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Abstract: Extraction and analysis of the shoreline and land reclamation patterns are important
for studies on topics such as the dynamics of coastal wetland ecological environments,
transportation and exchange of material energy in coastal regions, and recruitment of fishery
resources. Spatial-temporal variations in the shoreline and land reclamation in the Bohai Sea
were analyzed based on 49 Landsat images of 7 periods from 1985 to 2015. The following
conclusions were drawn. (1) The extracted shoreline data based on visual interpretation had
high precision, and the shoreline extraction errors could be controlled within the theoretical
range. (2) Over the past 30 years, the shoreline of the Bohai Sea has exhibited an average
rate of change of 188.47 m/a and an average accretion distance of 3.55x10> m toward the
sea. The fastest rate of shoreline change occurred in Laizhou Bay (134.78 m/a), followed by
Bohai Bay (128.20 m/a) and Liaodong Bay (61.69 m/a). (3) The average rate of reclamation
was 3.25x10* ha/a in the Bohai Sea, where the total area of aquaculture land, unused land,
and salt land exceeded 60% of the total reclamation area. (4) The geometric shape of the bay
became increasingly complicated from year to year, and the geometric center of gravity of the
bay moved rapidly toward the sea. In addition, the area of the bay showed a significant de-
creasing trend. Therefore, to protect the function and structure of the ecosystem in coastal
regions, we must control the scale and rate of land reclamation in the future.
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1 Introduction

The rate of land reclamation in the coastal areas of China has increased over the past 30
years, and there has been rapid shoreline seaward accretion in these areas (Hou et al., 2014;
Hou et al., 2016; Wang et al., 2014; Yue et al., 2016). Under the influence of reclamation
activities, the proportions of natural shorelines and artificial shorelines, the type of land
use/cover, and the shape of the bay and its center of gravity have all undergone significant
changes in coastal regions. The use of shoreline and land reclamation to reconstruct the
coastal zone can result in a relatively high economic dividend over a short period of time
and promote rapid development of the socio-economy, but these activities have extreme ad-
verse effects on the marine ecological environment (Allen, 1990; Zhu et al., 2016). Varia-
tions in shoreline and land reclamation will lead to weakened ecological service functions of
the original coastal zone, result in fragmentation of fish spawning and breeding grounds, and
influence recruitment of fishery resources (Ding et al., 2016; Wang et al., 2014; Yue et al.,
2016).

Mesoscale spatial resolution remote sensing images are widely used in large-scale eco-
logical investigations and studies of the coastal zone because of their large spatial coverage,
short acquisition time, and low cost. Currently, sensors that use a wide range of mesoscale
spatial resolution images mainly include Landsat, SPOT, and IKONOS. Landsat images
have broad applications in extraction and analysis of shoreline and land reclamation patterns
(Huang et al., 1994; Pardo-Pascual et al., 2012; Ning et al., 2018). At present, shorelines are
mainly investigated at large spatial scales through visual interpretation (Pardo-Pascual et al.,
2012; Feng et al., 2014; Wang et al., 2014; Hou et al., 2016). The interpretation of shoreline
information by a researcher with reference to the spectral and texture features of the image
results in high accuracy of the shoreline extraction and can meet the shoreline extraction
accuracy requirements for different shoreline types (Gao, 2010; Gao, 2014; Hou et al., 2014;
Wang et al., 2014). The difference between spectral and texture features will facilitate the
extraction of different types of land reclamation patterns (Feng et al., 2014; Wang et al.,
2014).

Although many studies have been conducted regarding shoreline/reclamation, the rela-
tionship between the shoreline and land reclamation has not been systematically studied in
reclamation-intensive areas. The Bohai Sea is a semi-enclosed inland sea in China, and the
economic activities in the coastal areas are relatively extensive. The intensity of land use and
development in the coastal region is high, and reclamation activities around the sea are rela-
tively dense. Consequently, the shape and structure of the bay have undergone considerable
changes. The current limitations of shoreline studies of the Bohai Sea mainly include the
following. (1) Shoreline study areas have been concentrated in areas with more intense land
reclamation activities or areas of high ecological value (such as the Yellow River Delta,
Bingang New City Area, Caofeidian Industrial Area.). There has been a lack of investiga-
tions on the overall characteristics and regularity of the different types of shorelines in the
Bohai Sea at the macroscopic scale. (2) The variations in shoreline and land reclamation
cannot be discussed as a whole. In the Bohai Sea area, reclamation projects are the main
driving force behind shoreline changes (Peng et al., 2013; Yan et al., 2013; Hou et al., 2016;
Meng et al., 2017). (3) Due to the dual influence of the shoreline and reclamation, the geo-
metric shapes of the bay are expected to change greatly, and previous studies have failed to
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study the relationship between shoreline/land reclamation and the shape of the bay.

Based on 49 Landsat images from 1985 to 2015, shoreline and land reclamation informa-
tion of the Bohai Sea was extracted. The principles of cartography and remote sensing were
used to evaluate the accuracy of the spatial position of the shoreline. The end point rate/net
shoreline movement (EPR/NSM) indicators were used to study the spatial-temporal changes
in the shoreline. The types and areas of reclamation activities will be discussed. The geo-
metric attributes of the shape were studied by using the shape index of the bay (SIB) and the
geometric center of gravity over the past 30 years.

2 Materials and methods
2.1 Study area

The Bohai Sea is a semi-enclosed inland sea (37°07'-41°00'N, 117°35'-121°10’E) in China
that includes “three bays and one delta”, namely, Laizhou Bay, Bohai Bay, Liaodong Bay,
and the Yellow River Delta (Figure 1). The underlying surface is complex and diverse. The
Bohai Sea is an important spawning ground, breeding ground, and feeding ground of the
fishery resources in China (Fei et al., 1990; Zhang et al., 2007; Gao et al., 2015).
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Figure 1 The spatial location of the study area and the locations of the spatial sampling points and the
transects

*Land use in the coastal area: 1. Longkou Bay, 2. Diaolongzui Area, 3. Qinlingpu Aquaculture Area, 4. Weifang Harbor,
5. Zimai River, 6. Dazuigou Area, 7. Yellow River Harbor, 8. Bingang New City Area, 9. Caofeidian Industrial Area,
10.Jinzhou Harbor, 11. Yingkou Harbor, and 12. Pulandian Bay.

The Bohai Sea is surrounded by Liaoning Province, Hebei Province, Tianjin Municipality,
and Shandong Province. Socio-economic activities are frequent, and utilization and devel-
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opment are common in the coastal areas. The area has been affected by increasing popula-
tion and urban land use pressure. Thus, land reclamation activities have been rapidly carried
out in the coastal areas, resulting in the rapid loss of the original ecological functions and
structures (Zhang et al., 2007; Gao et al., 2009; Hou et al., 2016).

2.2 Satellite data

Landsat images used in the paper were from the official website of the US Geological Sur-
vey (http://glovis.usgs.gov/). Images with less than 10% cloud cover were selected. The time
period was 1985 to 2015, with an interval of 5 years, and a total of 49 images were used for
the analyses.

The preprocessing of the Landsat images mainly included radiation correction, geometric
correction and coordinate transformation. The error of the geometric precision correction
was controlled to within 1 pixel. When the shoreline was extracted based on Landsat images
with a spatial resolution of 30 m, the tide-induced interpretation error was generally less
than 1 pixel; therefore, no tidal range correction was needed (Guariglia et al., 2006; Hou et
al., 2014; Hou et al., 2016). Before extraction of the shoreline, the scale of the image was
fixed at 1:20,000, and the standard false-color composite image was used as the base map
for expert visual interpretation. The shoreline errors were evaluated by using control points
that were selected in Google Earth (GE). The EPR/NSM indexes were used to calculate the
spatial-temporal changes of the shoreline, and the changes in the bay geometry were studied
by using the SIB. All processes were conducted with ENVI 5.2 software, ArcGIS 10.1 soft-
ware, and R language software.

2.3 Evaluation of shoreline accuracy

According to the principles of cartography and remote sensing information extraction (Gao,
2010; Hou et al., 2014), the relationship between the shoreline uncertainty and spatial reso-
lution is as follows:

P (M

where P denotes the shoreline uncertainty, i.e., theoretical error, and R denotes the spatial
resolution of the image. According to the above formula, the theoretical error of the shore-
line information extracted by the Landsat TM/ETM+/OLI image is 28.28 m.

2.4 Indicators of shoreline changes

The end point rate (EPR) is the rate of change in a shoreline over two periods (Thieler et al.,
2009; Joesidawati et al., 2016). The EPR can be used to directly calculate the rate of change
between two shoreline positions; however, some local information will be ignored (such as
local erosion rate and local change cycle) in the analysis of changes in multiple shorelines.
The formula is as follows (Crowell et al., 1991; Dolan et al., 1991):

£ d;—d;

()7 AY,
(:0)

2)

where i denotes the coordinate position of the shoreline intersected by the transects in the
earlier year and j denotes the coordinate position of the shoreline intersected by transects in
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the more recent year. E(i, j) denotes the rate of the shoreline change from the earlier year to
the more recent year, i.e., the EPR. d;and d;denote the distances from the baseline to the
shoreline of the earlier year and the shoreline of the more recent year, respectively. AY(;;
denotes the time interval between the earlier year and the more recent year.

The net shoreline movement (NSM) is the distance of spatial movement of a shoreline
between two periods. The NSM is mainly used to calculate the net shoreline movement dis-
tance between two shorelines extracted by transects (Thieler et al., 2009; Schwimmer, 2008).
The formula is as follows:

NSM = Doldest - Dyoungest (3)

where NSM denotes the distance between the two shorelines, D, denotes the distance

from the baseline to the shoreline of the earlier year, and D,,g.s denotes the distance from
the baseline to the shoreline of the more recent year.

2.5 Shape index of the bay (SIB)

The study of the bay geometry focuses on the change in shape, which is primarily calculated
by using the SIB (Liu, 2000; Hou et al., 2014). The formula is as follows:
P

2\NwA

where SIB denotes the shape index of the bay, P denotes the perimeter of the bay, and 4 de-
notes the area of the bay. The smaller the SIB, the closer the shape is to a circle and the sim-
pler the geometry of the bay; conversely, the larger the SIB, the more complex the shape.

The study of the geometric center of gravity of the bay focuses on the change in distance
in different periods (Li et al., 2005; Hou et al., 2014). The geometric center of gravity of the
bay and its movement distance are calculated as follows:

z:l:lxi y= z;yi
n

X = .

n
2 2
L =J(x, =5 ) +(v; =) (6)
where (x, y) denotes the coordinates of the geometric center of the bay and L denotes the
distance between the two geometric centers of gravity.

SIB = 4)

)

2.6 Extraction of land reclamation patterns

This study used a visual interpretation of the shoreline in 1985 as a reference and the area in
the sea direction as the predetermined reclamation area to retrieve the reclamation informa-
tion for each phase. On this basis, the unused land, salt land, industrial land, harbor land and
aquaculture land in the Bohai Sea for six periods (1985-1990, 1990-1995, 19952000,
2000-2010, and 2010-2015) were extracted and statistical data on the spatial-temporal
changes in the reclamation area were collected.

3 Results
3.1 The evaluation of shoreline precision

A total of 220 control coordinate sites that covered all shoreline types were collected from
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GE to verify the accuracy of the visual interpretation of the shoreline (Figure 1). The results
(Table 1) showed that the accuracy of the shoreline extraction in the study was controlled
within the theoretical maximum error (28.8 m). Overall, the average error was 18.65 m, the
standard deviation (SD) was 17.46 m, and the root mean square error (RMSE) was 18.45 m.
The precision of the shoreline extraction had a tendency to increase year to year. The aver-
age shoreline accuracy was the highest in 2015 (17.51 m) and the lowest in 1985 (19.46 m).

Table 1 Shoreline accuracy evaluation results of the Bohai Sea

Years 1985 1990 1995 2000 2005 2010 2015
Sample points 105 113 125 129 144 157 157
Average error(m) 19.46 19.72 19.08 18.77 18.49 17.51 17.51
SD (m) 17.67 17.95 17.90 17.38 17.30 17.01 17.01
RMSE (m) 19.46 19.72 19.08 18.77 18.49 17.51 17.51
Max. theoretical error (m) 28.28 28.28 28.28 28.28 28.28 28.28 28.28

3.2 Spatial-temporal variations in the shoreline

The shoreline of the Bohai Sea has accreted over the last 30 years (Table 2 and Figure 2).
The average rate of change was 188.47 m/a, and the average NSM was 3.55x10° m. The
coefficient of variation (CV) of the shoreline was 0.65. The sections of shoreline with fast
growth rates were concentrated in southern Laizhou Bay (Weifang Harbor Area), eastern
Bohai Bay (Yellow River Harbor, northern Bingang New City Area, and Caofeidian Indus-
trial Area) and Liaodong Bay (Jinzhou Harbor, Yingkou Harbor and Pulandian Bay). The
greatest overall change in the shoreline occurred in Bohai Bay, followed by Laizhou Bay,
and the smallest change occurred in Liaodong Bay.

The shoreline of Laizhou Bay showed a trend of accreting toward the sea and exhibited
the fastest average change (134.78 m/a) in the Bohai Sea area; the average NSM was
4.04x10° m, and the maximum rate was 781.37 m/a. The maximum NSM was 2.93x10* m,
the maximum erosion rate of the shoreline was —10.79 m/a, the maximum erosion distance
of the shoreline was —1.60x10° m, and the CV of the shoreline was 0.83.

The shoreline of Bohai Bay had a tendency to accrete toward the sea with an average rate

Table 2 Shoreline changes in different areas of the Bohai Sea from 1985 to 2015

Regions Bohai Sea Laizhou Bay Bohai Bay Liaodong Bay
Range of transects 1-1587 1-375 376-770 771-1587
Number of transects 1587 375 394 807
Average annual change (m/a) 188.47 134.78 128.20 61.69
Average movement (1x10° m) 3.55 4.04 6.55 1.85
Max.accretion rate (m/a) 976.67 781.37 753.37 482.33
Max.movement(1x10* m) 2.93 2.93 2.26 2.80
Min. decrease (m/a) -462.46 -10.79 —53.49 -462.46
Min. movement(1x10° m) -16.42 -1.60 -0.32 ~16.42

Ccv 0.65 0.83 1.09 0.42
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Figure 2 EPR and NSM of the Bohai Sea from 1985 to 2015

of 128.2 m/a, an average NSM of 6.56x10° m, and a maximum rate of 753.37 m/a in the area.
The maximum NSM was 2.26x10* m, the maximum erosion rate of the shoreline was —53.49
m/a, the maximum erosion distance of the shoreline was —0.32x10°> m, and the CV of the
shoreline was 1.09.

The shoreline of Liaodong Bay showed a trend of accretion toward the sea, and the aver-
age shoreline change rate and NSM were the lowest (61.69 m/a and 1.85%10° m, respec-
tively) in the entire Bohai Sea area. The maximum rate of shoreline change was 482.33 m/a,
and the maximum NSM was 2.80x10* m. The maximum shoreline erosion rate was —462.46
m/a, and the maximum erosion distance of shoreline was ~16.42x10° m. The CV of the
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shoreline was 0.42, and the CV of Liaodong Bay was the lowest of all the areas in the Bohai
Sea.

To study the regularity of the rate of shoreline change in different periods, four time in-
tervals (5 years, 10 years, 15 years, and 30 years) were set to compare the characteristics of
the shoreline changes in different periods (Figure 3). Overall, the rate of shoreline change
showed a tendency of accelerating accretion year to year.

Over the past 30 years, the rate of shoreline change in Bohai Bay was the fastest in the
Bohai Sea. While some estuarine areas showed erosion trends, other shorelines showed more
stable rates of accretion toward the sea. The rates of change in different periods showed that
the internal variations of the shoreline showed a significant eroding trend; that is, the shore-
line has shown a pattern of rapid growth toward the sea.

The rate of shoreline change in Laizhou Bay showed that the shoreline changes were spa-
tially concentrated. In the southern part of Laizhou Bay, the shoreline changes in the Zimai
River-Diaolongzui Section were more common because of the frequent reclamation activi-
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Figure 3 Rates of spatial-temporal changes in different cycles in the Bohai Sea from 1985 to 2015
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ties such as those in Weifang Harbor, Xingang Harbor, Haimiao Harbor, and the Qinglinpu
Aquaculture Area. The areas that exhibited significant differences in the rates of shoreline
change were mainly located near the Yellow River Delta. These areas exhibited high spatial
variability in the rate of shoreline change, which was related to the regulation of water and
sediment and the hydrodynamic environment in the estuary delta.

The rate of shoreline change in Liaodong Bay showed a tendency of accretion toward the
sea. The areas with greater high were concentrated in the areas of Panjin Harbor-Yingkou
Harbor and Pulandian Bay; the areas with relatively stable changes were mainly concen-
trated in the southwest of Panjin Harbor. The rate of change showed a trend of increasing
year to year, and the differences in the spatial changes also showed a declining tendency.

3.3 Spatial-temporal variations of land reclamation

From 1985 to 1990, the total area of land reclamation in the Bohai Sea was 4.70%x10* ha.
Aquaculture land accounted for 61% of the total area, while unused land accounted for 31%
of the total area. The reclamation activities were mainly distributed in the south of Laizhou
Bay and southeastern Bohai Bay. In addition, sporadic land reclamation was found in the
northern part of Liaodong Bay. From 1985 to 1990, the total reclamation area in the Bohai
Sea was 7.51x10" ha. Aquaculture land accounted for 61% of the total area, while unused
land accounted for 27%. Compared with the previous phase of decline, salt land accounted
for 11% of the total area, and the salt land area underwent rapid accretion. The accretion
areas were mainly distributed in the south of Laizhou Bay and the southeast and west of
Bohai Bay, and they were sporadically distributed in the northern parts of Liaodong Bay and
Pulandian Bay. From 1995 to 2000, the total reclamation area in the Bohai Sea was 9.42x10"
ha. Aquaculture land accounted for 61% of the total area, unused land accounted for 26%,
and salt land accounted for 10%. The reclamation activities were mainly distributed in Bohai
Bay and southern Laizhou Bay. In addition, the reclamation activities were concentrated in
the northern part of Liaodong Bay and Pulandian Bay. From 2000 to 2005, the total area of
reclamation in the Bohai Sea was 15.61x10* ha. Aquaculture land accounted for 54% of the
total area, unused land accounted for 22%, and salt land accounted for 20%. The reclamation
activities were mainly located in the southern and southwestern parts of Bohai Bay and
Laizhou Bay. In addition, there was a small concentration of reclamation activities in the
northern Liaodong Bay and Pulandian Bay. From 2005 to 2010, the total area of reclamation
in the Bohai Sea was 25.93x10* ha. Aquaculture land accounted for approximately 43% of
the total area, unused land accounted for 20%, salt land accounted for 18%, and industrial
land area accreted rapidly, accounting for 14% of the total area. There was a high density of
reclamation activities in Bohai Bay and the southern and southwestern parts of Laizhou Bay.
There was a contiguous distribution of reclamation activities in the northern parts of Liao-
dong Bay and Pulandian Bay. From 2010 to 2015, the total area of reclamation in the Bohai
Sea was 34.21x10* ha. Aquaculture land accounted for 39% of the total area, unused land
accounted for 30%, salt land accounted for 10%, and industrial land and harbor areas ac-
creted rapidly, accounting for 15% of the total area.

Over the past 30 years, reclamation has rapidly increased (Table 3 and Figure 4). Recla-
mation projects entered a new period in 2000 when all types of reclamation projects were
widely distributed. Before 2000, reclamation projects for aquaculture land, unused land, and
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Table 3 Areas and proportions of different land reclamation types in the Bohai Sea from 1985 to 2015

Time Period Type Area Proportion Total area
(1x10° ha) (%) (1x10* ha)
Harbor land 0.44 0.93
Industrial land 0.88 1.88
1985-1990 Salt land 1.47 31.27 4.70
Reclamation land 28.74 61.13
Aquaculture land 2.26 4.80
Harbor land 0.67 0.90
Industrial land 0.51 0.68
1990-1995 Salt land 8.35 11.12 7.51
Reclamation land 4.56 60.72
Aquaculture land 19.96 26.58
Harbor land 2.01 2.13
Industrial land 0.71 0.75
1995-2000 Salt land 9.86 10.47 9.42
Reclamation land 57.34 60.89
Aquaculture land 24.25 25.75
Harbor land 4.38 2.80
Industrial land 2.27 1.45
2000-2005 Salt land 33.71 21.58 15.61
Reclamation land 84.41 54.04
Aquaculture land 31.44 20.13
Harbor land 12.96 5.00
Industrial land 52.8 20.36
2005-2010 Salt land 354 13.65 25.93
Reclamation land 112.67 43.45
Aquaculture land 45.48 17.54
Harbor land 22.26 6.51
Industrial land 102.42 29.94
2010-2015 Salt land 27.37 8.00 34.21
Reclamation land 134.94 39.45
Aquaculture land 55.07 16.10

salt land accounted for more than 90% of the total area and were spatially concentrated in
the south of Laizhou Bay and southeastern Bohai Bay. After 2000, there were rapid accre-
tions of salt land, industrial land, and harbor land, and aquaculture land, and unused land
accounted for more than 60% of the reclamation area. The reclamation activities were most
intense in Bohai Bay, followed by Laizhou Bay and finally Liaodong Bay.

3.4 The SIB of the bay

The shoreline of the Bohai Sea was affected by reclamation activities and rapidly accreted
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Figure 4 Spatial-temporal distributions and proportions of different types of reclamation projects in the
Bohai Sea from 1985 to 2015

toward the sea. Moreover, the geometry of the bay became more complicated, the area of the
bay rapidly declined, and the length of the shoreline increased (Table 4 and Figure 5). Over
the past 30 years, the area of the Bohai Sea dropped sharply from 6.42x10° ha in 1985 to
6.03x10° ha in 2015. The length of the Bohai Sea shoreline increased from 2.30x10° km in
1985 to 3.16x10° km in 2015, and the SIB increased rapidly from 2.56 in 1985 to 3.63 in
2015. The area of Laizhou Bay rapidly decreased from 1.07x10° ha in 1985 to 1.00x10° ha
in 2015. The length of the Laizhou Bay shoreline rapidly increased from 4.53x10° km in
1985 to 5.92x10° km in 2015, and the SIB increased rapidly from 1.23 in 1985 to 1.69 in
2015. The area of Bohai Bay rapidly decreased from 1.93x10° ha in 1985 to 1.74x10° ha in
2015. The length of the Bohai Bay shoreline rapidly increased from 5.67x10° km in 1985 to
9.61x10° km in 2015, and the SIB increased rapidly from 1.15 in 1985 to 2.05 in 2015. The
area of Liaodong Bay rapidly decreased from 3.42x10° ha in 1985 to 3.31x10° ha in 2015.
The length of the Liaodong Bay shoreline rapidly increased from 1.28x10° km in 1985 to
1.61x10° km in 2015, and the SIB increased rapidly from 1.95 in 1985 to 2.50 in 2015.

Over the past 30 years, the length of the shoreline of the Bohai Sea has shown an in-
creasing trend, while the area has shown a pattern of shrinkage. Additionally, the geometry
of the bay has become increasingly complex. The changes in the shoreline and bay area of
the Bohai Bay are the most obvious and are closely related to the development of the Bei-
jing-Tianjin-Hebei Economic Zone in coastal projects such as Tianjin Bingang New City,
Hebei Caofeidian and other reclamation projects. As the largest bay in the Bohai Sea, the
shoreline and bay area of Liaodong Bay have undergone substantial changes, and the com-
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plexity of the bay has changed the most. In contrast, Laizhou Bay has experienced the smal-
lest changes in the shoreline and bay area.

Table 4 Areas and shoreline lengths of the three bays in the Bohai Sea from 1985 to 2015

Regions Bohai Sea Laizhou Bay Bohai Bay Liaodong Bay
Year Length Area Length Area Length Area Length Area
€S (1x10°km) (1x10°ha) (1x10°km) (1x10°ha® (1x10°km) (1x10°ha) (1x10°km) (1x10°ha)
1985 2.30 6.42 4.53 1.07 5.67 1.93 1.28 3.42
1990 2.41 6.35 4.59 1.04 6.11 1.90 1.34 3.41
1995 2.44 6.29 435 1.02 6.71 1.88 1.33 3.39
2000 2.47 6.27 421 1.02 7.16 1.87 1.34 3.38
2005 2.64 6.20 5.40 1.00 7.24 1.83 1.38 3.37
2010 3.04 6.11 5.64 1.00 9.65 1.77 1.51 3.35
2015 3.16 6.03 5.92 1.00 9.61 1.74 1.61 3.31
Bohai Sea Laizhou Bay
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Figure 5 Variations in the shape index of the bay (SIB) in the Bohai Sea from 1985 to 2015

3.5 The geometric center of gravity of the bay

The bay was affected by variations in shoreline and land reclamation and showed a general
tendency of shifting from the southwest to the northeast (Figure 6). After 2005, the geomet-
ric center of gravity showed a shift to the northeast. The greatest changes in the geometric
center of gravity occurred in 2000-2005 and 2005-2010 (883.96 m and 920.61 m, respec-
tively). The geometric center of gravity of Laizhou Bay moved from the southwest to the
northeast, with the largest movement distance occurring from 1985 to 1990 (1,802.94 m).
The geometric center of gravity of Bohai Bay generally showed a trend of northeast-east
migration, with a significant east-southeastward movement after 2005, which was closely
related to the reclamation activities in the Bingang New City Area and Tianjin Caofeidian
Industrial Area and other regions. The geometric center of gravity of Bohai Bay exhibited
the greatest changes from 2000 to 2005 and from 2005 to 2010 (1,140.42 m and 1,731.54 m,
respectively). Over the past 30 years, the geometric center of gravity of Liaodong Bay has
shown a trend of moving from the northeast to the southwest. The geometric center of grav-
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Figure 6 Geometric center of the gravity in the Bohai Sea from 1985 to 2015

ity moved substantially from1985 to 1990 and from 2010 to 2015 (869.64 m and 897.71 m,
respectively).

4 Discussion
4.1 Relationship between variations in shoreline and land reclamation

Shoreline changes are affected by both natural and human activities. In areas where human
activities are less prominent, shoreline changes are mainly affected by natural factors, such
as rising sea level, runoff, suspended sediment in rivers, the hydrodynamic environment of
estuaries, and other factors that control shoreline erosion and accretion directly (Ding et al.,
2016; Ning et al., 2018). In areas with high levels of human activity, coastal shoreline
changes are directly affected by coastal engineering facilities, including mangrove planting,
dam protection, and reclamation projects (Azami et al., 2013; Benzeev et al., 2017; Meng et
al., 2017). Land reclamation has a positive effect on the shoreline erosion rate. Allen (1990)
indicated that in addition to the effects of changes in runoff, sediment content, dynamics,
and other factors, estuary shoreline changes are affected by reclamation projects during hu-
man activities in the estuary region. Zhu et al. (2016) studied the relationship between the
shoreline and land reclamation in the Yangtze River Delta region and indicated that land
reclamation is the main cause of rapid decline in wetland resources. Affected by urban ex-
pansion and population pressure, a series of coastal zone environmental projects represented
by reclamation activities have been launched in the coastal area of the Bohai Sea (Peng et al.,
2013; Yan et al., 2013). The reclamation projects not only rapidly altered the structure and
function of the original shoreline but also profoundly affected the hydrodynamic environ-
ment of coastal wetlands (Meng et al., 2017; Li et al., 2017).
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The shoreline length was increased and the land area expanded into the Bohai Sea by ap-
proximately 611.81 km and 188.30 km®, respectively, from 1993 to 2013 (Li ef al., 2015).
The coastline growth rate of the Bohai Sea was high during 2010 and 2012 and slowed after
2013 (Wu et al., 2018). The shoreline exhibited an average rate of change of 188.47 m/a and
an average accretion distance of 3.55x10° m toward the sea, and the average rate of recla-
mation was 3.25x10* ha/a from 1985 to 2015. This study also found that the significant
changes in coastal areas were mainly concentrated in reclamation-intensive areas. Aquacul-
ture land, salt land, and unused land are widely distributed in the coastal area of the Bohai
Sea, whereas harbor land and industrial land are concentrated in high-income areas (Figures
1 and 2). In addition, except in the Yellow River Delta, the geometric shapes of other estua-
rine and delta regions are more affected by reclamation projects. The findings of this study
demonstrate that the rate and direction of shoreline changes are a reflection of changes in the
reclamation activities on a spatial-temporal scale in the Bohai Sea.

4.2 Reasons for variations in the geometric shape of the bay

The change in the geometric center of gravity of the bay is positively related to the growth
rate of the shoreline and the complexity of the shoreline geometry; that is, faster shoreline
changes correspond to a greater rate of change in the geometric center of gravity of the bay
in space (Lai et al., 2015; Li et al., 2010; Snoussi et al., 2008). Among the coastal areas
where socioeconomic activities are more concentrated, the change in the bay shape is mainly
affected by reclamation activities (Thanikachalam et al., 2003). After studying the changing
features of the structure, development and utilization of the Chinese shoreline, Hou et al.
(2016) reported that human activity mainly involving land reclamation has far exceeded
natural factors and has become the dominant factor, especially in recent decades.

Over the last 30 years, the bay area, shoreline length, geometric shape, and center of
gravity have changed rapidly (Table 3, Figures 5 and 6). The rapid decrease in the bay area,
the rapid increase in shoreline length, the increase in the complexity of the geometry, and the
rapid shift in the center of gravity of the bay toward the sea have become the primary char-
acteristics of the Bohai Sea.

From the perspective of a longer time scale, the transition point for the changes in the
variations of the shoreline, land reclamation, and SIB occurred in 2000. The variations in
shoreline and land reclamation of the Bohai Sea increased rapidly after 2000. Thus, the
complexity of the geometric shape of the Bohai Sea also increased rapidly after 2000 (Fig-
ures 3-5). The intensity and density of human activities in the Bohai Sea have rapidly in-
creased since 2000, and the reclamation activities have entered a new stage.

5 Conclusions

In this paper, the spatial-temporal variations in the shoreline and shoreline reclamation in the
Bohai Sea were analyzed based on 49 Landsat images of seven periods from 1985 to 2015,
and several conclusions can be drawn.

(1) The shoreline of the Bohai Sea has shown a significant accretion trend over the last 30
years due to the influence of human activities in the coastal area. The rates of change in dif-
ferent periods showed that the internal variations of the shoreline exhibited a significant
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eroding trend; that is, the characteristics of shoreline accretion toward the sea have become
increasingly stable.

(2) Based on the changes in reclamation activities, the reclamation project in the Bohai
Sea has exhibited a significant growth trend since 2000, when aquaculture land, unused land
and salt land exceeded 60% of the total reclamation area. At the same time, the areas of
harbor land and industrial land rapidly increased.

(3) Under the dual influence of shoreline change and reclamation activities, the shape of
the Bohai Sea became more complicated and the geometric center of gravity of the bay
moved rapidly to the central part of the Bohai Sea.
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