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Changes of coastline and tidal flat and its implication for ecological protection under
human activities: Take China’s Bohai Bay as an example
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The change processes and trends of shoreline and tidal flat forced by human activities are essential issues
for the sustainability of coastal area, which is also of great significance for understanding coastal
ecological environment changes and even global changes. Based on field measurements, combined with
Linear Regression (LR) model and Inverse Distance Weighing (IDW) method, this paper presents detailed
analysis on the change history and trend of the shoreline and tidal flat in Bohai Bay. The shoreline faces a
high erosion chance under the action of natural factors, while the tidal flat faces a different erosion and
deposition patterns in Bohai Bay due to the impact of human activities. The implication of change rule for
ecological protection and recovery is also discussed. Measures should be taken to protect the coastal
ecological environment. The models used in this paper show a high correlation coefficient between
observed and modeling data, which means that this method can be used to predict the changing trend of
shoreline and tidal flat. The research results of present study can provide scientific supports for future
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coastal protection and management.

©2024 China Geology Editorial Office.

1. Introduction

Coastal zone has become the most intense area of human
activities, more than half of the world's population lives
within about 60 km of the coast, and two-thirds of cities with
a population of 2.5 million or more are located near the tidal
estuary. However, as the land-sea interaction zone, the
geological environment of this area is extremely vulnerable,
and also is a sensitive alternating ecosystem (Yanes A et al.,
2019), sensitizing to sea level, sedimentation, land subsidence
etc. Especially, the sea level is predicted accelerated rising
during this century (IPCC, 2013, 2021), with a background of
the reduced dramatically riverine sediment load to the
estuaries, and the coastal erosions happened in most of the big
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river deltas (Blum MD and Roberts HH, 2009; Ericson JP et
al., 2000).

Tianjin-Hebei coast is in the coordinated development of
Beijing-Tianjin-Hebei, which is one of the most developed
coasts in China, prized for their high commercial and
ecological value (Fig. 1). During the last fifty years, due to the
human activities, such as reclamation, seawall construction
and aquaculture, the percent of natural shoreline has
decreased from 50.8% in 1970s to 10% in 2015, more than
600 km? new land were formed from initial shoreline to 3—5
m water depth (Yan HK et al., 2013; Lai S et al., 2015; Shi
PX et al., 2016; Wang F et al., 2020; Wang FC et al., 2021),
which will influence the coastal changes in the near future.

In addition, all coastlines of China are facing continuing
sea level rising. From 1980 to 2020, the average absolute sea
level rise rate along the coast of China was 3.4 mm/yr. The
rate of Bohai Sea, where Tianjin and Hebei province located,
was slightly higher by 3.8 mm/yr (MLR, 2021). The
developed Bohai Bay coastal area is subject to ongoing rising
sea level, and a reduced supply of river sediments (Xue Z et
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Fig. 1. Geographical location of the shoreline and survey line.

al., 2009; Wang F et al., 2018). The presence of shoreline and
tidal flat can be a natural buffer to alleviate possible damage
from extreme storm events and coastal flooding resulting
from climate change and sea-level rise (Sarda R et al., 2005;
IPCC, 2013; Li Y etal., 2016, 2017, 2019).

Therefore, study the historical shoreline and tidal flat
changes and predict their trends under natural and human
factors are essential issues for the sustainability of this area.
Moreover, studying change trends of coastline and tidal flat
under human factors is of great significance for protecting and
restoring coastal ecological environment (Liu H and Jezek
KC, 2004). Previous studies in this study area mainly focus on
the history change of the modern shoreline and the tidal flats
by processing remote sensing images, unmanned aerial
vehicle survey, monitoring profiles, carrying capacity analysis
and so on (Wang Y and Zhu DK, 1990; Wang F et al., 2010,
2020; Li YN et al., 2015; Hou XY et al., 2016; Ding XS et al.,
2019; Zhang TH and Niu XJ, 2020; Li Y et al., 2021).

As the natural changes of the coast have been hidden by
the human activities, it’s important to know the coast natural
changing tend under a global sea-level rise for coast
management and ecological recovery. The area considered in
present study is the coastal region along Tianjin and Hebei
Province, which is showed in Fig. 1. The overall goal of the
research is to develop regional assessment models for
shoreline and tidal flat changes, which can also be applied for
other coastal regions. Based on collected data, conventional
surveys and numerical prediction models, the research content
includes analyses of actual measurements, future development
trends and implication for ecological protection and recovery.

2. Methodology
2.1. Shoreline

The first assessment procedure used for shoreline location
research is the study site selection. The shoreline of Tianjin
and Hebei is selected as the research subject. The next
essential step is to obtain the location information of the
shoreline. Based on collected data, the spatial and statistical

analyses are processed. At last, the changing trends of the
shoreline location are predicted and analyzed by using the LR
model.

In order to fulfill the study, the crucial data about the
shoreline location must be gained after site selection. Two
age-old maps of China published in 1900 and 1950 and two
satellite images photographed in 2000 and 2020 are used in
this study (Figs. 2,3 ). The map of North Eastern China
published in 1900 was prepared by the Military Information
Division of USA and the other map of China coast and Korea
was compiled and drawn in the Cartographic Section of the
National Geographic Society, USA. In addition, the satellite
images are all extracted from Landsat OLI (Operational Land
Imager) remote sensing data set.

The four periods of shoreline location are shown in Fig. 4.
The first two period locations are extracted from maps of
China published in 1900 and 1950 (Fig. 2). The next two
period locations are extracted from satellite images
photographed in 2000 and 2020 (Fig. 3). With the rapid
development of economy in Beijing-Tianjin-Hebei region,
there has been great demand for land. From Fig. 4, in Binhai
New Area of Tianjin and Caofeidian of Hebei Province, it can
be seen that large scale reclamation of land has been taking
place. The coastline of these areas is mainly artificial
coastline now. By comparing the shoreline locations of the
four periods, we can see that the change range in large section
of coastal region is not too exquisite, except the region in
Binhai New Area of Tianjin and Caofeidian of Hebei
Province. In addition, several key locations in four period
shorelines are coincident. It confirms the validity and the
accuracy of the two maps (Fig. 2) on the other hand. The
location of the coastline has a great impact on the coast
hydrodynamic conditions, which will affect the coastal
ecosystem. There is a further discussion in later chapters.

2.2. Tidal flat

As for the tidal flat change, the first study procedure is
also the site selection. As pointed out by black lines in Fig. 1,
three typical survey lines in Bohai Bay are selected, which are
located respectively in north, central and south of the Bohai
Bay. Then, the elevation measurements of the tidal flat at
specific point are extracted and analyzed. Based on these
survey data, the change trends are predicted by using the LR
model and the numerical results are discussed.

iRTKS was used to determine the elevation of the
observation sites on the tidal flat (Fig. 5a). iRTKS is the new
high-quality scalable GNSS (Global Navigation Satellite
System) receiver of Hi-Target, which benefit from the next-
generation GNSS engine, unlimited communication
technology and innovative designs. Fig. 5b shows our
surveyors in field survey when measuring site elevations of
the tidal flat.

2.3. Numerical methods

In present study, the Inverse Distance Weighted (IDW)
interpolation method is applied to create tidal flat maps of
gathered data and obtain the elevation values of expected
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Shoreline extracted
from map

Fig. 2. Maps of China published in 1900 and 1950, coupled with extracted shoreline locations; a—map of North Eastern China published in
1900 by the Military Information Division of USA; b—map of China coast and Korea compiled in 1950 by the National Geographic Society,

USA.

Fig. 3.
graphed in 2000; b—map photographed in 2020.
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Fig. 4. Four periods of shoreline location extracted from collected
maps.

sites. This method is widely used in the study of erosion and
deposition in other coastal regions in the world (Jaffe BE et

Satellite maps, extracted from Landsat OLI remote sensing data set and coupled with extracted shoreline locations; a—map photo-

al., 2007; Luan HL et al., 2016; Jiang C et al., 2017). The
IDW interpolation explicitly depends on the assumption that
observations further away should have their contributions
diminished according to how far away they are. The
interpolating formula used in this study can be expressed as
follows:

"1
Z =kad—z,. )

n 1
k=113 — @

=1 Y

where Z; and Z; denote the value of an interpolated unknown
point and known point, respectively. 4;; is a given distance
from the known point to the unknown point. n is the total
number of known points used in interpolation.

The Pearson Correlation Coefficient (PCC) is used to
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Fig. 5. Field measurement for elevation of the tidal flat; a—measuring instrument (iRTKS5); b—field measurement.

determine how strong that the relationship is between two
period measurements. In statistics, the PCC is a measure of
linear correlation between two sets of data, which can be
calculated by (Abushandi E and Abualkishik A, 2020):

. NY XY= %)y
\/Nzx,?— (Xx)’ \/NZy?— ()

where r,, is the Pearson coefficient and N is sample size. x;
and y, are the individual sample points indexed with i.

In addition, the LR is conducted to predict the future
changes of shoreline and tidal flat. The LR is the
approximation of a linear model used to describe the
relationship between two or more variables. It can be used to
carry out shoreline and tidal flat change analysis (Qiao G et
al., 2018; Liu YF et al., 2020). In simple linear regression,
there are two variables, a dependent variable and an
independent variable. The formula of LR is:

3
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where f; is the dependent variable. x,, is the independent
variable and p is the number of independent variable. g,
denotes the constant term and g, denotes the slope
coefficients for each independent variable. € is the model ’s
error term, which also known as the residual.

If the value of PCC is closer to —1.00 or +1.00, then it
means that extraordinary linearity is achieved between two
different period measurements. Consequently, the LR can be
conducted in order to find the future changes. However, if the
value is closer to 0, then it indicates that the variation between
two variables is great and the linear model cannot be used to
predict future changes.

3. Results and Discussion
3.1. Shoreline

The change of shoreline location is considered in two

directions, including longitude direction and latitude
direction. Table 1 shows the calculation results of the Pearson
correlation for shoreline locations between the 1900 ’s and
1950’s. Generally speaking, a correlation value of 0.7 between
two variables would indicate that a significant and positive
linear relationship exists between the two variables. The
values of PCC are all greater than 0.99, and it shows a very
obvious linear correlation in two directions between the two
periods of the shoreline location.

Table 2 shows the LR model coefficients for shoreline
change. The coefficient of determination (Rz) is a statistical
metric which is used to measure how much of the variation in
outcome can be explained by the variation in the independent
variables. Because the R* values of 0.999 and 0.995 are very
close to 1, and the p-value of 0.000 is less than the default
significance level of 0.05, a significant linear regression
relationship exists between the shoreline locations in 1950
and those in 1900.

According to the numerical results of Table 2, The
resulting linear equations to estimate shoreline location
change for two directions can be expressed as:

Jur1(lon) =0.999 X f, (lon) +0.107 (5)
Sur1 (at) = 1.025 % f, (lat) — 0.965 (6)

Table 1. Pearson correlation for shoreline locations between the
1900°s and 1950°s.

Coordinate PCC N
Longitude (lon) 0.999 243
Latitude (lat) 0.998 243

Table 2. LR model coefficients for shoreline change.

Coordinate Constant 1% (Slope) R? statistic p-value
Longitude (lon) 0.107 0.999 0.999 0.000
Latitude (lat) —0.965 1.025 0.995 0.000
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where f,,, is the modeled shoreline locations in degrees for
the next 50 years’ period and f, is the previous shoreline
locations in degrees.

Based on Eq. 5 and Eq. 6, the shoreline locations in 2000
and 2050 are predicted. Fig. 6 shows the comparison of past,
present and expected future shoreline locations. In 1900, the
shoreline is mainly on the most seaward than others on Bohai
Bay from Huanghua Harbor to Dashentang, on the most
landward in Nanpu-Caofeidian, nearly the same with present
shoreline from the Eastern Caofeidian to Luanhe Delta, and
on most seaward from Northeast Luanghe Delta to the north
boundary of Hebei Province. In 1950, comparing with that of
1900, the shoreline in Bohai Bay are moved landward by
natural erosion. The shoreline of Nanpu-Caofeidian, moved
seaward by silting. The shorelines of Eastern Caofeidian to
the boundary of Hebei Province are moved landwards by
natural erosion. In general, the shoreline is eroded from 1900
to 1950. Moreover, two predicted shorelines are given in Fig.
6 based on the changing trend from 1900 to 1950. The
prediction results show that the erosion of coastline will be
going on for 100 years with minimal human intervention.

The aquaculture has become a growth since the 1970's and
human activity plays a more important role in shoreline
change. Especially since 2000, great changes have happened
to coastal area from Huanghua Harbor to Caofeidian because
of the reclamation, and the natural changing trend is
completely covered by human activities. Comparing predicted
2000 and 2050 shoreline with real 2020 shoreline given by
remote sensing, great differences are shown, which is because
that the huge reclamation have greatly changed the sites of
shorelines. Although the predicted shoreline are different
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from the real shoreline, those discrepancies can remind us
where have to facing a more pressure from marine. For
example, the real shoreline of Caofeidian and Lingang
Industral Area have huge discrepancy with predicted
shoreline, those areas are facing more pressure from marine
than the area of Nandagang, Nanpu and Luanhe Delta.
Decision makers should pay more attention to those coast
regions with higher disaster risks.

3.2. Tidal flat

In general, the change trends of the tidal flat mainly
depend on coastal dynamic conditions, which are affected by
many factors (Pethick J, 2001; Giinaydin K and Kabdasli S,
2003; Fan YS et al., 2018; Zhang TH and Niu XJ, 2020). The
impact of some factors is long-term and gradual, including sea
level change, ocean dynamics, land subsidence, groundwater
over exploitation and so on. However, the impact of storm
surge and coastal engineering construction is short-term and
rapid. Under the influence of various coastal dynamic factors,
the coastal sediment is transported away from the shore and
moved to other places under the action of coastal current. The
sediment in the lower part of the tidal flat can also be
transported to the upper part through the action of waves,
resulting in erosion or deposition.

The measurements along three survey lines were
conducted twice, one was during period 2627 July 2018 and
the other was during 5—7 August 2019. Fig. 7 show the two
elevation measurements for tidal flats of north line, central
line and south line, respectively. The maximum value of the
elevation is 1.29 m and the minimum value of the elevation is
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—1.28 m. Table 3 shows the average horizontal distance
between two adjacent sites. The horizontal distances used in
field survey of 2019 are much smaller than those of 2018. In
order to compare the data of the two periods at the
corresponding sites, an interpolation method must be adopted
to process the measurements.

First, the three-dimensional contour maps for the second
elevation of tidal flat obtained in 2019 are created. This step is
performed by using the MATLAB procedure to deal with the
survey data. Fig. 8 shows the contour maps for north line,
central line and south line, respectively. The high elevation
area signed with yellow color indicates the shoreline direction
and the area colored by blue presents the offshore direction.

For the better comparison, the IDW method has been
applied on the second field measurements to obtain the
elevation values at the survey sites of the first field
measurements. Fig. 9a shows the comparison of the two
elevation measurements for north line of tidal flat. The mean
values of tidal flat elevations for the first and the second field
measurements are 0.17 m and 0.28 m respectively. The north
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Fig. 7. Elevation measurements of tidal flat for three survey lines;

a—north line located in Bohai Bay; b—central line located in west of

Bohai Bay; c—south line located in Bohai Bay.

Table 3. Average horizontal distance between two adjacent
sites.

Survey line 2018 2019

North line 99.1m 23.7m

Central line 94.6 m 134 m

South line 51.0m 12.1m

line of tidal flat in Bohai Bay is generally characterized by
deposition. The average deposition depth is 0.11 m and the
sedimentation rate is 0.11 m/yr. The sedimentation rate tends
to increase along with the offshore direction. The shoreline
changes caused by large-scale reclamation projects in coastal
region of Tianjin and Hebei which weaken the residual
current of the Boahai Bay and the velocity decreases generally
in the nearshore area between 0 m and 5 m isobaths (Jia H et
al., 2018; Bai YC et al., 2021). The sediments are more easily
deposited in the region of tidal flat. From the perspective of
coastal ecological environment, the accretion tidal flat can
provide more living space for nearshore and coastal life.

Fig. 9b shows the comparison of the two elevation
measurements for central line. The mean values of tidal flat
elevations for the first and the second field measurements are
—0.23 m and —0.18 m, respectively. The mean deposition
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Fig. 9. Comparison of the two elevation measurements for tidal flat;
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Bohai Bay; c—south line located in Bohai Bay.

height is 0.05 m. The elevations with relatively high altitude
have no obvious change. There is an erosion tendency in the
nearshore site (Number 1 point) of the central survey line, but
the lower part of the line has evidently deposition trend.

Fig. 9c shows the comparison of the two elevation
measurements for south line. The mean values of tidal flat
elevations for the first and the second field measurements are
0.10 m and —0.03 m respectively. Unlike the varying trend of
the north line and central line, the south line is totally
characterized by erosion and the average erosion depth is 0.13 m.
It is noteworthy that the erosion condition of the nearshore
tidal flat is relatively more severe. The south line locates in
the south of Huanghua Port. Simulation results show that the
implementation of reclamation projects may causes the tidal
current movement more intense near the Huanghua Port (Bai
YC et al, 2021). Generally speaking, the eroded
hydrodynamic environment is not conducive to ecological
protection and restoration.

Table 4 illustrates the values of Pearson correlation
coefficient between the first and the second field
measurements. The results show a strong relationship between
the first and the second field measurements with all the PCC
coefficients greater than 0.98.

The coefficients of regression variables are calculated by
Matlab software, which are shown in Table 5. The input data
for regression analysis are two variables. The independent
values of first variable are the first field measurements

obtained in 2018 and the dependent values of second variable
are the second field measurements obtained in 2019. It can be
concluded from linear regression analysis that the dynamic
change of tidal flat is linear.

According to Table 5, linear equations which can be used
to predict tidal flat change are as following:

a1 (north) = 0.923 X f,, (north) + 0.128 @)
Jus1 (center) = 0.88 X f, (center) +0.023 8)
Js1 (south) = 0.89 X f, (south) —0.115 )

where f,,, is the modeled elevations of tidal flat in meters for
the next one year’s period and f, is the previous elevations in
meters.

Using Eqgs. 7-9, the changes of tidal flat elevation have
been predicted for the next 10 years at the same locations in
addition to the second field measurements. The field
measurements and numerical elevations for the next 10 years
based on the linear regression model are shown in Fig. 10,
for north line, central and south line respectively. For the
north line in Bohai Bay (Fig. 10a), the slope of tidal flat
becomes more and more gentle. The maximum deposition
position locates at the site of number 18 point which is the
end of the survey line. The maximum deposition height is
1.27 m. In the west central area of the Bohai Bay, the
variation trend of tidal flat is relatively complex (Fig. 10b).
The elevation of site of number 7 point has nearly no change
for the next 10 years. The sites above this site keep eroded
and the maximum erosion height is 0.24 m. However, the sites
below this site appear siltation and the intensity increases
gradually with the distance to the site of number 7 point. The
maximum deposition depth is 0.86 m. Continuous deposition
may weaken the residual current and result in weak water
exchange capacity and low pollutant-diffusing capacity (Jia H
et al., 2018). This situation is unfavorable for the diffusion of
pollutants, and therefore lead to increased water pollution in
the Bohai Bay.

As for the south survey line (Fig. 10c), the total evolution
trend is keeping eroded and the maximum erosion height is
0.89 m. Through the above analysis, it can be seen that only
the south line is undergoing erosion. This survey line is close

Table 4. Pearson correlation between the first and the second
field measurements.

Survey line PCC N
North line 0.998 18
Central line 0.996 19
South line 0.986 24

Table S. LR model coefficients for tidal flat change.

Survey line Constant 1% (Slope) R? statistic p-value
North line 0.128 0.923 0.996 0.000
Central line 0.023 0.880 0.991 0.000
South line -0.115 0.890 0.972 0.000
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to Huanghua Harbor and the erosion of tidal flat is
disadvantageous to the stability of coastal projects.

Present research offers a methodology that can be used to
investigate  other coastal regions combining field
measurement and numerical modeling. It will enable the
administrators and decision makers to identify the coast
regions with a higher disaster risk. Moreover, it will help
them to find suitable solutions to existing problems.

4. Implication for ecological protection and recovery

Ecosystem protection and recovery must follow the rule of
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the trend of natural evolution (NDRC, 2020). The changing
trend of coastline and tidal flat is surely an essential issue
which influences the coastal ecosystem protection and
recovery. As showed in Fig. 1, the coastal area of Dashentang
is close to the north survey line. The results in this area show
that high sedimentation rates happened to the tidal flat and
will maintain this trend because of human activity (Figs. 9a,
10a). Previous studies show that the mean high water are
higher than the height of nature tidal flat connected with Dike,
which means the sea water can influence the Dike directly
(Wang F et al., 2010; Fig. 11). With the sea level rise (IPCC,
2021), the dike will face more pressure from ocean in the near
future.

The shoreline changes caused by large-scale reclamation
projects in Caofeidian of Hebei Province weaken the ocean
current in north coast of Bohai Bay. The sediments are more
easily deposited and the water depth shows a shallow trend.
Our findings show a good phenomenon for coastal area of
Dashentang, more sediments accreting in tidal flat can protect
the dike, and which is of great benefit to ecological dike
construction. The accretion tidal flat above mean sea level can
provide growth space for plant and sea birds. Therefore, we
suggest that ecological dike construction can be taken in this
area.

The results of coastline and tidal flat in southern Bohai
Bay, Binzhou chenier Island and Wetland National Natural
Reserve, Shandong Province, show that strong erosion
happened to the chenier coastline and tidal flat. The Binzhou
chenier island locates closely to the south survey line (Fig. 1).
The Huanghua Port and Binzhou Port changed the offshore
current conditions, which lead to the lack of adequate supply
of shell and their debris to the chenier. In addition, human
activities such as salt field construction, shell mining, and
excavation of aquaculture ponds have also gradually change
the morphology behind chenier (Xu YM and Wang YH,
2015).

The Binzhou chenier island is the only natural chenier
coast of China now (Fig. 12) and it is of great significance for
coastal ecological recovering of the reserve. Although nature
and human activity have changed morphology of this area, the
original chenier-lagoon system is still preserved. Therefore, in
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Fig. 11. Tidal flat in coastal area of Dashentang.
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Fig. 12. Aerial photograph of shell chenier in Binzhou Shell Dike
Islands.

order to protect this ecosystem, the following proposals are
given based on our research results: (1) strengthen monitoring
on the chenier, tidal flat and shallow sea; (2) strengthen study
on the evolution history, trend, driving mechanism of this
ecosystem; (3) provide comprehensive suggestions on
chenier-lagoon recovery.

5. Conclusions

This study has investigated the changes of coastline and
tidal flat and its implication for ecological protection, taking
Bohai Bay as the example. The following conclusions could
be drawn by present research:

(i) The research results show strong linear relationship
between the two different period measurements for shoreline
location and tidal flat elevation. Pearson correlation
coefficients between two variables are all greater than 0.98
and the values of p-value are less than the default significance
level of 0.05. Linear regression analysis also concludes that
the change trends of shoreline position and tidal flat elevation
are linear and can be predicted by LR models.

(ii)) The coastal regions of Caofeidian and Lingang
Industral Area in Bohai Bay, especially the artificial
shorelines, will face a huge pressure of change from the
ocean. Comparing predicted 2000 and 2050 shorelines with
real 2000 and 2020 shorelines given by remote sensing, great
differences are shown. These discrepancies can remind us
where have to facing a more pressure in the future under
natural factors.

(i) The variation law of tidal flat in Bohai Bay is
complicated under the influence of human activities. The
north line of tidal flat in Bohai Bay is generally characterized
by deposition and the average sedimentation rate is 0.11 m/yr.
As for the central survey line, the lower part (offshore
direction) has evidently deposition trend and the mean
deposition rates of the line is 0.05 m/yr. The south line is
totally characterized by erosion and the average erosion rate is
0.13 m/yr.

(iv) As regards the implication for ecological protection
and recovery, high sedimentation rates happened to the tidal
flat in north of Bohai Bay, which is of great benefit to

ecological dike construction in this area. Instead, strong
erosion happened to the chenier coastline and tidal flat in
south of Bohai Bay and appropriate measures should be taken
to protect the Binzhou chenier island.
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