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Coastlines and estuaries as one of the most dynamic systems in the marine
environment are influenced by not only natural factors but also various
anthropogenic activities, but there have been limited comprehensive studies
on the relationship between coastline variation and anthropogenic activities at
the watershed and local scales. The Pearl River Estuary (PRE) in China has
experienced remarkable coastline variation along with rapid economic
development and urbanization. In this study, the coastline of the PRE was
extracted using Landsat images during 1987-2017, and the impacts of multiple
factors on coastline variation were explored with correlation analysis and
regression analysis. Results suggested coastlines of the PRE demonstrated a
clear expanding trend over recent decades, and the coastline length had
increased by 74.81 km and the land area had increased by 679.25 km? by
2017, and results also showed rapid coastline variation during 1987-2004 and
relatively slow variation during 2004-2017. Artificial coastlines accounted for
80.90% of the total coastline length in 2017, while natural coastlines accounted
for only 19.10%. In addition, reduction in the sand content caused by
construction of reservoirs and river dredging in upstream areas played a
dominant role in affecting natural coastline variation in the PRE, especially on
the west coast. Moreover, the artificial coastline in the study area expanded
quickly due to the influence of various human activities, among which the
urbanization and land reclamation for aquaculture played a dominant role in
affecting the artificial coastline variation on the east and west coasts,
respectively. Results of this study have important value for understanding the
individual and joint effects of various human activities on coastline variation and
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can provide important reference information for the sustainable management
of the PRE as well as other estuaries.

KEYWORDS

coastline variation, multiple human activities, driving factors, remote sensing, Pearl

River Estuary

1 Introduction

As one of the most biologically productive regions in the
world, estuaries generally serve as important bases for
socioeconomic growth and development (Verdiell-Cubedo
et al., 2012; Sundblad et al., 2014; Sui et al., 2020). Coastlines,
which serve as a demarcation line between the land and sea, play
a fundamental role in affecting the evolution of the
environmental conditions in estuaries (Pajak and Leatherman,
2002). On the one hand, estuaries are located in a mixed zone
between the river and sea, which experience frequent material
exchange and close interaction between runoft and tidal currents
and provide favorable habitat conditions (food, temperature,
salinity, hydrodynamics) for aquatic organisms (Machado et al.,
2016). On the other hand, a number of estuaries around the
world have experienced various degrees of coastal erosion and
expansion since the 20™ century under the influence of
anthropogenic factors (e.g., dam construction, sand mining,
dredging) and natural factors (e.g., sea level rise, storm surges)
(Syvitski and Saito, 2007; Blum and Roberts, 2009). For example,
anthropogenic activities, e.g., reservoir and dam construction,
sand mining and dredging in river watersheds, have greatly
altered the water and sedimentary conditions of rivers (e.g.,
runoff and sand content) and caused the retreat of coastlines in a
number of estuaries (Yang et al., 2004; Fan et al., 2006; Ghoneim
et al,, 2015). Additionally, the anthropogenic activities in coastal
areas, e.g., land reclamation, harbor and channel construction
and development of aquaculture, not only consume a large
amount of mudflat resources but also greatly change the
coastal topography and alter the habitats of benthic animals,
fish and birds, which may result in destruction of the coastal
ecosystems (Luan et al,, 2016). It is therefore of great practical
importance to quantitatively analyze the long-term coastline
variation to alleviating the conflict between economic
development and environmental protection (Zhang et al,
2014; Anh et al., 2021).

In recent decades, remote sensing (RS) and geographic
information system (GIS) technologies have provided an
important basis for monitoring coastline variation and
exploring its driving mechanism (Li et al., 2014; Dua et al,
2021; Skilodimou et al., 2021). For example, numerous scholars
have extracted coastline data based on RS and GIS approaches
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and conducted relevant studies on coastline variation in terms of
coastline length, change rates, coastline fractal dimensions,
conversions of coastline types and land-sea patterns.
Meanwhile the impacts of upstream runoff and sediment
changes on the coastline variation have drawn considerable
attention in recent decades. Some previous studies have shown
the dramatic decrease in the sand content of rivers due to dam
construction (Ghionis et al., 2013), sand mining (Siegle et al.,
2019), dredging and other anthropogenic activities (Wang et al.,
2021) in a number of estuaries, e.g., the Yellow River Estuary
(Fan et al., 2006), Yangtze River Estuary (Yang et al., 2004) and
Nile River Estuary (Ghoneim et al., 2015), which have led to
increased erosion along these coastlines. Additionally, some
scholars have revealed coastline variation as a result of
anthropogenic activities such as coastal engineering, polder
farming, port construction, and land reclamation in coastal
areas (Bolam et al., 2006; Luan et al., 2016; Zhu et al., 2016;
Anh et al,, 2021). For example, Luan et al. (2016) suggested that
engineering projects in the coastal areas of estuaries have led to a
shift from erosion to siltation along the coastlines of the Yangtze
River Estuary, while Thoai et al. (2019) showed that changes in
land use have resulted in coastline changes and increased the
coastline vulnerability.

Anthropogenic activities have become more complex and
diverse along with rapid socioeconomic development in recent
decades, and anthropogenic interventions in the basin and
estuary have not only reduced the sediment input to the
estuary but also changed the location, structure and
morphology of the coastline, especially in some estuarine areas
of high-intensity land development (Li and Damen, 2010). For
example, it has been a strategic choice for many areas to exploit
coastal resources after the depletion of land resources in recent
decades (Zhang et al., 2022), and anthropogenic activities have
played an increasingly important role in controlling the
shrinkage and expansion of estuaries, e.g., the Pearl River
Estuary (PRE) (Syvitski and Saito, 2007; Bi et al, 2014; Tan
etal., 2016; Wu et al,, 2018). The PRE is a typical estuary that has
been subjected to intense anthropogenic activities, but there have
been limited systematic and comprehensive studies on the
relationship between coastline variation and anthropogenic
activities at the watershed and local scales in this region
(Zheng et al.,, 2020). Meanwhile several studies indicated that
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the construction of reservoirs and dams is the main cause of
coastline and topographic erosion in the basin of the PRE
(Ranasinghe et al., 2019; Wei et al.,, 2021). While some other
studies have shown that anthropogenic activities such as land
reclamation and coastal engineering have become important
factors in the expansion of coastlines and offset the trend of
coastline erosion driven by a reduction in river sediment loads in
the PRE (Li and Damen, 2010; Zhang et al., 2015; Wu et al.,
2018; Hu and Wang, 2020). This suggested there are multiple
anthropogenic activities in the watershed and coastal areas that
jointly affected the erosion and expansion of the PRE coastline.
This study has aimed to reveal the effects of various
anthropogenic activities on coastline variation in the PRE.
This study used long-term socioeconomic data to reflect the
intensity of multiple anthropogenic activities and used statistical
methods to identify the dominant anthropogenic activities that
significantly influence the coastline variation. The results of this
study can provide an important reference for coastline
management practices that actively regulate the intensity of
anthropogenic activities.

2 Materials and methods

2. 1 Study area

The PRE is located in the southern and central parts of
Guangdong Province, China (112°18'08"E~115°01"19"E, 21°42’
31"N~22°42'23"N), where the convoluted and complex

10.3389/fmars.2022.1032105

coastlines have changed significantly during past decades
(Figure 1). There are widespread mountains, hills and plains
in the estuary region, and bedrock and sandy coastlines are more
widespread in the central and eastern parts of the PRE, which
offer the natural advantage of excellent harbors. By contrast, the
western part of the study area has a large number of silty
coastlines with widely distributed mudflats, providing ample
land resources for agricultural polders and aquaculture (Ai et al.,
2019). The PRE as a pioneering region of the reform and
opening up of China has experienced rapid economic
development and witnessed the rapidest urbanization in the
world over past decades (Ye et al., 2011). For example, the urban
agglomeration in the PRE including two first-tier cities of China
has been one of the most densely populated and urbanized
regions in the world. However, rapid economic development
and urbanization have also led to significant expansion of urban
land and large-scale land reclamation, resulting in a dramatic
increase in artificial coastlines and substantial loss of natural
coastal wetlands (Weng, 2002). The imbalance in the coastline
composition has considerable negative effects on the ecological
safety of the PRE, which has been reflected by the substantial
decrease in mangrove forests, shrinkage of natural coastlines and
significant changes in the location of the coastlines.

2.2 Data sources

The remote sensing images for reverting the coastline in this
study are shown in Figure 2, and the detailed information for these
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FIGURE 1
Location of the Pearl River Estuary
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selected remote sensing images is summarized in Table 1. All of
these images were obtained from the Geospatial Data Cloud
website (www.gscloud.cn/). In order to reduce the possible
influence of tides on coastline extraction, all remote sensing
images used in this study were on similar time periods,
generally during the neap and normal tide periods in
November-December. Besides, images containing fewer than 5%
cloud coverage were further selected in order to eliminate the data
errors caused by clouds. In addition, the water and sand of the
PRE mainly come from three major tributaries, i.e., Beijiang,
Xijiang, and Dongjiang, and the last hydrological stations before
these tributaries reach to outlets are Sanshui station, Makou
station, and Boluo station, respectively. This study acquired the
runoff and sand content time series data of these stations between
1987 and 2017 from the Guangdong Provincial Hydrological
Bureau and “China Sediment and River Bulletin”. These data
were used to approximately reflect the incoming water and sand
conditions of the PRE. Moreover, this study collected a series of
socioeconomic data from the Guangdong Provincial Statistical
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FIGURE 2
Remote sensing images of the study area from 1987 to 2017.
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Yearbook (http://stats.gd.gov.cn/gdtjnj/index.html), the Macau
Statistics and Census Service (http://stats.gd.gov.cn/gdtjnj/index.
html ), the Hong Kong Government Statistical Processing (https://
www.censtatd.gov.hk/sc ) and some relevant literature, e.g., the
gross fishery product (GFP), port throughput (PT), GDP and
population density (PD) in different parts of the PRE.

2.3 Coastline extraction and accuracy
assessment

2.3.1 Data preprocessing

All the remote sensing images were preprocessed at the
spatial resolution of 30 m with the ENVI 5.2 software. This study
carried out radiometric calibration, atmospheric correction and
geometric correction in order to eliminate errors due to sensor
performance variations and atmospheric and light effects.
Besides, this study merged two Landsat scenes to cover the
whole study area due to the wide extent of the PRE. In addition,

h2010 ETM
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TABLE 1 Information on the selected remote sensing images from 1987 to 2017.

Acquisition date Satellite/Sensor Time Path/Row Pixel size (m) Coordinate system Zone
1987-12-08 Landsat 4-5 TM 220 122/44 30 UTM/WGS84 49N
1987-12-08 Landsat 4-5 TM 2:20 122/45 30 UTM/WGS84 49N
1991-11-17 Landsat 4-5 TM 2:16 122/44 30 UTM/WGS84 49N
1991-09-14 Landsat 4-5 TM 2:16 122/45 30 UTM/WGS84 49N
1994-10-24 Landsat 4-5 TM 2:07 122/44 30 UTM/WGS84 49N
1994-10-24 Landsat 4-5 TM 2:07 122/45 30 UTM/WGS84 49N
1997-08-29 Landsat 4-5 TM 224 122/44 30 UTM/WGS84 49N
1997-08-29 Landsat 4-5 TM 2:24 122/45 30 UTM/WGS84 49N
2000-11-01 Landsat 4-5 TM 3:06 122/44 30 UTM/WGS84 49N
2000-11-01 Landsat 4-5 TM 3:06 122/45 30 UTM/WGS84 49N
2004-11-20 Landsat 4-5 TM 2:37 122/44 30 UTM/WGS84 49N
2004-10-19 Landsat 4-5 TM 2:37 122/45 30 UTM/WGS84 49N
2007-11-21 Landsat 4-5 TM 2:42 122/44 30 UTM/WGS84 49N
2007-11-21 Landsat 4-5 TM 2:42 122/45 30 UTM/WGS84 49N
2010-11-20 Landsat 7 ETM 2:45 122/44 30 UTM/WGS84 49N
2010-12-31 Landsat 7 ETM 2:45 122/45 30 UTM/WGS84 49N
2013-11-29 Landsat 8 OLI 2:53 122/44 30 UTM/WGS84 49N
2013-12-31 Landsat 8 OLI 2:18 122/45 30 UTM/WGS84 49N
2017-10-27 Landsat 8 OLI 2:18 122/44 30 UTM/WGS84 49N
2017-12-21 Landsat 8 OLI 2:18 122/45 30 UTM/WGS84 49N

all images were processed with the same projected coordinate
system (UTM projection, WGS84 reference system), and false
colour composites of bands 3, 4, and 5 for Landsat TM/ETM
images and bands 4, 5 and 6 for Landsat OLI images were used to
assist with the extraction of coastlines.

2.3.2 Coastline extraction and classification

The modified normalized difference water index (MNDWI)
has the highest integrated accuracy and is the best index for
automatic coastline mapping (Kelly and Gontz, 2018), and
therefore this study firstly used the MNDWTI to distinguish
water bodies and land based on the preprocessed remote
sensing images as follows (Xu, 2006).

Green — MIR

MNDWI = ———
Green + MIR

where Green and MIR represent the pixel values of the green
band and the mid-infrared band, respectively. Zero was identified
as the best threshold for water-land separation by using receiver
operating characteristic (ROC) curves (Fisher et al.,, 2016), and
some previous studies successfully used a threshold of zero to map
the extent of land and water bodies (Xu, 2006; Kelly and Gontz,
2018), and this study has therefore used a threshold of zero for
image binarization to highlight water bodies. Besides, the
automatically extracted coastlines were manually corrected based
on Google Earth images. In addition, this study established
coastline interpretation markers for classifying the coastlines
based on the features shown on the false colour composite
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images, including hue, texture, location, and shape, with
reference to the relevant literature (Zhu et al., 2013; Wang et al,
2014; Hu et al,, 2021). Finally, the coastlines of the PRE were
classified into six types, i.e., bedrock coastlines, sandy coastlines,
silty coastlines, biological coastlines, aquaculture coastlines and
other artificial coastlines.

The following principles and interpretation criteria were
used to classify different types of coastlines in this study
(Table 2). (1) Bedrock coastlines are located on rocky coasts
with obvious mountain textures and have low spectral
reflectance and a clear and irregular coastline position. They
can be demarcated as the junction line between the cape, sea cliff
and seawater. (2) Sandy coastlines are located on sandy coasts,
having a higher spectral reflectance on the landward side than on
the seaward side and showing a high degree of bright white
reflectance. These coastlines are relatively straight, parallel to the
coast, and are indicated by a bright white stripe with a clear,
uniform texture. (3) Silty coastlines are located on the mudflat
coast, which generally have an irregular shape and are often grey
—black, with a grey or blue-black irregular flaky edge. (4)
Biological coastlines consist of mangroves that grow at the
high tide position along the tidal flats. These coastlines have
low reflectivity, and the interpretation marks are bright red
patches or flakes. (5) Aquaculture coastlines mainly consist of
artificially built dams used for aquaculture, with regularly shaped
aquaculture ponds inside. These are presented as a band of white
colour in the images, and the location is determined at the
external boundary of the agricultural ponds. (6) The other
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TABLE 2 Interpretation signs of coastlines in the study area.

Class I

Natural coastline

Artificial coastline

Class II

Bedrock coastline

Silty coastline

Sandy coastline

Biological coastline

Aquaculture coastline

Other artificial coastline

Characteristics

Above the waterline of the low hills, the upper border of the white edge of the image

Dividing lines of vegetation thickness and sparsity in remote sensing images

Long, straight strips of sandy sediment that usually accumulate as ridges parallel to the coast

Inner boundary of the landward side of the growing areas such as mangroves

Regular square and sheet distribution, mostly occur near silty coastlines, and are gray in color

Usually appears as a regular bright white streak

Samples

artificial coastlines, including the harbor, engineering,
construction and other categories of coastlines, present as
irregular or with a striped bright white colour, and have
obvious demarcation lines with seawater. The outer edge of
these features is usually taken as the coastline location.

2.3.3 Accuracy assessment

The accuracy of the coastline extraction results was verified
with the following steps. First, the extracted coastlines at three equal
time intervals (1997, 2007 and 2017) during 1987-2017 were
selected to verify the accuracy. Then, we collected historical
Google Earth images corresponding to Landsat images in 1997,
2007 and 2017. The location of the coastline was identified and 80
ground control points (GCPs) evenly distributed along the entire
coastlines were extracted in the historical Google Earth images for
each year. In this way, a total o240 GCPs were used for the accuracy

assessment. Finally, the shortest distance from each GCP to the
corresponding coastlines extracted based on Landsat images was
calculated using the ArcGIS software, and basic statistic indices
such as the mean error, standard deviation and root mean square
error were further calculated, which are shown in Table 3. All these
statistic indices were within the maximum allowable error extent
for the images with the spatial resolution of 30m (Hou et al., 2016).
Asour extraction method and remote sensing image data source are
consistent during 1987-2017, it is reasonable to believe that the
coastline extraction results during 1987-2017 are all accurate.

2.4 Exploration of coastline variations

This study explored the coastline variations of the PRE
during the study period with a focus on the intensity of

TABLE 3 Accuracy analysis results of the coastline extraction from remote sensing images in three periods.

Time Number of GCPs Average Error (m)
1997 80 20.98
2007 80 19.54
2017 30 21.22

SD (m) RMSE (m) TMAE (m)
17.99 27.57 28.28
9.71 21.79 28.28
15.06 25.97 28.28

SD, represents standard deviation; RMSE, represents root-mean-square error; TMAE, represents theoretical maximum allowable Error.
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coastline variations, fractal dimensions of coastlines, and land
area changes. Specifically, this study represented the intensity of
coastline variations with the average annual change percentage
of the coastline length as follows (Xu et al., 2014).

Le; = (L —L)/L; x (j—1i) x 100 %

where Lc;; is the intensity of coastline variations, and L; and
L; represent the coastline length of the i™ year and the j®
year, respectively.

The curvature of coastlines were described with the fractal
dimension index, which is generally obtained with the grid
method as follows (Gagnepain and Roques-Carmes, 1986;
Nayak et al., 2019).

InN(r) =-Dlnr+¢

where N is the number of square grids covering the coastline,
with a side length of ; C is a constant to be further determined;
and D is the fractal dimension of the coastline to be estimated.
The larger the value of D becomes, the more complex the
coastline will be.

The land area change near coastlines were explored by
estimating the land area of the coastal zone between coastlines
in different periods. Specifically, the coastlines during different
periods were overlaid to form some enclosed polygons, the area
of which was further estimated to reveal the land area change
during the focal period (Yang et al.,, 2019).

2.5 Exploration of effects of driving
factors on coastline variation

This study explored the effects of the factors that drive
coastline change using two approaches, i.e., correlation analysis
and multiple regression analysis. The first approach of this study
was to explore the correlation between coastline data and
anthropogenic activity indicators from 1987 to 2017 with
Pearson correlation analysis. A pairwise correlation analysis of
the variation in different types of coastlines and anthropogenic
activity factors was firstly conducted, and factors with low
correlation values were eliminated in the subsequent modelling
process, which was helpful in improving the accuracy of the
regression model. It is notable that the land area change can only
reflect the variation near the coastlines within a certain time
period, which is not comprehensive enough to represent the
coastline variation of the whole study area during the study
period. This study therefore chose the coastline length as the
representative indicator of coastline variation and explored the
relationship between coastline length and various driving factors.
The second approach was to conduct stepwise multiple regression
analysis between the coastline length of various types (the
dependent variable) and the anthropogenic activity indicators
(the independent variables) (Denis, 2009). Specifically, this study
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selected the incoming water and sand, port construction,
agricultural reclamation, urbanization, and economic
development level as anthropogenic activity indicators, which
were represented with the runoff volume (RV), sand content
(SC), port throughput (PT), gross fishery product (GFP),
population density (PD), and GDP, respectively. More
specifically, new independent variables were introduced one by
one in the stepwise regression analysis, and the F test and t test
were conducted to test the significance of the influence of these
independent variables. The original independent variables were
removed when they were no longer significant due to the
introduction of newer independent variables. This process
continued until no new independent variables were introduced.
Additionally, if the variance inflation factor of an independent
variable is >10, that independent variable will be excluded from
the output model due to its collinearity to ensure that only
significant factors are included in the regression equation.

3 Results and discussion
3.1 Spatiotemporal coastline variation

3.1.1 Length variation in different types
of coastlines

The spatiotemporal variation of coastline locations in the
study area is shown in Figure 3, which suggests that the
coastlines of the PRE changed remarkably during 1987-2017.
Specifically, the coastlines changed most significantly in some
locations within Jiaomen outlet, Honggimen outlet, Hengmen
outlet, Modaomen outlet, Jitimen outlet and from from Jiaoyi
Bay to Shenzhen Bay (Figure 3). Besides, the coastlines in the
study area were approximately classified into natural coastlines
and artificial coastlines, and Figure 4 shows the length change
intensity of different types of coastlines in the PRE during 1987-
2017. On the whole, during the study period, the lengths of the
overall and artificial coastlines in the study area increased by
74.81 km and 387.52 km, respectively, and the natural coastline
decreased by 312.70 km; the changing rates of which were 2.49
km/a, 12.92 km/a, and -10.42 km/a, respectively. In addition, the
coastline changes can be divided into two phases, i.e., the rapid
growth phase (1987-2004) and the slow growth phase (2004-
2017). During the period of 1987-2004, the lengths of the overall
coastline, artificial coastline and natural coastline in the study
area varied greatly, with the former two increasing by 83.19 km
and 338.99 km, respectively, and the latter shrinking by
255.80 km; the intensity of change for these three was 0.45%/a,
3.63%/a and -2.82%/a, respectively. During the period of 2004-
2017, the length of the overall coastline and the artificial
coastline showed a recurrent fluctuating trend with a slight
increase, while the length of the natural coastline continued to
decrease by 56.90 km, and the intensity of change for these three
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was -0.06%/a, 0.42%/a, and -1.58%/a, respectively, slowing down
in comparison to the previous period.

The changes in natural and artificial coastlines varied
considerably in different geographic regions due to the
heterogeneity of natural conditions and socioeconomic levels
within the PRE. Specifically, from 1987 to 2017, the overall
length of the natural coastline of the PRE decreased from
533.68 km to 220.977 km, and the natural coastline of the east
and west coasts decreased by 24.3 km and 288.403 km,
respectively. In other words, the average decrease rates of
natural coastlines of the whole PRE, east coast and west coast
were 10.42 km/a, 0.81 km/a and 9.61 km/a, respectively. In
contrast, the artificial coastline variation can be divided into 2
phases, i.e., the rapid growth phase (1987-2004) and the slow
fluctuation phase (2004-2017). In the first stage, the artificial
coastlines on the east and west coasts increased by 74.89 km and
264.11 km, respectively, with large-scale land extension to the
sea, and the human activities in the PRE mainly included
agricultural reclamation, while there was limited engineering
construction of towns and roads along the coastlines. In the
second stage, the artificial coastlines on the east and west coasts
increased by only 24.35 km and 24.17 km, respectively, and the
urban and industrial construction in the PRE played a dominant
role in affecting the coastline. In fact, the artificial coastline has
remained in a stable phase since 2010, which may be due to
legislative restrictions.

There was a remarkable difference in the composition of the
PRE coastlines among different years, which showed a
significant change after 2004 (Figure 5). There was little

100

80

60

40

Percentage of coastline (%)

20 -

1990

1995

- Silty coastline

FIGURE 5

Variation in the different compositions of the coastline in the Pearl River Estuary during 1987-2017.
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difference in the proportion of artificial and natural coastlines
in 1987, which was 50.70% and 49.30%, respectively, indicating
that most of the natural coastlines remained undeveloped during
this period. In contrast, the natural coastlines decreased sharply
at a rate of 3.55 km/a during 1987-2004, and the artificial
coastline increased significantly at a rate of 8.06 km/a. The
natural coastlines continued to decrease at a rate of 1.93 km/a
after 2004, while the artificial coastlines increased at a rate of
2.85 km/a, the change rates of which both decreased gradually.
However, considerable natural coastlines and agricultural polder
coastlines were utilized for the construction of ports, towns and
roads during this period, which decreased at rates of 8.99 km/a
and 3.36 km/a, respectively. Moreover, the engineering
coastlines increased rapidly at a rate of 8.08 km/a, which
gradually became the dominant part of the artificial coastlines.
In fact, the expansion of the artificial coastlines in the study area
was mainly at the expense of the silty and sandy coastlines
during the whole study period, especially in the coastal zone of
the Baoan District of Shenzhen City, where a considerable
proportion of silty coastlines was consumed due to the
construction of ports and towns.

3.1.2 Variation in morphology and land area
of coastlines

The overall fractal dimension of the coastlines of the study
area increased steadily during the study period, indicating that
the geometry of coastlines became increasingly complex
(Figure 6). First, the changes in the fractal dimension of the
coastlines of the study area can be divided into two phases as
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follows. The first phase (1987-2007) was characterized by the
rapid increase in the fractal dimension of the coastlines due to
the gradual fragmentation of the coastline morphology along
with the intensified exploitation and utilization of coastal areas
by human beings. Specifically, the fractal dimension of coastlines
was 1.0007 in 1987, which increased by 0.0034 in 2007, with an
average annual change of 0.0002/a. The second phase (2008-
2017) was characterized by a slow increase in the coastline fractal
dimension, with a total change by only 0.0012 and an average
annual change by 0.0001/a, which was primarily due to the
limited land reclamation during this period. In addition, the
fractal dimension of coastlines of the study area showed a
continuous upwards trend over time. However, there were still
large differences within the study area (Figure 6), and the
ranking of geometric complexity of coastlines within the study
area is described as follows: Hong Kong > Zhuhai > Guangzhou
> Zhongshan > Shenzhen > Dongguan > Macau. Specifically, the
fractal dimension of coastlines in Hong Kong was usually larger,
generally fluctuating from 1.002 to 1.006, while that in Zhuhai,
Guangzhou and Zhongshan generally fluctuated approximately
1.004. In contrast, the fractal dimension of coastlines in
Dongguan and Shenzhen changed only slightly in the early
period and continued to rise after 1994 and 2000, which
eventually remained at approximately 1.003. Additionally, the

Guangzhou
Dongguan

FIGURE 6

Zhongshan
Shenzhen
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fractal dimension of coastlines in Macau was the smallest but
showed a slow increasing trend.

The land area of the PRE showed an overall increasing trend
during the study period (Figure 7), with a total increase by
679.253 km® and an average annual growth rate of 22.642 km?/a.
Specifically, the land area increased by 109.31 km?, 139.18 km?,
70.77 km?, 51.64 km? and 96.89 km? in each consecutive stage
during the study years between 1987 and 2004, respectively,
which was mainly due to the large amount of polder farming and
the expansion of unused areas in the estuary. The increase in the
land area slowed after 2004, increasing by 60.22 km?, 56.87 km?>
and 68.90 km? in each consecutive stage during the study years
between 2004 and 2013, respectively, and the new land area was
mainly used for the construction of towns, ports and roads. The
land area increased by only 25.47 km? after 2013, and the newly
reclaimed land area was still used for the expansion of port
terminals and industrial land. In addition, the reclamation
approach during land area change had significant impacts on
the length and morphology of the coastlines. For example, the
results of the correlation analysis suggested that the land area
change showed a significant positive correlation with the overall
coastline length, artificial coastline length and fractal dimension
of coastlines, while it showed a significant negative correlation
with the natural coastline length.

Zhuhai
Hong Kong

Macau
PRE

Fractal dimension variations of the coastline in different cities of the Pearl River Estuary during 1987-2017.

Frontiers in Marine Science

frontiersin.org


https://doi.org/10.3389/fmars.2022.1032105
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Li et al.

3. 2 Impacts of driving factors on
coastline variation

3.2.1 Changing trends of the impact factors

Figure 8 shows the changing trends of the impact factors in
the whole PRE and the east and west coasts during 1987-2017.
The interannual variation in runoff during this period fluctuates
greatly, the sand content shows an obvious decreasing trend, and
the sand content in 2017 is 82.76% less than that in 1987.
Furthermore, the port throughput, gross fishery product,
population density, and GDP of the whole PRE all showed a
significant increasing trend after 1995, among which the port
throughput increased at a rate of 53,185,700 tons/a and the GDP
increased by 20 times in the past 30 years.

There were significant differences in the changing trends of
these impact factors in different parts of the study area.
Specifically, the changing trend of the runoff and sand content
of the west coast was consistent with that of the whole PRE,
which were both significantly higher than that of the east coast.
In addition, there was a remarkable difference in the changing
trends of the gross fishery product and GDP between these two
coasts. Specifically, the gross fishery product was higher on the
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west coast, which showed a significant increasing trend, while it
remained stable overall in recent decades and even showed a
slight decreasing trend after 2005 along the east coast.
Additionally, the GDP of both the east and west coasts showed
an increasing trend, but it was higher on the east coast than on
the west coast, the difference between which even tended to
become increasingly significant. In addition, there was only a
slight difference in the port throughput between the east and
west coasts, which showed a similar changing trend. Moreover,
the population density of the west coast was significantly higher
than that of the east coast before 1995, and thereafter, the
population density of the east coast was close to that of the
west coast and showed basically the same changing trend.

The correlations between the coastline variation in different
types and driving factors in different parts of the study area are
shown in Figure 9. The results showed that the natural coastline
length of the whole PRE and the west coast were each highly
positively correlated with the sand content, with correlation
coefficients reaching 0.99 and 0.98 (p<0.05), respectively.
Moreover, the natural coastline length of the east coast was
moderately positively correlated with the sand content (0.71,
p<0.05). This result suggested that the sediment content has a
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SR
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The spatiotemporal variations of the land area in the Pearl River Estuary during the period from 1987 to 2017
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Trends of influencing factors impact on coastline variation in the Pearl River Estuary during 1987-2017. The black, blue, and red dashed lines
indicate the fitted trends of the influencing factors for the whole PRE, east coast in the PRE, and west coast in the PRE, respectively.

significant correlation with the natural coastline length in
different parts of the PRE and should be the dominant factor
affecting the natural coastline variation. In contrast, there was a
nonsignificant correlation between the coastline length and
runoft in the whole PRE as well as along the east and west
coasts. In addition, socioeconomic factors, including port
throughput, gross fishery product, population density and
GDP, were all significantly positively correlated with the
artificial coastline length in the whole PRE as well as along the
east and west coasts, while they were all significantly negatively
correlated with the natural coastline length. Notably, while the
correlation analysis revealed the degree of correlation between
coastline variation and the different factors driving that
variation, it remains necessary to explore the dominant factors
driving coastline variation quantitatively in different types.

3.2.2 Impacts of driving factors on natural
coastline variation

Figure 10 shows the relationship between the sand content
and natural coastline variation as revealed by the stepwise
multiple regression analysis. The results showed that the
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coefficients of all three regression models were significant at
the 0.05 level, and the standardized residual plots also showed a
high degree of fit for the regression function, indicating that
these regression models are reliable. The regression analysis
results showed that the sand content was the main factor
influencing natural coastline variation in different parts of the
study area, and the relationship between the sand content and
the natural coastline length in the PRE and on both coasts could
be quantitatively described as follows.

y=931.033x+116.900 (R? = 0.970, p<0.01) (Pearl River Estuary)

y=240.150x+187.041 (R* = 0.510, p<0.05) (East coast)

y=957.3x-33.317 (R* = 0.947, p<0.01) (West coast)

In fact, the overall natural coastline length and sand content
of the PRE have decreased remarkably from 1987 to 2017. The
variations in natural coastline length and sand content in the
PRE and the west coast showed similar synchronous trends,
while there was relatively weak correlation between the coastline
length and sand content on the east coast. The changing trends
and proportion of the sand content in different part of the PRE
(Figure 8) suggested that the amount of sediment entering the
estuary on the west coast accounted for approximately 76.52% of
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the total, which, together with the influence of topography, made
the sediment material more likely to accumulate on the west
coast. In contrast, the amount of sediment entering the estuary
on the east coast was generally lower than that on the west coast,
where the coastlines are mostly bedrock and siltation is more
difficult under the influence of hilly topography, and the limited
silty coastlines have been completely occupied by land
reclamation after 2004. As a result, the natural coastlines of
the east coast have shrunk less significantly than that of the west
coast and are overall less affected by the diminishing sand
content under the joint influence of environmental attributes
and anthropogenic activities.

It is notable that the dominant role of sand content in
affecting the natural coastline variation was more obvious
during 1987-2000 and thereafter gradually weakened after
2000, while the construction of large reservoirs and dams had
significant effects on the sand content. Specifically, the sand
content peaked in 1994, which may be related to the increased
karstic desertification in the upstream area of the Pearl River
basin (Zhang et al., 2012), and the soil erosion made the sand
content increase by 0.02 kg/m’ compared to that during 1987-
1991. As a result, the rate of the natural coastline shrinkage in
the PRE and the east and west coasts during 1991-1994 lessened
by 0.1%/a, 0.08%/a, and 0.3%/a, respectively, in comparison to
that during 1987-1991. In particular, at least 8,636 reservoirs had
been built in the Pearl River basin by the end of the 1990s, which
effectively trapped most of the sediment, and the sand content
from the upstream of the Pearl River reached only 0.21 kg/m’,
which is only approximately 47.86% of that in the late 1980s. As

10.3389/fmars.2022.1032105

a result, the sediment supply reduction further exacerbated the
contraction of the natural coastline. During 1994-2000, the sand
content of the PRE and west coast decreased by 0.022 kg/m’ and
0.02 kg/m® per year, respectively, where the reduction rates of
the natural coastline were 16.35 km/a and 15.51 km/a,
respectively. The sand content of the Pearl River has decreased
at a rate of 0.004 kg/m’ per year under the influence of various
reservoirs and dams since 2000, which has declined to 0.18kg/ m?
by 2006 and reached only 86.20% of the average value during
1994-2000. Meanwhile natural coastline length of the PRE and
the west coast decreased at a rate of approximately 4.38 km/a
and 3.38 km/a, respectively. What’s worse, the sand content of
the Pearl River has further decreased at a rate of 0.0086kg/m” per
year since the Longtan Reservoir was built, which is twice that
during 2000-2006. In particular, the sand content of the Pearl
River has reached only 0.10 kg/m> by 2017, which is only 52.59%
of the average value during 2000-2006, and the natural coastline
length of the PRE and west coast continuously decreased at a rate
of 4.63 km/a and 3.68 km/a, respectively.

These results suggested that the decrease in the sand content
disrupted the sedimentary balance of the PRE, and some of the
original natural coastlines were eroded due to insufficient
sediment supply. Some related studies have also shown that
the erosion area of the PRE since the late 1990s is significantly
larger than that before the 1980s, and the erosion rate has tripled
in comparison to that of the 1980s, primarily resulting from the
decrease in the sand content (Wei et al., 2021). This situation has
also been be observed in the estuaries of many rivers, e.g., Nile,
Mississippi, Mekong, and Ebro (Mikhailova, 2003; El Banna and
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Correlation of coastline variations with various factors in: (A) the whole Pearl River Estuary (PRE), (B) east coast in the PRE, and (C) west coast in
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Regular residuals

The relationship between natural coastline variations and dominant driving factors based on multivariate stepwise linear regression analysis: (A)
the whole Pearl River Estuary (PRE), (C) East coast in the PRE, (E) West coast in the PRE; and the residual plots for regression analysis: (B) the
whole Pearl River Estuary (PRE), (D) East coast in the PRE, (F) West coast in the PRE (R? represents determination coefficient and p represents

significance level).

Frihy, 2009; Blum and Roberts, 2009; Li et al, 2017). Some
previous studies have shown that the erosion started when the
sand content of the Yangtze River delta decreased by 50% (Yang
et al., 2005), while the coastline of the Yellow River estuary have
been eroded when the sediment into the estuary decreased by
73.28% (Cui and Li, 2011). In fact, it is notable that the sand
content of the Pearl River has decreased by approximately 78.3%
so far, and some recent studies have shown that some part of the
PRE has been eroded at a decreasing rate (Yang et al., 2019). Tt is
therefore reasonable to assume that the decrease in the sediment
load caused by anthropogenic activities played an important role
in affecting the natural coastline variation in the PRE.

3.2.3 Impacts of driving factors on artificial
coastline variation

Different socioeconomic factors played a dominant role in
influencing the artificial coastline variation both in the east and
west coasts (Figure 11). Specifically, the artificial coastline
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variation of the PRE and the east coast were mainly influenced
by the population density, which is closely related to the level of
urbanization. While the coastline variation of the west coast was
mainly influenced by agricultural reclamation during the study
period. This study also considered the effects of other impact
factors on the artificial coastline variation. However, the results
of the regression analysis showed no further significant
contribution from these other factors. The relationship
between the artificial coastline length and the dominant
driving factors in different parts of the study area can be
described as follows.

y=0.144x+114.984 (R* = 0.843, p<0.01) (Pearl River Estuary)

y=0.029x+225.262 (R*> = 0.871, p<0.01) (East coast)

y=1.34x10"x+360 (R* = 0.729, p<0.01) (West coast)

The coefficients of the variables of these models proved to be
valid at a significance level of less than 0.01, indicating that these
models are reliable. The residuals of the regression analysis also
showed that there was a good fit between the regression
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functions of the dominant anthropogenic driving factors and the
coastline length in each part of the study area, which also
indicates the effectiveness of these regression models.

Figure 11 shows that the artificial coastlines increased with
the enhancement of the dominant anthropogenic activities during
the whole study period. However, the growth rate of the artificial
coastlines showed significant variation in different stages. The
growth rate of the artificial coastlines for the overall study area and
the east and west coasts generally slowed after 2004, 1997, and
2004, respectively. It is inferred that the dominant anthropogenic
activities have stage-specific impacts on the artificial coastline. In
particular, a large number of coastal mudflat resources were
converted into land for aquaculture in the late 1990s when the
gross value of fisheries began to increase significantly, and
thereafter land reclamation shifted towards urban and
transportation construction and industrial development after
2000. Specifically, only very limited mudflat resources at the
outlets on the west coast and sides of the Dongbao River
Estuary on the east coast were reclaimed for aquaculture and

10.3389/fmars.2022.1032105

agriculture before 1997, where the gross fishery product increased
at a rate of 355.92 million yuan/year and 9.24 million yuan/year,
respectively (Figure 8). Additionally, the artificial coastlines of the
PRE and the east and west coasts increased dramatically during
the whole study period atarate of 21.42 km/a, 7.08 km/a and 14.34
km/a, respectively. However, the land for aquaculture on the east
coast decreased sharply after 2004, and the gross fishery product
also decreased from 1.323 billion yuan to 1.025 billion yuan
during 1997-2007. Meanwhile a large amount of agricultural
land on the west coast was gradually converted into land for
aquaculture in pursuit of greater economic benefits after 2007,
where the gross value of fisheries continued to rise sharply at a rate
of $585,416,000/year (Figure 8). Thereafter, the rate of the
artificial coastline variation on the west coast declined to 1.79
km/a due to the diffusion of land for aquaculture.

Land reclamation was generally carried out in the western
part of Dongguan city and Shenzhen city along with the
accelerated urbanization on the east coast, leading to a
dramatic increase of the artificial coastline on the east coast
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Regular residuals

The relationship between artificial coastline variations and dominant driving factors based on multivariate stepwise linear regression analysis: (A)
the whole Pearl River Estuary (PRE), (C) East coast in the PRE, (E) West coast in the PRE; and the residual plots for regression analysis: (B) the
whole Pearl River Estuary (PRE), (D) East coast in the PRE, (F) West coast in the PRE (R? represents determination coefficient and p represents

significance level).
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from 274.18 km to 349.06 km during 1987-2004, a larger portion
of which was still used as land for aquaculture. The increase in
the artificial coastline tended to level off, with the increasing rate
declining to 1.87 km/a after 2004, and a large amount of
reclaimed land on the east coast was used for urban and
industrial development and transportation construction. In
particular, there were generally bedrock coastlines on the east
coast, the bedrock coastline also gives the east coast the
advantage of having natural harbors. This provides natural
conditions for the construction of ports, and the port
throughput increased significantly at a rate of 180,525,700
tons/a after 1994 (Figure 8). The coastline on the east coast
has been dominated by urban construction, with some
supplementary port construction, while the land previously
used for aquaculture has been occupied by urban construction
by approximately 2008. There has been a relatively higher degree
of land development and utilization on the east coast, where the
ecological risk has been significantly greater than that of the west
coast (Chen and Zhou, 2011). Nevertheless, there has been a
high degree of redundant construction and a lack of rational
utilization of coastlines on the west coast (Hu and Wang, 2022).
It is therefore very necessary to set up some coastline protection
and reclamation management categories for the already utilized
coastline and reclaimed areas. These management strategies
should restrict reclamation activities in the PRE as well as the
east and west coasts to clarify the control requirements for
various types of coastline and reclamation activities to ensure the
rational use of the limited coastlines and reduce the waste of
coastal resources in the future.

3.3 Management implications and
prospects

Coastline variation in most estuaries worldwide is influenced
by a variety of anthropogenic activities. For example, although the
Danube estuary is not directly affected by anthropogenic activities
to some extent, a series of dam and weir projects on the river and its
tributaries resulted in a 50% reduction in the river sediment load,
leading to a retreat of the coastline (Stanica et al., 2011). By contrast,
the sediment input to the Yangtze River estuary was significantly
reduced due to the operation of the Three Gorges Reservoir, but the
Yangtze River coastline advanced seaward instead under the
construction of coastal projects (Chu et al, 2013). The Yellow
River estuary is greatly affected by land reclamation, and the tidal
flats along the southern and northern coastlines in 2019 declined to
43% and 27% of their original area in 1984, respectively, resulting in
a continuous reduction in tidal width (Li et al., 2021). This indicates
that anthropogenic activities in both watersheds and coastal areas
can significantly affect the estuarine coastline variation. In this
study, multiple anthropogenic activities in the watershed and
coastal areas were considered together, and the main driving
factors of coastline variation were identified, and there are
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different dominant driving factors that significantly affect
different types of coastlines in the watershed or coastal areas.
These results of this study have important implications for the
management of estuarine coastlines subject to high-intensity
anthropogenic activities.

This study accurately revealed the coastline variation and its
dominant driving factors in the PRE, but it is still necessary to carry
out more in depth studies in the future. First, this study extracted
coastlines based on multitemporal Landsat remote sensing images
on adjacent dates, generally during the neap and normal tide
periods of November-December, to reduce the influence of tides
and consequently improve the remote sensing retrieval accuracy.
However, the influence of tides on coastline variation was not fully
considered in this study, primarily due to the limit imposed by the
30m resolution of the Landsat images, which is not precise enough
(Liu et al., 2017). It is necessary to further explore the influence of
tides on coastline extraction based on remote sensing images with
higher resolution. Besides, this study primarily focused on the
individual and joint effects of various anthropogenic activities on
coastline variation since the coastlines in the PRE varied rapidly
under the influence of intensive anthropogenic activities, but other
factors can also play an important role in affecting the coastline
variation. For example, natural events such as storms, hurricanes,
ocean currents and sea level rise can also result in significant and
rapid coastline variation (Liu et al., 2013; Goneri et al., 2014; Saidi
and Zargouni, 2019). Nevertheless, the PRE is a typical area greatly
affected by intensive anthropogenic activities, which have played a
dominant role in affecting the variation in different types of
coastlines, and the coastline variation resulting from natural
events is very likely to be obscured by these anthropogenic
activities (Zhang et al., 2014). It is therefore necessary to further
explore the impacts of these natural events on the coastline
variation according to specific situations of the study area in
future studies. In addition, coastline variation can also alter the
runoff, wave and tidal movement patterns on coastal habitats. It is
therefore also necessary to carry out further analysis of the effects of
coastline variation on the coastal hydrodynamics, water quality,
and hydro-ecological processes in future studies to better support
the sustainable development of the PRE as well as other
coastal areas.

4 Conclusions

This study extracted the coastlines of the PRE based on a total of
20 Landsat ETM, TM and OLI images during 1987-2017 and
systematically analyzed the relationship between coastline variation
and multiple anthropogenic activities. The main conclusions are as
follows: (1) The coastline length of the PRE increased by 74.813 km
and the land area increased by 679.253 km® from 1987 to 2017
under the joint influence of multiple anthropogenic activities, while
the growth rate of both became slower after 2004. By 2017, the
proportion of artificial coastlines has been as high as 80.90%, while
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the proportion of natural coastlines has been only 19.10%. (2) In
recent decades, the decrease in sand content caused by
anthropogenic activities has been the dominant cause of the
contraction of natural coastlines in different regions of the PRE,
and this phenomenon was more obvious before 2000. Urbanization
and polder farming are the main reasons for the expansion of
artificial coastlines on the east and west coasts. These results of this
study provide an important foundation for understanding the
coastline variation under the influence of multiple anthropogenic
activities in the PRE and can provide scientific guidance for
coordinating anthropogenic activities in upstream and
downstream areas of the Pearl River to achieve a balance between
the erosion and expansion states of the coastline. This work can also
provide a reference for exploring the coastline variation and the
associated processes in estuarine areas subjected to highly intense
anthropogenic and development activities in other estuaries.
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