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Abstract: Over the past two decades, the location and morphology of the coastline, as well as the land
use/land cover (LULC) in the Circum-Bohai region in China, have undergone significant changes
due to rapid industrialization and urbanization. Analyzing the temporal and spatial variation in
coastal lines and LULC can provide a meaningful basis for the rational allocation of land resources.
Using Landsat TM/OLI series dates from the Google Earth Engine (GEE) platform, this study applied
the Linear Superposition Water Index (LSWI) and the Otsu threshold method (OTSU) algorithm to
extract and analyze the coastline of the Circum-Bohai region. Additionally, the Random Forests (RF)
method was employed to extract LULC information in the coastal zone. Using the geographical
detector, we further explored the influence of social and economic factors, as well as natural factors,
on spatial differentiation mechanisms of LULC change in the Circum-Bohai. Our results show that
between 2000 and 2020, the Circum-Bohai coastline generally expanded towards the ocean by a
total of 1062.99 km. The highest rate of change occurred during 2010 to 2015, and human activities
were the primary cause of most of the changes, with the exception of the Yellow River Delta, where
natural factors were dominant. The main types of LULC in the study area from 2000 to 2020 were
farmland and construction land. The area of farmland proportion decreased by 1.75%, while the
area of construction land proportion increased from 16.73% to 29.54%. Our findings indicate that
the degree of land use in the Circum-Bohai is deepening. Based on our factor detection analysis, the
added value of the secondary industry was the most critical influencing factor on LULC. Furthermore,
the combined effect of the added value of the secondary industry and gross domestic product (GDP)
has a significant driving impact on LULC. These findings can provide reference and data support
for the sustainable development and comprehensive management of land resources. The relevant
departments can use these results to prompt corresponding policies for the rational allocation of land
resources.

Keywords: Google Earth Engine (GEE); Circum-Bohai coastal zone; Linear Superposition Water
Index (LSWI); Random Forests (RF); geographical detector; driving force

1. Introduction

Affected by the rapid improvement of the world’s economy and the extensive compre-
hensive impact of human and marine activities, global coastlines have undergone varying
degrees of change, and the land use degree (LUD) in the coastal zones has also continued
to deepen. Countries worldwide have increasingly prioritized the development, utiliza-
tion, and conservation of their marine resources [1]. Monitoring the spatial and temporal
changes in coastline morphology and coastal zone land use/land cover (LULC) is crucial for
regional social and economic development, resource environment balance, and promoting
sustainable economic development in coastal areas [2].

With the increase in the number of remote sensing satellites and the improvement of
image resolution [3–5], advanced remote sensing technology and multi-spatial resolution
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remote sensing image data have gradually provided reliable technical means and data
support for monitoring coastline change and coastal land use/land cover change (LUCC).
The selection and application of the coastline extraction method is the key aspect in the
process of monitoring coastline change using remote sensing technology [6]. Relevant
studies have employed various methods to extract and analyze different types of coast-
lines at various scales in different regions based on multi-source multi-spatial resolution
remote sensing image data, including visual interpretation [7], Normalized Difference
Water Index (NDWI) [8], Tasseled Cap Transformation (TCT) [9], Automated Water Ex-
traction Index (AWEI) [10], automated edge detection algorithms [11], Support Vector
Machine (SVM), Maximum Likelihood (ML) [12], Modified Normalized Difference Water
Index (MNDWI) [13], active connection matrix (ACM) [14], convolutional neural network
(CNN) [15], and others. Particularly, the water index method is usually employed for
research on large-scale and long-term monitoring of coastal changes. The NDWI, TCT, and
MNDWI are the most commonly used methods [16]. Since the Otsu threshold method
(OTSU) [17] is very suitable for cases where the gray values of the segmentation target
and the segmentation background are significantly different [18], it is often integrated with
NDWI, TCT, MNDWI, and other water index algorithms to extract large-scale coastlines.

In previous studies on LUCC monitoring in coastal zones, the acquisition of LULC
information can be categorized into two general types. The first method is mainly to obtain
LULC information in the study area through relevant datasets [19]. Based on different
LULC classification datasets, researchers have analyzed and studied the land use of coastal
zones [20,21]. The second method involves using supervised or semi-supervised classifi-
cation methods to classify coastal zone LULC and then obtain coastal LULC information.
Due to the superior classification effect and experimental accuracy, the Random Forest
(RF) [22] algorithm is often used in the LULC information classification and extraction
task [23]. Researchers usually employ the RF classification model to classify the LULC
information [24], and other methods are combined to investigate and analyze its spatial
and temporal evolution [25,26]. The selection of LULC research areas also has its own char-
acteristics, including inland areas [23], river coasts [27], and coastal areas [26,28]. Exploring
the driving factors that affect LUCC is helpful to further analyze the LUCC model in the
Circum-Bohai region, which is of great significance for natural resources management. At
present, qualitative or quantitative methods are usually utilized to determine the driving
factors affecting a specific change [27]. Among them, qualitative analysis can only charac-
terize the influence of various impact factors and cannot quantitatively analyze their effect.
Moreover, it often ignores the spatial relationship between the change and the influencing
factors. Geodetector is a method that can detect a certain geographical phenomenon or
a certain spatial variation and reveal the driving factors behind it [23,27]. It has been
widely used in vegetation coverage change [29], LUCC [23,27], ecological environment
vulnerability [30], and so on.

In remote-sensing-technology-based research and remote sensing image analysis, the
screening and processing of massive remote sensing data are crucial. However, in previous
related research, difficulties in data acquisition and processing and low interpretation
efficiency have often been observed [31]. To solve these problems, the emergence of Google
Earth Engine (GEE) [27] provides new ideas and methods for massive data processing in
large-scale and long-term research projects [27]. The GEE platform has the capability to
process data in batches rapidly, regardless of temporal and spatial limitations. [31]. Using
the GEE platform, relevant studies have realized the extraction of crop area [32], surface
water changes [33], ecological environment quality evaluation [34,35], and LUCC [36,37].
These studies have fully verified the feasibility and effectiveness of the GEE platform in
downloading, processing, and computing data. Therefore, we can efficiently research
coastline spatial–temporal variation and coastal LUCC monitoring using the GEE platform.
However, in related research, coastlines are often extracted using a single method, and
coastal LUCC information extraction is typically focused on large-scale areas. Furthermore,
there are computational complexities in exploring the driving factors behind coastal LUCC.
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As one of the areas most affected by human activities in China, the Bohai Sea occupies
an important position in the development of national economic strategy [38]. However,
with the human activities and deepening of land development and utilization in the Circum-
Bohai coastal area, artificial breeding and port construction have caused spatial differences
in LULC in the coastline and coastal zone over time, which pose challenges to the protection
and development of the marine and land ecological environment in the Circum-Bohai area.
Therefore, it is essential to explore the changes in the Circum-Bohai coastlines, as well
as to explore the spatial pattern of LULC and the driving factors behind LUCC in the
Circum-Bohai coastal area. Hence, investigating alterations in the Bohai Sea coastline and
analyzing variations in the LULC spatial model are imperative to comprehend the key
driving factors.

In this study, we aim to explore the process of coastline changes and coastal LUCC in
the Circum-Bohai coastal area from 2000 to 2020 using the Landsat TM/OLI series data on
the GEE platform. First, the coastline of the Circum-Bohai area was extracted through the
linear fusion of TCT and MNDWI combined with the OTSU method. Then, we explored
the spatial and temporal pattern change in LULC information in the Circum-Bohai coastal
area based on the RF classification method. Lastly, the transfer matrix and driving factors
behind the changes in the LUD are discussed using the Geodetector model.

The remainder of this study is organized as follows: Section 2 presents the study
area and data. Section 3 describes the methods used in this study. Section 4 presents the
experimental results. The discussion and conclusion are presented in Sections 5 and 6,
respectively.

2. Study Area and Data
2.1. Study Area

The study area is situated in the eastern part of China, stretching from Dalian City
in the Liaodong Peninsula to Yantai City in the Shandong Peninsula, spanning from
117◦26′58′′E to 122◦23′47′′E and 36◦59′22′′N to 41◦0′34′′N. Additionally, the Bohai Sea is
the only inner sea in China [28]. The study area covers 13 cities (presented in Figure 1).
Within the Bohai Bay region, there are three predominant bays: Bohai Bay, Liaodong Bay,
and Laizhou Bay. Among them, Pulandian Bay area (A) in Dalian is one of the key areas of
coastline change in the Circum-Bohai. Liaodong Bay Area and Laizhou Bay area contain
two large estuary deltas, Liaohe River Delta (B) and Yellow River Delta (D), respectively,
which are two important wetland nature reserves in China [39]. Additionally, Tangshan
Port Area (C) in Tangshan City, Bohai Bay area, features significant artificial land [40].

Due to the uniqueness of the geographical conditions and the complexity of economic
development in the Circum-Bohai, this study utilized the land-side buffers along the
coastline to define the regional scope of LUCC research in the area to more accurately and
intuitively express the LUCC in the Circum-Bohai. Specifically, the coastline was extracted
every five years from 2000 to 2020 in the Circum-Bohai region, and a unilateral buffer with a
radius of 10 km was created on the land side along the coastline [41]. Five buffers were then
obtained and synthesized to derive the LUCC results in the Circum-Bohai coastal zone.

2.2. Data

The study employed Landsat TM/OLI series data from 2000 to 2020 obtained from
the GEE platform. A total of 1533 remote sensing image data were used in the coastline
extraction experiment on the Circum-Bohai, including data from 2000, 2005, 2010, 2015, and
2020. For the 2000, 2010, and 2020 coastal land use and land cover (LULC) classification, a
total of 1130 scene images data were utilized. The remote sensing image data underwent
several preprocessing stages such as filtering, cloud removal, splicing, cropping, masking,
and more. The data sources are provided in Table 1.
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Figure 1. Study area: (A) Pulandian Bay area; (B) Liaohe River Delta; (C) Tangshan Port; (D) Yellow 
River Delta. 

2.2. Data 
The study employed Landsat TM/OLI series data from 2000 to 2020 obtained from 

the GEE platform. A total of 1533 remote sensing image data were used in the coastline 
extraction experiment on the Circum-Bohai, including data from 2000, 2005, 2010, 2015, 
and 2020. For the 2000, 2010, and 2020 coastal land use and land cover (LULC) classifica-
tion, a total of 1130 scene images data were utilized. The remote sensing image data un-
derwent several preprocessing stages such as filtering, cloud removal, splicing, cropping, 
masking, and more. The data sources are provided in Table 1. 

Table 1. Data sources. 

Sensor 
Spatial  

Resolution(m) 
Year Band Used 

Landsat-5 TM 30 2000, 2005, 2010 Blue, Green, Red 
Landsat-8 OLI 30 2015, 2020 NIR, SWIR 

Considering the unique geographical conditions of the Circum-Bohai coastal zone, 
such as the frequent occurrence of two estuary deltas and reclamation, we divided the 
LULC types into eight categories according to the actual situation of the study area, 
namely, farmland, grassland, forest land, construction land (urban, residential area, traffic 
land, and industrial land), waterbody (seawater and inland freshwater), unused land 
(sand and bare land), natural wetland (beach and wetland), and artificial wetland (saltern, 
coastal reclamation, and artificial breeding). The RF classification method was then em-
ployed to classify the LULC of the Circum-Bohai coastal zone [42]. 

To better distinguish the various categories in the study area, this study comprehen-
sively considered and calculated the normalized difference vegetation index (NDVI), nor-
malized difference build and soil index (NDBI), enhanced vegetation index (EVI), NDWI, 
and MNDWI, and constructed a classification feature set [27]. To construct a classification 
sample set, this study utilized high-resolution historical data from Google Earth Pro and 
performed visual interpretation. The sample points for the Circum-Bohai coastal zone in 
2000, 2010, and 2020 were 1813, 1821, and 1828, respectively. To ensure the accuracy and 
reliability of the experiment, 70% of the samples from each period were used to establish 

Figure 1. Study area: (A) Pulandian Bay area; (B) Liaohe River Delta; (C) Tangshan Port; (D) Yellow
River Delta.

Table 1. Data sources.

Sensor Spatial
Resolution(m) Year Band Used

Landsat-5 TM 30 2000, 2005, 2010 Blue, Green, Red
Landsat-8 OLI 30 2015, 2020 NIR, SWIR

Considering the unique geographical conditions of the Circum-Bohai coastal zone,
such as the frequent occurrence of two estuary deltas and reclamation, we divided the
LULC types into eight categories according to the actual situation of the study area, namely,
farmland, grassland, forest land, construction land (urban, residential area, traffic land,
and industrial land), waterbody (seawater and inland freshwater), unused land (sand and
bare land), natural wetland (beach and wetland), and artificial wetland (saltern, coastal
reclamation, and artificial breeding). The RF classification method was then employed to
classify the LULC of the Circum-Bohai coastal zone [42].

To better distinguish the various categories in the study area, this study compre-
hensively considered and calculated the normalized difference vegetation index (NDVI),
normalized difference build and soil index (NDBI), enhanced vegetation index (EVI), NDWI,
and MNDWI, and constructed a classification feature set [27]. To construct a classification
sample set, this study utilized high-resolution historical data from Google Earth Pro and
performed visual interpretation. The sample points for the Circum-Bohai coastal zone in
2000, 2010, and 2020 were 1813, 1821, and 1828, respectively. To ensure the accuracy and
reliability of the experiment, 70% of the samples from each period were used to establish
the training sample, while 30% of the samples were utilized to establish the verification
sample [43].

The geographic detector model was utilized to explore the internal driving mech-
anisms of LUCC in the study area by analyzing both socioeconomic and natural as-
pects [25]. Relevant information on some of the impact factors was obtained from the
Chinese Academy of Sciences (https://www.resdc.cn/ (accessed on 10 February 2023)) [27],
including population density (X1), gross domestic product (GDP) (X2), annual average
precipitation (X8), annual average temperature (X9), slope (X10), aspect (X11), and elevation
(X12). At the same time, the other part used the statistical yearbooks of the provinces and
cities in the study area to collect data on the secondary industry added value (X3), tertiary

https://www.resdc.cn/
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industry added value (X4), urbanization rate (X5), the total value of fishery production (X6),
and port throughput (X7) [27]. The information on influencing factors is shown in Table 2.

Table 2. Influencing factors in this study.

Type Influencing Factors Index Unit

X1 population density Ten thousand people/km2

X2 gross domestic product billion CNY
X3 secondary industry added value million CNY

Socioeconomic X4 tertiary industry added value million CNY
factor X5 urbanization rate %

X6 total fishery output million tons
X7 port throughput million tons

Physical factor

X8 annual average precipitation mm
X9 annual average temperature ◦C

X10 slope /
X11 aspect ◦

X12 elevation m

3. Methodology

The Landsat TM/OLI series data after preprocessing in the experimental year were
selected from the GEE platform, and utilized the linear fusion TCT, MNDWI method, and
OTSU algorithm to extract and analyze the changes in the Circum-Bohai coastline. The RF
classification was employed to classify the LULC types in the study area, while the land
use transfer matrix was utilized to explore LULC type transfers. Additionally, the land
use degree index (LUDI) was calculated to evaluate the change in land use. To explore the
mechanisms of socioeconomic and natural factors influencing LUCC, factor detection and
interaction detector in Geodetector were used for analysis. The experimental workflow is
depicted in Figure 2.
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3.1. Long Time-Series Coastline Extraction Method
3.1.1. Water Index Method

Landsat TM/OLI series data in the GEE platform were utilized to accurately differ-
entiate water and land in the Circum-Bohai by linearly fusing TCT [9] and MNDWI [13].
Specifically, TCT and MNDWI were used to calculate the remote sensing data for five
periods from 2000 to 2020. Two gray image data of each period were obtained, and each
pixel was linearly superimposed based on its gray value to synthesize gray image data.
Finally, five years of gray images with varying gray values were generated to reflect water
and land. This method is named the Linear Superposition Water Index (LSWI) for ease of
reference. The mathematical expression for TCT is as follows:

µ = RT
X + r (1)

where R is the tasseled cap transformation coefficient; X is the pixel value of different bands;
r is the constant offset; and µ is the gray value of each pixel in different bands after tasseled
cap transformation [44].

MNDWI mathematical is presented as follows:

MNDWI = (LG− LS)/(LG + LS) (2)

where LG represents Green in Landsat TM/OLI series and LS represents SWIR/SWIR1 in
Landsat TM/OLI series. MNDWI is the gray value calculated for each pixel.

3.1.2. Otsu Threshold Method (OTSU)

The OTSU is an adaptive image segmentation algorithm based on the least square
method [17]. Its principle is to calculate the segmentation threshold of the gray image by
using the maximum inter-class variance and is therefore also called the maximum inter-
class difference method [45]. OTSU possesses the characteristics of being unaffected by
image brightness and contrast, along with fast segmentation speed and simple calculation.

The OTSU mathematical expression is as follows:

σ2
B(t) = F0(t)F1(t)(ρ0(t)− ρ1(t))

2 (3)

T = arg max
0≤t≤L−1

σ2
B(t) (4)

where F0(t) and F1(t) are the ratios of the pixels in the two regions; ρ0(t) and ρ1(t) are
the pixel mean of the two regions, respectively. L represents the total gray level of the
input image; T is the segmentation threshold obtained when σ2

B(t) reaches the maximum
value [46].

3.2. Coastal Land Use Classification
3.2.1. Coastal LULC Classification and Its Accuracy Evaluation

The RF classification method commonly utilized in LULC information classification
is a classification method based on the combination of classification decision trees [27].
Its basic units and principles are sets of decision trees and decision tree classifiers, re-
spectively [47]. By utilizing each decision tree to perform multi-decision voting on the
given samples for training and prediction, a classification selection can be obtained. This
effectively improves the overfitting or underfitting problems that commonly arise in single
decision trees [48]. The RF method possesses strong anti-interference performance, high
classification accuracy, and classification efficiency [49]. In this study, the LULC is clas-
sified using the ee.Classifier.smileRandomForest (number of trees) function on the GEE
platform. Experimental verification shows that when the number of decision trees is 500,
the classification effect is comparatively precise, so 500 trees were then employed for RF
classification [27].
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The confusion matrix is a common method used to evaluate the accuracy of remote
sensing classification results [50]. The accuracy of classification results is quantitatively
analyzed by calculating user accuracy (UA), producer accuracy (PA), kappa coefficient
(kappa), and overall accuracy (OA) based on the confusion matrix [23].

3.2.2. Land Use Degree Index

In this study, the LUDI is an indicator that reflects the degree of actual land use and
development by humans. It is often utilized to explain the LUD and development [51]. The
higher the value calculated by the grading index, the greater the level of land development
and utilization in the region [23], and therefore the higher the degree of social and economic
development in the area [52]. In order to analyze the LUD in the Circum-Bohai, the level of
land development and utilization was evaluated using the LUDI. The calculation formula
for la of the LUD is as follows:

lα = 100×
m

∑
j=1

Ij × Pj (5)

where la is the calculated value representing the degree of land use, and its range is 100–400.
Ij is a value representing the classification of different LUDI, Pj is the percentage of the j-th
LUD classification area in the total area of the study area. According to the types of LULC
and related research [25], this study divided the LULC into four different grades based on
the land resource utilization degree and gives different classification indexes to each grade
(presented in Table 3).

Table 3. Types and classification of LULC in the Circum-Bohai coastal zone.

Type Uncultivated Land Ecological Land Agricultural Land Construction Land

LULC
types

Unused land
(sand and bare land)

Natural wetlands
(beach, wetland)

Grassland
Forest land
Waterbody

(seawater, inland
freshwater)

Farmland
Artificial wetland

(saltern, coastal reclamation,
artificial breeding)

Construction land
(urban, residential area,

traffic land, and
industrial land)

Index of
Classification 1 2 3 4

3.3. Geographic Detector

Geodetector [53] is a statistical technique for assessing the impact of selected variables
on specific changes and identifying spatial changes. Geodetector includes factor detection,
interactive detection, ecological detection, and risk detection [54]. This study mainly used
factor detection and interactive detection in geographic detectors, which can explore the
spatial divergence interpretation of each influencing factor alone or after interaction [27].
Specifically, LUDI is used as Y, the impact factor is used as X, and the decisive index q is
introduced to evaluate each impact factor. The geographic detector model is presented
as follows:

q = 1− ∑L
h=1 Nhσ2

h
Nσ2 (6)

Wh =
L

∑
h=1

Nhσ2
h (7)

Th = Nσ2 (8)

where h = 1, . . . , L is the strata of variable Y or factor X. Nh are the number of elements
in the layer and N is the whole region. σ2

h and σ2 are the variances in the Y values in the
layer h and the whole region, respectively. Wh and Th are within the sum of squares and
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the total sum of squares, respectively. The range of q is [0, 1]; the larger the value is, the
more obvious the spatial differentiation of Y is.

4. Results
4.1. Coastline Change Analysis
4.1.1. Validation of Coastline Extraction Method

To validate the accuracy of coastline extraction, we utilized four methods, namely
NDWI, TCT, MNDWI, and LSWI, to distinguish between sea and land in three different
areas: A, B, and C, in the year 2010. These areas represent different shoreline types,
including natural (A), artificial (B), and beach (C), which are affected by diverse factors
such as human activities and natural processes. The experimental results of coastline
extraction by the four methods are shown in Figure 3.
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The four methods were evaluated based on their effectiveness in segmenting water
and land in each area. The results show that the segmentation effects of all four methods are
good in the natural shoreline area (A). In the artificial shoreline area (B), only the MNDWI
and LSWI methods produced better results. In the beach shoreline area (C), the LSWI
method outperformed the other methods. Therefore, the LSWI water extraction method
was selected for the segmentation of waterbodies in the Circum-Bohai coastal in this study,
as it provides a better sea–land segmentation effect.

In summary, the LSWI method was found to be the most effective for distinguishing
between sea and land, particularly in areas that are strongly influenced by natural or human
factors. This method was thus selected to extract waterbodies and segment the ocean and
land, ensuring the accuracy of the study’s results.

4.1.2. Coastline Change Analysis

Figure 4 displays the extraction results of coastline length change in the Circum-Bohai
from 2000 to 2020. It demonstrates that the coastline length fluctuation in the Circum-Bohai
region has generally increased over the past 20 years, with a total increase of 1062.99 km.
Specifically, the coastline of the Circum-Bohai region exhibited a slight upward trend
from 2000 to 2005, increasing by 194.1 km. From 2005 to 2015, the coastline length of the
Circum-Bohai gradually increased, and the rate of change accelerated, with a total increase
of 1087.9 km during this period. Finally, from 2015 to 2020, the coastline length decreased
by 24.91 km.
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Comparing the coastline change results obtained by the LSWI method with the clas-
sified images, it can be seen that the primary change areas of the Circum-Bohai coastline
are Laizhou Bay, Bohai Bay, and Liaodong Bay. Among them, the artificial aquaculture
and salt field construction in Liaodong Bay and Laizhou Bay are more prominent, and the
changes in the Circum-Bohai from 2000 to 2020 are more significant. The most significant
changes in the region are mainly distributed in the Bohai Bay artificial reclamation, wharf
construction, and other related areas, particularly in Tianjin and Tangshan. These changes
are also related to urban development policy directives and the rapid development trend
of the maritime economy. Unlike these reasons, the changes in the Yellow River Delta’s
coastline are due to natural factors, as the coastline type of the Yellow River Delta is mainly
a tidal flat coast formed by sediment accumulation brought by the Yellow River. From 2000
to 2020, the Yellow River Delta’s location changed, leading to significant changes in the
coastline’s position in the region. In addition to the above areas, the coastline changes in
other areas are relatively small because the coastlines of these regions are mostly natural
and have not been extensively developed and utilized.

Figure 5 illustrates the overall changes in the coastline, with typical change areas a
and b representing the artificial coastline, while c represents the natural coastline. Among
them, a is the artificial breeding area, b is the Huanghua Port, and c is the Yellow River
Delta. The analysis of the Circum-Bohai coastline changes revealed that the majority of
changes occurred in regions where human activities, such as artificial aquaculture, artificial
land, and wharves, were prevalent, while changes in the Yellow River Delta are due to
natural factors. Limited coastline changes in other areas are attributed to their relatively
natural state. This study provides vital insights into the complex interplay between natural
and human factors contributing to changes in coastal environments.
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4.2. Long Time-Series LUCC Analysis of Coastal Zone
4.2.1. Accuracy Evaluation

The accuracy of LULC information classification in LUCC analysis is essential for
further research. In this study, the confusion matrix was employed to evaluate the accuracy
of LULC classification results in the Circum-Bohai region in 2000, 2010, and 2020. The
results of the LULC classification accuracy evaluation are presented in Table 4. The OA for
2000, 2010, and 2020 was 91.15%, 88.54%, and 92.08%, respectively. Meanwhile, the kappa
was 0.89, 0.86, and 0.90, respectively. The classification results of OA and kappa for each
period were above 85%, which indicates high classification accuracy for different LULC
types. Therefore, the classification achieved an acceptable level of accuracy, indicating that
the results are both reasonable and reliable.
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Table 4. Accuracy evaluation.

LUCC Types
2000 2010 2020

PUA (%) PPA (%) PUA (%) PPA (%) PUA (%) PPA (%)

Farmland 88.42 94.28 87.76 93.93 89.57 94.5
Forest land 90.63 93.55 92.3 93.98 91.72 92.36
Grassland 100 50 100 72.73 100 25
Waterbody 96.95 92.03 86.25 92.62 87.5 90.51

Construction land 90.77 91.47 89.34 90.76 94.72 96.34
Unused land 85.71 88.24 90 46.15 100 60.71

Natural wetlands 90.09 86.96 71.19 79.25 91.04 88.41
Artificial wetland 94.06 90.91 90.86 82.87 93.13 91.35

POA (%) 91.15 88.54 92.08
Kappa coefficient 0.89 0.86 0.90

4.2.2. LULC Change Analysis

In the long-term LUCC analysis of the coastal zone between 2000 and 2020, the
proportion and distribution of LULC in the 10 km buffer of the coastal zone of the Circum-
Bohai have changed significantly. Figure 6 shows that this area’s dominant LULC types are
primarily farmland and construction land. The area of farmland decreased slightly from
31.23% to 29.48% from 2000 to 2020. In contrast, construction land improved from 16.73%
to 29.54%, with an overall increase of 2289.84 km2. Constructed wetland areas accounted
for approximately 22% during 2000 to 2020, and the overall change was not significant.
However, natural wetlands experienced a decreasing tendency, in 2020 the area accounted
for around 10%. The proportion of forest land and waterbodies showed a decreasing trend.
The main reason for this is that the continuous expansion of construction land between
2000 and 2020 encroached on the distribution areas of other LULC categories.
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The LULC distribution of each category in the study area is shown in Figure 7; farm-
land is primarily found in the coastal zones of Yantai City in Shandong Province, Qin-
huangdao City in Hebei Province, Huludao City, and Dalian City in Liaoning Province,
which the primary industry economy has a relatively high proportion. The distribution of
construction land is more dispersed, with concentrations in the economically developed
and mature marine transport industry of the Tianjin and Tangshan coastal zones, e.g., the
b in Figure 7 is Tianjin Port. Artificial wetlands are mainly distributed in the northeast of
Laizhou Bay, Bohai Bay, and Liaodong Bay, where artificial breeding and reclamation are
vigorously developed. Water is mainly distributed in rivers, lakes, and buffer zone at both
ends of the sea. Natural wetlands are primarily located in the Liaohe River Delta (a) and
Yellow River Delta (c).
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4.2.3. LULC Spatiotemporal Change Analysis

To provide a clear representation of the transfer relationship between the LULC types,
we employed the transfer matrix to further analyze the transformation of LULC types from
2000 to 2010, 2010 to 2020, and 2000 to 2020, as shown in Figure 8. Overall, the construction
land area has increased significantly, while the areas of waterbodies and natural wetlands
have decreased significantly. The farmland area has decreased slightly, while the areas of
forest land and artificial wetlands remained unchanged. Figure 8a shows that from 2000 to
2010, the construction land area increased rapidly, and the natural wetlands area showed
a downward trend, mainly converted into artificial wetlands. Forests increased slightly,
mainly from cropland. Figure 8b shows that from 2010 to 2020, the area of construction
land increased, mainly at the expense of constructed wetlands. The water area decreased,
mainly being transferred to artificial wetlands, and the forest land area was reduced due
to the conversion of a small amount of forest land into farmland. Figure 8c illustrates the
main transformation of LULC types from 2000 to 2020, in which the construction land
area is increasing, mainly from farmland, constructed wetlands, waterbodies, and natural
wetlands. The areas of waterbodies and natural wetlands are decreasing. By contrast, the
overall change in farmland, forest land, and artificial wetland areas is small.
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4.2.4. Land Use Degree Index

The study area’s comprehensive land use degree index was calculated based on the
LULC classification results and used to classify different land types. The LUD spatial
distribution map of the study area is displayed in Figure 9, utilizing a 1 km × 1 km
grid for display. The findings reveal that LUD exhibits significant spatial differentiation,
with the Bohai Bay area, which is significantly affected by human activities and economic
development, having a much higher LUD than the Liaodong Bay and Laizhou Bay areas.
This is likely due to the relatively developed urban economy in the Bohai Bay region,
with construction land and artificial wetland being the dominant land types classified at
a higher level of land use. In contrast, the Liaohe River Delta, a, and the Yellow River
Delta, c, in Liaodong Bay and Laizhou Bay are dominated by natural wetlands, which
experience fewer human disturbance activities leading to lower LUD. Additionally, there
was an increasing trend observed in the degree of land use in coastal areas from 2000 to
2020, especially in region b in Figure 9, where LUD increased significantly.

4.3. Analysis of LUCC Driving Factors

Factor detection and interactive detection methods are commonly used to explore the
impact of influencing factors on the spatial differentiation of LUD. Table 5 presents the
p-values for the factor detection results from 2000 to 2020, which are all 0, indicating that
the selected detection factors have a significant impact on the spatial heterogeneity of LUD.
The q value in Table 5 represents the degree of spatial differentiation of the influencing
factors on LUD in the study area. A higher value indicates a greater influence of the factor,
or a stronger explanatory power of spatial differentiation.

As shown in Table 5, the added value of the secondary industry, urbanization rate,
and population density between 2000 and 2020 are the key factors affecting LUD. However,
over time, the q values of most influencing factors showed a downward trend, indicating
that the driving effect of these factors gradually weakened.
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Table 5. Factor detection results.

Year X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12

2000
q 0.12 0.13 0.08 0.18 0.08 0.19 0.06 0.06 0.11 0.04 0.01 0.04
p 0 0 0 0 0 0 0 0 0 0 0 0

2010
q 0.09 0.09 0.10 0.07 0.11 0.03 0.12 0.05 0.01 0.04 0.09 0.09
p 0 0 0 0 0 0 0 0 0 0 0 0

2020
q 0.06 0.06 0.10 0.07 0.09 0.05 0.05 0.05 0.01 0.05 0.06 0.06
p 0 0 0 0 0 0 0 0 0 0 0 0

Unlike factor detection analysis, which examines the impact of single influencing
factors on LUD in the study area, interactive detection investigates the effects of different
influencing factors’ interactions. As shown in Figure 10, the interaction between different
influencing factors is more effective in explaining the spatial differences of LUD than a
single factor, indicating that multiple factors affect the spatial heterogeneity of LUD in the
study area. From 2000 to 2020, the interaction between GDP and the added value of the
secondary industry, GDP and urbanization rate, GDP, and annual average precipitation
effectively explained the spatial differentiation of land use in the region. The spatial
differentiation characteristics of LULC in the Circum-Bohai region are mainly affected by
the interaction of GDP, secondary industry added value, urbanization rate, and annual
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average precipitation. Although the average annual precipitation has a poor interpretation
effect as a single factor, its impact on the spatial difference of LULC has been effectively
demonstrated under the combined effects of GDP.
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5. Discussion

This study aimed to validate the effectiveness of several long-term and large-scale
coastline extraction methods, such as NDWI, TCT, MNDWI, and LSWI. The results showed
that the LSWI method is more effective in handling large differences between the TCT and
MNDWI methods in certain areas. For instance, the TCT and MNDWI methods exhibited
significant differences in artificial land, including ports, reclamation, and aquaculture,
as well as the Yellow River Delta. By combining the gray values of the two exponential
methods and using the OTSU method to reclassify marine land, these differences were
effectively corrected, minimizing the likelihood of errors associated with using a single
method. By fusing the regions with minor differences between these two methods, the
classification achieved a clearer and more precise separation effect. As for morphological
changes in the coastline position, the Dalian section, Bohai Bay area, and Laizhou Bay area
in the Liaodong Bay region exhibited the most significant changes. This can be attributed
to the deepening of China’s development and utilization of marine resources, which led
to the implementation of multiple coastal economic zones at the Circum-Bohai region
in the early 2000s. The rate of coastline change was relatively slow from 2000 to 2005,
significantly increased from 2005 to 2015, and decreased from 2015 to 2020. These changes
can be attributed to China’s successive policies aimed at constraining development and
strengthening the protection of the Bohai Sea [55].
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In the analysis of LUCC over the past two decades in the Circum-Bohai coastal zone,
changes in the coastline from 2000 to 2020 were combined with a land-side buffer along
the Circum-Bohai coastline. The results of LUCC were obtained through the employment
of the RF classification algorithm, providing a more accurate and intuitive understanding
of the region’s LUCC. The coastal LUCC in the three-bay area was found to be significant,
consistent with the observed changes in the coastline. This finding highlights the potential
impact of coastline changes on the ecological benefits of the Circum-Bohai region and the
adjacent coast’s land use. Over time, there has been a gradual deepening of land use, in line
with urban expansion and economic development. This trend is likely due to the increasing
demand for land utilization and integration, leading to artificial breeding areas encroaching
on wetland environments, and construction land encroaching on cultivated land and forest
land [55].

In general, the coastal conditions of the Circum-Bohai region underwent significant
changes between 2000 and 2020 due to human activities. Our findings revealed that
urban expansion, artificial farming, and reclamation had not only impacted coastline
changes but also influenced LUCC in the region. In other words, there is a correlation
between LUCC and coastline change. Over the past two decades, changes in the location
and morphology of the coastline and LUCC in the coastal zone of the Circum-Bohai
region displayed pronounced spatial and temporal variations [28]. These variations were
closely linked to the speed and level of regional development as well as local policies on
marine development.

In regard to the LULC classification results, the OA and kappa obtained through the
RF algorithm exceed the threshold of 85% recommended by the United States Geological
Survey [23], with both metrics surpassing 86%. However, some errors were observed
during the manual interpretation of certain areas. These errors may be attributed to the
influence of image resolution and quality, as the spectral characteristics of water bodies
and artificial aquaculture in some regions are similar, leading to the misclassification of
these two categories. Manual visual interpretation and a comparison of various accuracy
results indicated that the highest producer and user accuracies were achieved for forest
land and construction land classification, suggesting that these two categories have more
distinct spectral characteristics and are easier to classify.

During the computation process using GEE, computational limitations were encoun-
tered due to the large spatial span of the Circum-Bohai region and the significant number
of required images for the experiment. Parallel experiments were necessary to relieve the
computational pressure associated with issues such as calculation timeout, memory limit
exceeding, and output errors. Future research should consider the use of higher-resolution
remote sensing images, such as Sentinel-2 image data with a 10 m resolution, for LULC
information extraction. Moreover, richer factors influencing LUCC should be employed
for a more careful and comprehensive analysis of the driving factors impacting the coastal
zone’s LUCC situation.

6. Conclusions

This study aimed to explore the spatial and temporal evolution of coastline change
and coastal zone LULC in the Circum-Bohai region of China from 2000 to 2020 and its
driving forces. To achieve this, we first utilized the Landsat TM/OLI series data integrated
in the GEE platform and employed the LSWI and the OTSU algorithm to extract the long
time-series coastline of the Circum-Bohai. Furthermore, we analyzed and discussed the
driving factors behind the LUCC in the study area using the geographic detector. The main
findings can be summarized as follows:

(1) The length of the Circum-Bohai coastline underwent fluctuating changes from 2000
to 2020, displaying a phenomenon of initial increase followed by a decrease. The
temporal changes of the coastline exhibited a slow–fast–slow trend, corresponding to
periods of 2000 to 2005, 2005 to 2015, and 2015 to 2020. Spatially, there was a trend
of land-to-sea expansion, with the change areas predominantly located in the three
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major bay areas of Laizhou Bay, Bohai Bay, and Liaodong Bay. This change can be
attributed to human activities as the main driving force.

(2) From 2000 to 2020, the types of LULC area are mainly farmland and construction land,
followed by artificial wetlands and natural wetlands. The proportion of farmland
and artificial wetland has remained unchanged, while the area of construction land
has increased, and the natural wetlands and waterbodies have degraded. In terms
of land type conversion, farmland and artificial wetland are primarily converted
into construction land, while natural wetland is mainly converted into artificial wet-
land. From the perspective of land development, the utilization degree of Bohai Bay,
Liaodong Bay, and Laizhou Bay is obviously higher than that of other regions, and it
has gradually deepened over time.

(3) From 2000 to 2020, the added value of the secondary industry, urbanization rate, and
population density were the single driving factors that significantly impacted the LUD
in the study area. The interaction between GDP and the added value of the secondary
industry has a significant impact on LULC change in the Circum-Bohai coastal zone.

The findings of this study would provide valuable data to support the management
of land resources in the Circum-Bohai region and would assist relevant governments in
formulating corresponding measures to achieve land and sea integration. Moreover, they
would promote the scientific development of land and sea resources and improve the local
eco-environment in the Circum-Bohai coastline area.
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