A positive value of ICLIij indicates an increase in 
coastline length, while a negative value indicates a decrease. The 
magnitude of ICLIij reflects the extent of coastline length change. A 
larger absolute value indicates a more pronounced variation in coastline 
length. 

2.4.2. Coastline type diversity 
The Index of Coastline Type Diversity (ICTD) reflects the human 

disturbance to the coastline from the perspective of the types or methods 
of coastal development and utilization (Li et al., 2023). This index is also 
influenced by the types and lengths of the coastline. It ranges from 0 to 1, 
as shown in Equation (5). 

ICTD = 1 −

∑n
i=1L2

i
( ∑n

i=1Li
)2# (5)  

where n represents the total number of coastline types, and Li represents 
the length of the i-th coastline type. A higher value of ICTD, closer to 1, 
indicates a greater diversity of coastal development and utilization 
types, with similar lengths for each coastline type. 

2.4.3. Coastline utilization degree 
The Index of Coastline Utilization Degree (ICUD) quantifies the 

impact intensity of human development and utilization activities on the 
coastline. The utilization degree is influenced by the length and type of 
the coastline, with different intensity factors assigned to different 
coastline types, as shown in Equation (6). The determination of intensity 
factors is primarily based on field investigations combined with expert 
knowledge, and their values range from 1 to 4, as shown in Table 2. 

ICUD =
∑n

i=1
Ai × Qi × 100%# (6)  

where n is the total number of coastline types, Ai is the length of the i-th 
coastline type, and Qi is the development intensity factor of the i-th 
coastline type. A larger ICUD indicates more intense human develop-
ment and utilization activities in the region. 

2.4.4. Analysis unit 
Due to the widespread and scattered distribution of islands in this 

study, the analysis of human disturbance spatiotemporal characteristics 
is challenging. Therefore, we utilized a 30 × 30 km grid created using 
ArcGIS software as the analytical unit for this study. We calculated the 
length of coastline, coastline artificialization rate, ICUD, and ICTD 
within each grid. The natural breaks method is an iterative process that 
compares the sum of squared differences between each observation 
within a class and the class mean. This method reveals inherent 
grouping and pattern characteristics in the data, effectively grouping 
similar values and maximizing the differences between classes (Jenks, 
1967; Lu et al., 2021). Using the natural break method, we classified the 
intensity of coastal development and the diversity of development types 
into five categories: low value, slight value, moderate value, slight high 
value, and high value, as shown in Table 3. 

2.4.5. Standard deviational ellipse 
The Standard Deviational Ellipse (SDE) spatial statistical method 

provides a relatively accurate representation of the spatial distribution 

Table 1 
Coastline interpretation flag library.  

First Level Second Level Characteristics Interpretive flag 

Natural 
Coastline 

Rocky 
Coastline 

It is mostly distributed in 
alternating areas between 
headlands and bays, and is 
composed of hard rock. 

Sandy 
Coastline 

Often located at the top of the 
beach, The brightness of the 
beach surface is high. 

Silty 
Coastline 

There is a significant 
difference in vegetation 
density on both sides of the 
coastline, which is located on 
the silty coast. 

Biogenic 
Coastline 

The coastline is covered with 
mangrove shores, reed shores, 
coral reefs, etc., distributed 
near the estuary of the tide 
Beach or coastal marsh area. 

Artificial 
Coastline 

Groin and 
Jetty 

Groin: low wall used to 
prevent wave erosion and 
regulate the flow of water 
along the coast.Jetty: A 
seawall facing the shore to 
keep out the waves. 

Harbor and 
Wharf 

Coastline has a regular shape 
and extends more seawall. 

Reclamation The sea wall is under 
construction around the sea 
embankment. 

Aquaculture 
dike 

Dikes built for aquaculture. 

Salt pan dike This shoreline is used for 
saline-alkali drying and 
reclamation of dikes, and is 
rectangular in shape and 
distributed in patches. 

Traffic dike A man-made dam used for 
transportation. 

Urban Coast Coastline is mainly distributed 
in construction development 
zones such as cities, towns and 
coastal development zones. 
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characteristics of geographic features. The SDE method quantitatively 
describes the central features, directional features, and spatial 
morphology of geographic feature distribution from a global spatial 
perspective, based on the spatial location and structure of the study 
object. It effectively captures the spatiotemporal characteristics of 
geographic features (Li Deren and Hanruo, 2017). The parameters of the 
Standard Deviational Ellipse primarily include the centroid, azimuth, 
and lengths of the major and minor axes of the ellipse. The calculation 
formulas for these parameters are shown in equations (7)-(10). 

Xw =

∑n
i=1wixi

∑n
i=1wi

,Yw =

∑n
i=1wiyi

∑n
i=1wi

(7)    

σx =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑n
i=1(wix̃icosα − wiỹisinα)2

∑n
i=1wi

2

√

# (9)  

σy =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑n
i=1(wix̃isinα − wiỹicosα)2

∑n
i=1wi

2

√

# (10)  

where (xi, yi) represents spatial positions of the study objects, wi denotes 
the corresponding weights, (x̃i, ̃yi) indicates coordinate deviations of the 

spatial positions of each study object to the centroid (Xw, Yw). α repre-
sents the azimuth of SDE, and x and y are the x and y axis lengths of SDE, 
respectively. 

3. Results 

3.1. Spatiotemporal variation of island coastline length and structure 

This study extracted a total of 12,737 islands in 1990, 13,542 islands 
in 2000, 13,589 islands in 2010, and 13,629 islands in 2020. The length 
of the natural coastline decreased by 3516 km between 1990 and 2020, 
while the length of the artificial coastline increased by 7075 km. The 

annual growth rates of the artificial coastline length were 5.08 %, 4.18 
%, and 2.53 % during the periods of 1990–2000, 2000–2010, and 
2010–2020, respectively. The specific changes in the length of the 
artificial coastline in different regions are shown in Table 4. The coastal 
resources of the Philippines and Indonesia are abundant. Over the past 
30 years, significant developments have been observed in their aqua-
culture industry, port transportation sector, and urbanization processes 
(Mcsherry et al., 2023; Lei et al., 2023). As a result, the artificial 
coastline was primarily concentrated in the southwestern part of Luzon 
Island, the northeastern and southeastern parts of Kalimantan Island, 

Fig. 2. Research route.  

Table 2 
Human action intensity index of each type of shoreline.  

Coastline 
Type 

Natural 
Coastline 

Groin and 
Jetty 

Harbor and 
Wharf 

Reclamation 

Intensity 
factor 

1 4 4 4 

Coastline 
Type 

Aquaculture 
dike 

Salt pan 
dike 

Traffic dike Urban Coast 

Intensity 
factor 

3 3 4 4  

tan α =

(
∑n

i=1w2
i x̃2

i −
∑n

i=1w2
i ỹ2

i

)

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
∑n

i=1w2
i x̃2

i −
∑n

i=1w2
i ỹ2

i

)2

+ 4
∑n

i=1w2
i x̃2

i ỹ2
i

√

2
∑n

i=1w2
i x̃iỹi

(8)   

Table 3 
Classification of indices.  

Index Value Grade division 

ICUD 0 ≤ ICUD＜61 Low 
61 ≤ ICUD＜109 Slight Low 
109 ≤ ICUD＜287 Moderate 
287 ≤ ICUD＜486 Slight high 
486 ≤ ICUD＜870 High 

ICTD 0 ≤ ICTD＜0.1 Low 
0.1 ≤ ICTD＜0.2 Slight low 
0.2 ≤ ICTD＜0.4 Moderate 
0.4 ≤ ICTD＜0.6 Slight high 
0.6 ≤ ICTD＜1.0 High  
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and the northern part of Java Island. 
The lengths of various types of artificial coastlines in the study area 

have shown a consistent upward trend over the years, as depicted in 
Fig. 3. The most significant increase was observed in aquaculture em-
bankments, which have grown 3474 km over a period of 30 years. The 
lengths of urban coastlines, port coastlines, and reclamation coastlines 
also experienced noticeable growth, with increases of 885 km, 845 km, 
and 730 km, respectively. Despite the increasing lengths of various types 
of artificial coastlines, the annual change rate of their length has sig-
nificant time difference. For instance, the rate of change for port dock 
coastlines reached its peak at 4.8 % during the period of 2000–2010. The 
rates of change for salt pan coastlines, reclamation coastlines, and urban 
coastlines all reached their peaks during the period of 1990–2000. 

The changes in various types of artificial coastlines also exhibit sig-
nificant spatial variations. From 1990 to 2020, the port dock coastlines 
in the coastal areas of the Indochinese Peninsula, South Asia, the Med-
iterranean, and the Maldives experienced notable increases, with in-
crements of 122 km, 109 km, 101 km, and 11 km, respectively. In the 
Philippines and the Red Sea, the urban coastlines and reclamation 
coastlines had the highest increments, with values of 245 km and 20 km, 
respectively. The aquaculture coastlines in Indonesia and the East Coast 
of Africa showed the most prominent growth, with increments of 3191 

km and 16 km, respectively. 

3.2. Spatiotemporal variation in the degree of coastline utilization 

The sum of island coastlines utilization degree index in the entire 
study area increased from 206,934 in 1990 to 227,513 in 2020. Among 
them, the grid cells with an intensity index classified as “moderate” 
(109–287) experienced the largest increase, accounting for approxi-
mately 50 % of the total number of changing grid cells. This indicates 
that human disturbances in the study area are primarily characterized 
by moderate development and utilization activities. The spatial distri-
bution of utilization intensity in the four sub-regions from 1990 to 2020 
is shown in Figs. 4-7, with corresponding statistical data presented in 
Tables 5-6. 

The main types of grid cells in terms of utilization degree in South-
east Asian archipelagos from 1990 to 2020 were low-value and slight 
low-value grid cells. The changes in utilization intensity in Southeast 
Asian archipelagos were characterized by a decrease in low-value grid 
cells and an increase in moderate-value grid cells. The regions where 
moderate-value grid cells increased were mainly located in the south-
eastern part of Sumatra Island, the eastern part of Java Island, and the 
southeastern part of Sulawesi Island (Fig. 4). The regions where high- 
value grid cells increased were mainly located in the eastern part of 
Sumatra Island, the northeastern and southeastern parts of Borneo 
Island. 

The grid cells of utilization degree in the South and West Asia islands 
were mainly characterized by low-value and slight low-value grid cells 
(Fig. 5). Moderate-value grid cells were primarily distributed in the 
western part of the Persian Gulf, the western and northern parts of the 
Sri Lanka archipelago. The changes in utilization intensity in South and 
West Asia were characterized by an increase in low-value and moderate- 
value grid cells. The region with an increase in low-value grid cells was 
located in the southeastern part of the Persian Gulf. The regions with an 
increase in moderate-value grid cells were located in the southeastern 
and southwestern parts of the Persian Gulf. 

Fig. 3. Length and annual change rate of various artificial coastlines.  

Table 4 
Length of artificial coastline by region and year from 1990 to 2020.  

Region Artificial coastline length(km)  

1990 2000 2010 2020 

Philippine Islands 1351 1872 1866 2135 
Islands of Indonesia 1947 3301 5511 7161 
Offshore southeast Asia 153 303 415 596 
South and West Asia 169 182 375 471 
The Red Sea 16 35 59 59 
The Mediterranean Sea 560 612 700 751 
East coast of Africa 15 34 51 62 
Maldives Islands / 14 29 51  
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The utilization degree grids of the Red Sea and Mediterranean Sea 
islands were primarily characterized by low-value, slight low-value, and 
moderate-value grid cells, predominantly distributed in the northern, 
eastern, western parts of the Mediterranean Sea, and the southeastern 
part of the Red Sea (Fig. 6). The changes in utilization intensity were 
characterized by an increase in low-value and moderate-value grid cells, 
as well as a decrease in slight low-value grid cells. Specifically, the re-
gions with an increase in moderate-value grid cells were located in the 
southeastern part of the Red Sea and the northwestern part of the 
Mediterranean Sea. The regions with an increase in low-value grid cells 
were located in the northwestern part of the Mediterranean Sea and the 
southeastern part of the Red Sea. 

The grid cells of utilization degree along the East Coast of Africa were 
primarily characterized by low-value and moderate-value grid cells 
(Fig. 7). The moderate-value grid cells were predominantly concen-
trated in the northern part of Madagascar Island. The utilization in-
tensity have remained relatively stable over the past 30 years, with a 
predominant increase in low-value grid cells. The region with an in-
crease in low-value grid cells were located in the northwestern part of 
the Mozambique Channel. 

The utilization degree of the islands in the study area were charac-
terized by the standard deviation ellipse offset, as shown in Fig. 8. From 
1990 to 2020, the utilization degree formed a distribution pattern of 
“northwest-southeast”, with the centroid moving approximately 2 km 
southeastward on average each year. The azimuth angle also deviated 4′ 
towards the southeast, and the ellipse area contracted approximately 
60,000 km2 annually in the northwest-southeast direction. These find-
ings strongly indicated that Southeast Asia played a strong role in the 
evolution of spatial pattern of island development and utilization 

intensity in the study area. 

3.3. Characteristics of coastline type diversity 

The sum of the coastline type diversity index in the study area 
increased from 102 in 1990 to 222 in 2020. Among them, the grid cells 
classified as “low value” (0–0.1) showed the most significant decrease. 
The most significant changes in the number of coastline type diversity 
grids were low, moderate and high value grid cells. The spatiotemporal 
evolution of coastline type diversity from 1990 to 2020 is illustrated in 
Figs. 9-12, and the corresponding statistical data can be found in Ta-
bles 7-8. 

The grid cells with low values dominate the coastline type diversity 
in the Southeast Asian islands. The grid cells with moderate and high 
values were mainly distributed in the northern part of Sumatra Island, 
the northeastern part of Borneo Island, the southwestern part of Sula-
wesi Island, and the southeastern part of the Philippine Islands (Fig. 9). 
The changes in coastline type diversity were primarily characterized by 
a decrease in low-value grid cells and an increase in other types of grid 
cells. The regions with the largest increase in high-value grid cells were 
the northeastern part of Borneo Island, the southeastern part of Java 
Island, and the northwestern part of Sulawesi Island. Additionally, there 
were significant temporal differences in the increase of development and 
utilization type diversity. The periods with the most significant increase 
in low-value, medium-value, and high-value grid cells were 1990–2000, 
2000–2010, and 2010–2020, respectively. 

From 2000 to 2020, the grid cells with medium value of coastline 
type diversity in South and West Asia islands were mainly distributed in 
the eastern, southeastern, and northwestern parts of the Persian Gulf, 

Fig. 4. Distribution of ICUD in Southeast Asia - Indochina Peninsula from 1990 to 2020.  
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while the grid cells with slight high value were concentrated in the 
western and southeastern parts of the Persian Gulf, with the high-value 
grid cells observed in the western region (Fig. 10). The changes in 
shoreline type diversity grid cells were characterized by a decrease in 
low-value grid cells and an increase in moderate-value grid cells. The 
regions with the most significant increase in moderate-value grid cells 
were primarily located in the southeastern and northwestern parts of the 
Persian Gulf, with the most notable increase occurring during the period 
from 2000 to 2010. 

Low-value, moderate-value, and medium-value are the main types of 
coastline type diversity grid cells in the Red Sea and Mediterranean Sea 
islands over a period of 30 years. The low-value grid cells were densely 
distributed in the eastern and northern parts of the Red Sea and Medi-
terranean Sea (Fig. 11). The moderate-value grid cells were mainly 
found in the northwestern part of the Mediterranean Sea, while the 
medium-value grid cells were predominantly located in the north-
western part of the Mediterranean Sea. The changes in coastline type 
diversity grid cells were characterized by a decrease in low-value grid 
cells and an increase in moderate-value grid cells. The regions with the 
most significant increase in moderate-value grid cells were the western 
and northeastern parts of the Mediterranean Sea, with the most notable 
increase occurring during the period from 1990 to 2000. 

The coastline type diversity along the East Coast of Africa were 
predominantly characterized by low-value and moderate-value grid 
cells (Fig. 12). Over a period of 30 years, the increase in moderate-value 
and medium-value grid cells represented the main trend in the variation 
of coastline utilization type diversity. The region with an increase in 
medium-value grid cells were the northwestern part of Madagascar, 
with the most significant increase occurring during the period from 
2000 to 2010. The region with an increase in low-value grid cells were 
the northeastern part of Madagascar. The area where the lower value 
grid cells added were northeast Madagascar. 

The long axes of the standard deviation ellipses for coastline type 
diversity in the study area from 1990 to 2020 exhibited a northwest- 
southeast orientation, while the short axes showed a southwest- 
northeast orientation (Fig. 13). This indicated that the diversity of 
shoreline in the northwest - southeast direction increased more signifi-
cantly than that in the southwest - northeast direction in the study area 
during the past 30 years. Furthermore, the magnitude of change in the 
long axis was significantly higher than that of the short axis. Addition-
ally, the centroid of the ellipses moved an average of approximately 31 
km per year in the southeast direction, and the area of the ellipses 
contracts by an average of approximately 150,000 km2 per year in the 
southeast-northwest direction. This information revealed the fact that 
Southeast Asia were the region with the most complex pattern of 
anthropogenic disturbance. 

4. Discussion 

4.1. Spatiotemporal difference of anthropogenic disturbance in islands 

There are significant spatial variations in anthropogenic disturbance 
on islands, which are evident at multiple spatial scales. At a large spatial 
scale, the Southeast Asian archipelago exhibited the most pronounced 
anthropogenic disturbance. For instance, over the past thirty years, 
extensive mangrove forests have been cleared and large-scale land 
reclamation has been carried out in Indonesia to facilitate the devel-
opment of aquaculture and port transportation industries (Fig. 14). In 
contrast, the islands in the Mediterranean and along the East Coast of 
Africa experienced relatively less anthropogenic disturbance, largely 
due to the influence of their topography and geomorphology (Crossett 
and Metz, 2017). At the island level, there were significant variations in 
anthropogenic disturbance within islands due to natural factors such as 
topography, climate, and precipitation. The western coast of Sumatra 

Fig. 5. Distribution of ICUD in South Asia, West Asia and Maldives from 1990 to 2020.  
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Island was dominated by rocky mountain ranges, while the eastern part 
has flat terrain with extensive wetlands, resulting in higher levels of 
anthropogenic disturbance in the eastern region compared to the 
western region. The southwestern part of Sri Lanka, which was the 
center of economic gravity and had higher annual rainfall than other 
parts of the country, was more suitable for human habitation. Conse-
quently, human-induced disturbances in this region were expected to be 
significantly higher than in other parts of the island (Malmgren et al., 
2003; Dahanayake and Wickramasinghe, 2022). Furthermore, driven by 
island resources and economic development activities, there are signif-
icant spatial variations in anthropogenic disturbance on islands (Chi 
et al., 2018; Kurniawan et al., 2019). For instance, the eastern coast of 
Kalimantan Island in Indonesia and the western coast of the Borneo Bay 
were characterized by a concentration of aquaculture coastlines, while 
the northern and eastern coasts of Java Island exhibited a higher con-
centration of port and urban coastlines. 

Similarly, there are significant temporal variations in anthropogenic 
disturbance on islands. South Asia, the Red Sea, and the Mediterranean 
witnessed large-scale port and dock construction between 2000 and 
2010, resulting in the highest variability in anthropogenic disturbance 
intensity during this period compared to others. Likewise, between 2010 
and 2020, Southeast Asia experienced a significant increase in port and 
dock construction as well as aquaculture expansion, leading to the 
highest anthropogenic disturbance intensity over the past decade. On 
the other hand, the East Coast of Africa experienced the largest increase 
in anthropogenic disturbance intensity between 1990 and 2000, pri-
marily due to extensive land reclamation activities. 

4.2. Models of anthropogenic disturbance in islands 

There were two main patterns of anthropogenic disturbance on 
islands, namely land reclamation and in situ wetland reclamation. 
Additionally, to explain the response of islands to anthropogenic 
disturbance, the Driver-Pressure-State-Response (DPSR) framework was 
introduced, as shown in Fig. 15. 

4.2.1. Land reclamation driven by human-land conflicts 
The conflict between urban expansion and land conservation is 

driven by the limited area, unique geographical location, and isolation 
from the mainland of islands (Cao et al., 2021). In the past few decades, 
the land resources of island nations have been unable to meet the rapidly 
increasing demand for urban development (Tay et al., 2018). At the 
same time, residents of some small islands faced severe challenges from 
extreme natural disasters such as sea-level rise, storm surges, and global 
climate change (Bellard et al., 2014; Rovere et al., 2018). These facts 
have given rise to the first pattern of anthropogenic disturbances, 
characterized by the accelerated process of land reclamation by conflicts 
between human and land, as shown in Fig. 15. Notably, Singapore 
reclaimed a total area of 114 km2 between 1975 and 2010 (Zhang et al., 
2017). 

Land reclamation to meet the land demand for urban development 
has undeniably passive consequences. The construction of land recla-
mation leads to coastal hardening, which alters nearshore hydrody-
namic processes, hinders sediment deposition, and exacerbates the 
spread of marine species, thereby disrupting the balance of nearshore 
ecosystems (Scherner et al., 2013; Floerl et al., 2021). Furthermore, the 

Fig. 6. Distribution of ICUD in the Red Sea and Mediterranean Sea from 1990 to 2020. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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urban expansion driven by land reclamation intensifies the high- 
intensity anthropogenic disturbance activities on islands. The signifi-
cant variation in the intensity of island development and utilization in 
this study is primarily attributed to the construction of large-scale port 
terminals. 

4.2.2. Economy-driven in situ wetland reclamation 
The limited resources and market capacity of islands have shaped a 

unique economic development model. This development model relies 
primarily on the tourism industry, aquaculture, and port transportation 
to drive economic growth (Ali et al., 2015; Tovar et al., 2015; Lapointe 
et al., 2021). Among them, in contrast to the development of port 
transportation through land reclamation, the in-situ occupation of 
mangrove wetlands for aquaculture development incurs lower costs. 
Therefore, some islands with abundant mangrove resources prioritize 

the in-situ clearance of mangroves for aquaculture development (Malik 
et al., 2017; Tinh et al., 2022), which represents the second major 
anthropogenic disturbance pattern identified in our study, as shown in 

Fig. 7. Distribution of ICUD in the East coast of Africa from 1990 to 2020.  

Table 5 
Sum of coastline utilization degree index in four regions from 1990 to 2020.  

Region Sum of coastline utilization degree index  

1990 2000 2010 2020 

Southeast Asia - Indochina 
Peninsula 

160,116 165,451 170,840 176,450 

South Asia, West Asia and 
Maldivesaa 

5725 7733 8529 9030 

the Red Sea and Mediterranean Sea 28,236 28,455 28,843 29,071 
East coast of Africa 12,857 12,900 12,931 12,962  

aa Maldives was excluded in 1990 

Table 6 
Grid changes of coastline utilization degree in four regions from 1990 to 2020.  

Region Grade 
division 

Grid number   

1990 2000 2010 2020 

Southeast Asia - Indochina 
Peninsula 

Low 2041 2014 1994 1965 
Slight low 547 552 555 554 
Moderate 333 350 366 391 
Slight high 22 25 27 30 
High 2 5 8 10 

South Asia, West Asia and 
Maldivesb 

Low 188 283 289 293 
Slight low 13 18 23 21 
Moderate 5 5 6 9 
Slight high 1 0 0 0 
High 0 0 1 1 

the Red Sea and Mediterranean 
Sea 

Low 488 487 495 495 
Slight low 105 105 97 98 
Moderate 60 61 65 64 
Slight high 1 1 2 3 
High 0 0 0 0 

East coast of Africa Low 307 309 315 316 
Slight low 34 32 31 31 
Moderate 17 18 18 18 
Slight high 0 0 0 0 
High 0 0 0 0  

b Maldives was excluded in 1990 
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Fig. 8. Spatial distribution of geometric center of gravity of coastline utilization degree in the study area from 1990 to 2020.  

Fig. 9. Distribution of ICTD in Southeast Asia - Indochina Peninsula from 1990 to 2020.  
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Fig. 16. Based on the global mangrove dataset by Xiao et al (2021), we 
calculated that the mangrove wetland area in Southeast Asia decreased 
from 650,000 ha in 2000 to 470,000 ha in 2015. Accordingly, our data 
results indicate that the aquaculture coastline in Southeast Asia expe-
rienced a significant increase, expanding from 2,118 km in 1990 to 
5,553 km in 2020. The large-scale occupation of wetlands for aquacul-
ture development can generate substantial economic benefits, but its 
impact on nearshore benthic environments and biodiversity is subject to 
scrutiny (Apine et al., 2023; Fang et al., 2023). 

Coastal wetlands possess functions such as erosion resistance, water 
conservation, and biodiversity maintenance (Taillardat et al., 2018; 
Trégarot et al., 2021). However, the approach of economy development 
based on wetland occupation has led to the degradation of wetland 
ecosystems and the compression of nearshore ecological space. For 
instance, the felling of mangroves for the construction of aquaculture 
ponds directly results in the loss of wetland ecosystems and their func-
tions (Thomas et al., 2019). Additionally, coastal aquaculture reduces 
the input of nearshore sediments and generates a significant amount of 
aquaculture waste, which can contribute to frequent occurrences of 
coastal erosion, groundwater pollution, and soil salinization (Van 
Wesenbeeck et al., 2015; Dauda et al., 2019; Tan et al., 2023). 

In addition, the series of issues resulting from the aforementioned 
two patterns (states) will alter the anthropogenic disturbance (pressure) 
in the form of coastal resource utilization type replacement. In sum-
mary, both of the aforementioned anthropogenic disturbance patterns 
can alleviate the conflicts between human and the land and promote 
social and economic development. However, they are not environmen-
tally friendly in terms of their impact on ecosystems. Therefore, the local 

government needs to weigh the advantages and disadvantages when 
formulating policies to alleviate the contradiction between human and 
land and promote the sustainable development of islands. 

4.2.3. Relationship between anthropogenic disturbance factors and changes 
of coastlines in islands 

The above discussion qualitatively analyzes the impact of anthro-
pogenic disturbance factors on the coastal line and ecological environ-
ment of islands. However, compared to qualitative analysis, quantitative 
analysis of the relationship between anthropogenic disturbance factors 
and island coastal line changes can further assist decision-makers in 
assessing and predicting the risks of coastal line changes in islands. This 
can help in formulating effective protection strategies for islands (Li 
et al., 2021; Huang et al., 2023). Moreover, population, urban area, and 
nearshore aquaculture are considered as the main anthropogenic factors 
driving coastal line changes (Zhang et al., 2021). Therefore, to reveal the 
quantitative relationship between anthropogenic disturbance factors 
and coastal line changes, we chosen two disturbance factors (population 
and urban area) and three coastal line change parameters (ICUD, ICTD, 
and artificial coastline length) for regression analysis. Considering 
coastal line characteristics, island area, and the number of central cities 
on the islands, we selected two regions (Java Island and Luzon Island). A 
30 km buffer zone was created for these two areas to represent the 
coastal zone. Based on the urban boundary data (Li et al., 2020) and the 
global population of raster data (https://ghslsys.jrc.ec.europa.eu/dow 
nload.php? ds = pop), we extracted the urban area and population of 
these two coastal zones from 1990 to 2020, and conducted regression 
analysis with the parameters of coastline change. 

Fig. 10. Distribution of ICTD in South Asia, West Asia and Maldives from 1990 to 2020.  
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The results indicated a significant positive correlation between the 
population and urban area of the two regions and the parameters of 
shoreline change (Fig. 17). The coefficient of determination (R2) was 
greater than 0.85, suggesting a strong relationship between these vari-
ables. This finding supported the conclusion that the migration and 
expansion of population to coastal zones, as well as the extension of 
cities towards the sea, were important factors contributing to significant 
changes in the coastlines of islands. 

4.3. Islands adapt to human disturbance 

The adaptation of islands to anthropogenic disturbances is crucial for 
achieving island sustainable development. In 2008, the International 
Union for Conservation of Nature (IUCN) proposed “Nature-based So-
lutions (NbS)” as an approach to address global climate change, enhance 
global biodiversity, and promote sustainable development of human 
societies (Cohen-Shacham et al., 2016). NbS employs ecologically 
friendly approaches to restore ecosystems, mitigate natural disasters, 
and preserve biodiversity, thereby promoting sustainable development 
(Faivre et al., 2017; Moraes et al., 2022). NbS has proven to be effective 
in disaster resilience, water resource protection, and integrated coastal 
zone management on islands (Cotton et al., 2022; Lee et al., 2022; 
Crisman and Winters, 2023). Therefore, NbS serves as effective means 
for island adaptation to anthropogenic disturbances. 

Restoring mangroves can provide favorable habitats for island or-
ganisms, mitigate wave erosion, and alleviate the negative impacts of 
anthropogenic disturbances (Lennon and Sealey, 2022; Zhang et al., 

2023), making it the most direct and effective approach for island 
adaptation to anthropogenic disturbances. The mangrove ecosystems on 
islands are rapidly degrading under the dual pressures of anthropogenic 
deforestation and extreme natural disasters (Akbar et al., 2017; Pham 
et al., 2018). In response, local governments can establish mangrove 
nature reserves through legislation to facilitate effective restoration of 
mangroves. Additionally, the cultivation method of complementary 
nutrient components in the ecological niche of mangrove, algae, fish and 
other aquatic animals and plants can make full use of nutrients in 
seawater and promote the virtuous cycle of mangrove protection and 
aquaculture (Chopin et al., 2012). Bangladesh implemented this 
approach and was expected to restore a quarter of the degraded man-
groves within the next 30 years (Ahmed et al., 2017). 

By developing ecologically friendly ecological seawalls (MacArthur 
et al., 2019; Kosová et al., 2023), it is possible to restore the balance of 
land-sea material exchange and revive coastal ecosystems on islands. 
The existing seawalls on islands maintain coastal stability but suffer 
from poor ecological functionality, susceptibility to material corrosion 
and aging, and high maintenance costs (Naylor et al., 2011; Suedel et al., 
2022). The development of eco-seawalls that can maintain coastal sta-
bility and biodiversity can reduce the damage to nearshore marine 
habitats caused by coastal defense structures (Salauddin et al., 2021; 
Suedel et al., 2022). However, island nations often face technological 
and economic limitations, and they can rely on international assistance 
or collaborative research and development for eco-seawalls. MacArthur 
et al. (2019) developed a novel type of seawall that enhances surface 
biodiversity and prolongs the lifespan of the seawall by increasing the 

Fig. 11. Distribution of ICTD in the Red Sea and Mediterranean Sea from 1990 to 2020. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 

H. Li et al.                                                                                                                                                                                                                                        



Ecological Indicators 160 (2024) 111835

14

complexity of its surface structure. 
However, the unregulated expansion of land reclamation is often 

constrained through policy measures. As one of the countries with the 
largest land reclamation areas in the world, China has implemented 
punitive measures for exceeding the prescribed limits on land recla-
mation activities through the “Management Measures for Land Recla-
mation Plans” issued in 2011 (referred to as the “Measures”), effectively 
curbing the expansion of land reclamation activities (Liu et al., 2018). 
Simultaneously, the “Measures” combined with the Three Major Engi-
neering Projects (the “South Red and North Willow” ecological project, 
the “Blue Bay” remediation project, and the “Ecological Island and Reef” 
restoration project) further restrict the scale and rate of land reclamation 
activities. 

4.4. Strength and weakness in this study 

In this study, we constructed a large-scale, multi-temporal dataset of 
island coastlines and quantitatively analyzed the spatiotemporal char-
acteristics of anthropogenic disturbances from the perspective of island 

coastlines. We summarized two patterns of anthropogenic disturbances 
on islands and discussed the adaptive strategies of islands to these dis-
turbances. On one hand, this study filled the data gap in the research 
area, and on the other hand, it contributes to the dynamic monitoring of 
anthropogenic disturbances on a substantial number of islands, 
providing a scientific basis for the sustainable protection and 

Fig. 12. Distribution of ICTD in the East coast of Africa from 1990 to 2020.  

Table 7 
Sum of coastline type diversity index in four regions from 1990 to 2020.  

Region Sum of coastline type diversity index  

1990 2000 2010 2020 

Southeast Asia - Indochina Peninsula 75 108 140 177 
South Asia, West Asia and Maldivesc 6/ 8 13 17 
the Red Sea and Mediterranean Sea 20 21 23 25 
East coast of Africa 1 1 2 3  

c Maldives was excluded in 1990 

Table 8 
Grid changes of coastline type diversity in four regions from 1990 to 2020.  

Region Grade 
division 

Grid number   

1990 2000 2010 2020 

Southeast Asia - Indochina 
Peninsula 

Low 2729 2640 2563 2464 
Slight low 69 108 127 152 
Moderate 80 99 128 158 
Slight high 58 84 110 146 
High 9 15 22 30 

South Asia, West Asia and 
Maldivesd 

Low 192 284 284 275 
Slight low 4 7 8 13 
Moderate 4 8 16 21 
Slight high 5 5 8 13 
High 2 2 3 2 

the Red Sea and Mediterranean 
Sea 

Low 593 588 592 585 
Slight low 22 29 28 31 
Moderate 29 24 27 31 
Slight high 8 10 9 10 
High 2 3 3 3 

East coast of Africa Low 355 354 355 355 
Slight low 3 4 4 6 
Moderate 0 1 5 3 
Slight high 0 0 0 1 
High 0 0 0 0  

d Maldives was excluded in 1990 
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management of island resources. 
The limitations of this study are twofold. Firstly, the long time series 

may mask the variations in anthropogenic disturbance characteristics in 
certain regions. Secondly, analyzing the anthropogenic disturbances of 

entire islands solely from the perspective of coastlines may not provide a 
comprehensive understanding, particularly for larger islands, as coast-
lines primarily reflect the characteristics of coastal areas. 

The study of anthropogenic disturbances on islands is a complex 

Fig. 13. Spatial distribution of geometric center of gravity of coastline type diversity in the study area from 1990 to 2020.  

Fig. 14. Indonesia’s Port Container Throughput and Aquaculture Production, 2010–2020.  
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issue that involves multiple disciplines. In future research, we will focus 
on interdisciplinary integration to explore the mechanisms of anthro-
pogenic disturbances on islands from multiple perspectives and levels. 

5. Conclusion 

Based on remote sensing images from 1990 to 2020, we established a 

dataset of island coastlines in Indian Ocean and mediterranean sea 
through visual interpretation. Subsequently, four indicators (ICLI, ICTD, 
ICUD and the SDE of the latter two) were analyzed based on the coast-
line dataset to measure the spatiotemporal evolution characteristics and 
patterns of anthropogenic disturbances on islands. We found that the 
artificial coastline in the study area increased by 7074 km over the 
course of 30 years, with aquaculture enclosures being the main 

Fig. 15. A DPSR framework used to reflect the response mechanisms of islands to anthropogenic disturbances.  

Fig. 16. Images of changes in sea and land patterns in Pawnee Bay and Singapore Strait.  
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contributor. Moreover, both the intensity of coastal line utilization and 
the diversity of coastal line types showed a significant upward trend. 
Their respective centroids have shifted towards the Southeast Asia re-
gion, with a displacement of 59.53 km and 931.05 km, respectively. It is 
worth noting that these phenomena are primarily caused by two modes 
of development: land reclamation-driven construction resulting from 
the conflict between human activities and the occupation of wetlands- 
driven economic development. Additionally, we discussed the 
response patterns of islands to anthropogenic disturbances, the potential 
links between anthropogenic disturbance factors and island coastlines, 
as well as management and conservation strategies for islands under 
rapid anthropogenic disturbances. 

Our research findings have practical implications for the sustainable 
development of islands. Firstly, we have filled the gap in large-scale, 
long-term series datasets of island coastlines. Secondly, analyzing 
anthropogenic disturbances on islands from a coastal perspective pro-
vides an intuitive and efficient approach. Lastly, by integrating data on 
population, impermeable surface area, urban expansion, and other 
factors, we can better explore the patterns and driving forces of 
anthropogenic disturbances on islands, thereby providing effective 
strategies for their management and conservation. 
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Coccia, C., Contreras-López, M., Farina, J.M., et al., 2022. Comparison of taxonomic and 
size-based approaches to determine the effects of environment and disturbance on 
invertebrate communities in coastal Chile. Ecol. Ind. 143, 109356. 

Cohen-Shacham E, Walters G, Janzen C, et al. Nature-based solutions to address global 
societal challenges[J]. IUCN: Gland, Switzerland, 2016, 97: 2016-2036. 

Cotton, I., Forster, J., Lorenzoni, I., et al., 2022. Understanding perceived effectiveness of 
a novel coastal management project: the case of the bacton-Walcott sandscaing 
scheme, UK. Front. Mar. Sci. 9, 1028819. 

Crisman, T.L., Winters, Z.S., 2023. Caribbean small island developing states must 
incorporate water quality and quantity in adaptive management of the water-energy- 
food nexus. Frontiers in environmental. Science. 

Crossett, C.C., Metz, N.D., 2017. A climatological study of extreme cold surges along the 
african highlands. J. Appl. Meteorol. Climatol. 56 (6), 1731–1738. 

Dahanayake, H.D., Wickramasinghe, D., 2022. Impacts of floods on Colombo during two 
decades: looking back and thinking forward. Progress in Physical Geography: Earth 
and Environment 46 (5), 697–715. 

Das, A., Choudhury, K.M., Choudhury, A.K., 2023. An assessment of mangrove 
vegetation changes in reference to cyclone impacted climatic alterations at 
land–ocean interface of indian Sundarbans with application of remote sensing–based 
analytical tools. Environ. Sci. Pollut. Res. 30 (38), 89311–89335. 

Dauda, A.B., Ajadi, A., Tola-Fabunmi, A.S., et al., 2019. Waste production in aquaculture: 
sources, components and managements in different culture systems. Aquaculture 
and Fisheries 4 (3), 81–88. 

Dauvin, J.C., Desroy, N., Janson, A.L., et al., 2006. Recent changes in estuarine benthic 
and suprabenthic communities resulting from the development of harbour 
infrastructure. Mar. Pollut. Bull. 53 (1–4), 80–90. 

Davis, A.R., Broad, A., Small, M., et al., 2022. Mapping of benthic ecosystems: key to 
improving the management and sustainability of anchoring practices for ocean- 
going vessels. Cont. Shelf Res. 247, 104834. 

Delgado, J.D., Riera, R., Rodriguez, R.A., et al., 2017. A reappraisal of the role of humans 
in the biotic disturbance of islands. Environ. Conserv. 44 (4), 371–380. 

Duan, H., Zhang, H., Huang, Q., et al., 2016. Characterization and environmental impact 
analysis of sea land reclamation activities in China. Ocean Coast. Manag. 130, 
128–137. 

Faivre, N., Fritz, M., Freitas, T., et al., 2017. Nature-based solutions in the EU: innovating 
with nature to address social, economic and environmental challenges. Environ. Res. 
159, 509–518. 

Fang, G., Yu, H., Zhang, Y., et al., 2023. Diversities and shifts of microbial communities 
associated with farmed oysters (Crassostrea gigas) and their surrounding 
environments in Laoshan Bay marine ranching, China. Microorganisms 11 (5), 1167. 

Floerl, O., Atalah, J., Bugnot, A.B., et al., 2021. A global model to forecast coastal 
hardening and mitigate associated socioecological risks. Nat. Sustainability 4 (12), 
1060–1067. 

Hassanali, K., 2017. Challenges in mainstreaming climate change into productive coastal 
sectors in a Small Island state-the case of Trinidad and Tobago. Ocean Coast. Manag. 
142, 136–142. 

Hou, X.Y., Wu, T., Wang, Y.D., et al., 2014. Extraction and accuracy evaluation of multi- 
temporal coastlines of mainland China since 1940s. Mar. Sci 38, 66–73. 

Hou, X.Y., Wu, T., Hou, W., et al., 2016. Characteristics of coastline changes in mainland 
China since the early 1940s. Sci. China Earth Sci. 59, 1791–1802. 

Huang, L., Zhao, C., Jiao, C., et al., 2023. Quantitative analysis of rapid siltation and 
erosion caused coastline evolution in the coastal mudflat areas of Jiangsu. Water 15 
(9), 1679. 

Hume, A., Leape, J., Oleson, K.L.L., et al., 2021. Towards an ocean-based large ocean 
states country classification. Mar. Policy 134, 104766. 

Iacarella, J.C., Adamczyk, E., Bowen, D., et al., 2018. Anthropogenic disturbance 
homogenizes seagrass fish communities. Glob. Chang. Biol. 24 (5), 1904–1918. 

Jenks, G.F., 1967. The data model concept in statistical mapping. International Yearbook 
of Cartography 7, 186–190. 
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