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Abstract: Tidal flats provide ecosystem services to billions of people worldwide; however, their
changing status is largely unknown. Several challenges in the fine extraction of tidal flats using
remote sensing techniques, including tide-level and water-edge line changes, exist at present, espe-
cially regarding the spatial and temporal distribution of mangroves. This study proposed a tidal
flats extraction method using a combination of threshold segmentation and tidal-level correction,
considering the influence of mangrove changes. We extracted the spatial distribution of tidal flats in
Beibu Gulf, Southwest China, from 1987 to 2021 using time-series Landsat and Sentinel-2 images, and
further analyzed the dynamic variation characteristics of the total tidal flats, each coastal segment,
and the range of erosion and silting. To quantitatively investigate the interaction between tidal flats
and mangroves, this study established a regression model based on multi-temporal tidal flats and
mangrove data. The results indicated that the overall accuracy of the tidal flat extraction results was
93.9%, and the kappa coefficient was 0.82. The total area of tidal flats in Beibu Gulf decreased by
130 km? from 1987 to 2021, with an average annual change of —3.7 km?/a. In addition, a negative
correlation between the tidal flat change area and mangrove change area in Shankou, Maowei Sea,
and Pearl Bay was observed, with correlation coefficients of —0.28, —0.30 and —0.64, respectively.
These results demonstrate that the distribution of tidal flats provides a good environment and expan-
sion space for the rapid growth of mangroves. These results can provide references for tidal flats’
resource conservation, ecological health assessment, and vegetation changes in coastal wetlands in
China and other countries in Southeast Asia.
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1. Introduction

Tidal flats (especially in mangrove-covered areas) have great ecological value as a
sedimentary zone for bidirectional sand from the sea and land. They play an important
role in maintaining global biodiversity, reducing the impact of extreme storm surges,
slowing carbon-containing greenhouse gas emissions, and reducing the global green-
house effect [1-5]. However, in recent years, human activities, the construction of various
coastal projects, sea level rises, and erosion have led to dramatic changes in the loca-
tion and alignment of tidal flats [4,6,7]. Tidal flat areas are rapidly decreasing and their
natural properties are gradually weakening, with a serious impact on their original pro-
duction capacity and ecological function [8-11]. According to these statistics, the total
global tidal flat area has decreased by approximately 16% over the 33-year period between
1984 and 2016 [6]. The accurate and efficient acquisition of the dynamic distribution of
tidal flat resources, monitoring of the spatio-temporal dynamics of tidal flats, and analysis
of their spatio-temporal changes are important ways to reasonably assess their health
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status and protect coastal zone ecology. This could provide a scientific basis and decision
support for the sustainable development of coastal zone economy and protection of the
natural environment.

It is extremely difficult to conduct a large-area ground survey and monitor tidal flats,
as it not only requires considerable human and material resources but also a harsh observa-
tion environment [12]. The lack of periodic tidal flat data greatly restricts spatio-temporal
dynamic monitoring and analyses of changes in tidal flats. With the rapid development of
remote sensing technology, the number of high-quality remote sensing satellites is increas-
ing, along with spatial, temporal, and spectral resolutions of remote sensing images [13-16].
This has gradually become the preferred method for large-scale observation and the spatio-
temporal distribution study of tidal flats [6]. The primary methods related to the application
of remote sensing technology to extract the distribution of tidal flats in recent years include
the waterline method based on the tidal correction model for tidal flats” extraction [17-19].
The waterline method is widely used to extract tidal flats by acquiring a waterline during
satellite transit and combining it with the tidal correction data. Murray et al. [17] used a
regional tidal model and Landsat satellite data to obtain information on changes in the
Yellow Sea coastal wetlands in China, and Han et al. [20] used a tidal correction model to
monitor changes in Chinese tidal flats between 1995 and 2015. However, the differences in
the environments of different regions, complexity of coastal zone topography, and influence
of tidal changes considerably affect the accuracy and precision of extraction. A machine
learning algorithm was used for sample training to classify and extract tidal flats. Machine
learning algorithms, such as random forests and support vector machines with training
samples, have also been widely applied to tidal flats” classification [21]. Zhang et al. [22]
used machine learning algorithms to extract tidal flats” information from the coastal zone,
from Hangzhou Bay to the Yalu River in eastern China, and Wang et al. [1,2] used a decision
tree algorithm based on expert knowledge to extract the range of tidal flats and coastal
wetlands in China. However, these algorithms require considerable time and energy to
train samples and are prone to misclassification. For example, a wide range of ponds and
inland mudflats are often misclassified as tidal flats [6]. A threshold segmentation method
was used to extract instantaneous waterlines and tidal flats. Wang et al. [23] proposed
the same tide-level comparison method based on extracting the instantaneous waterline
in a single time phase, and selected the most suitable remote sensing images coinciding
with the lowest and highest tide time of the high tide to track and analyze the evolution
pattern of tidal flats in the Caofeidian area for the last 30 years. Jia et al. [7] proposed the
MSIC-OA method [24] based on a large number of Sentinel-2 images from a long time
series, comparing multiple spectral indices for different land classes and using the spectral
index composite method and Otsu algorithm to automatically map the intertidal zone of
China. Aedla et al. [25] combined histogram clipping equalization contrast-enhancement
technology with automatic threshold averaging to propose an automatic coastline monitor-
ing method. The coastline of the estuarine region on the west coast of India was extracted
using pixel adjustments to smoothen the morphological image of the coastline. However,
these methods heavily depend on the hydrological conditions at the time of acquiring
remote sensing images, thus the results of tidal flats’ extraction are contingent to a certain
extent. In summary, these methods are influenced by tide-level data, sample training re-
sults, remote sensing image acquisition time, and other auxiliary data when extracting tidal
shoal information over a large area. However, it is difficult to obtain high-precision tidal
shoal distribution results because of drastic environmental changes and the interconversion
of various feature coverage types. In addition, densely distributed tidal flats are usually
accompanied by the large distribution of salt-tolerant vegetation (such as mangrove and
Spartina alterniflora) [26-28]. However, there has been scarce research on the interaction
between mangrove vegetation clusters and the spatio-temporal distribution of tidal flats.

This study uses the modified normalized difference water index (MNDWI), spectral
index threshold, and tidal-level correction to extract the spatio-temporal distribution of
tidal flat resources in Beibu Gulf, Southwest China from 1987 to 2021 each year. The spatio-
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temporal variation characteristics of the tidal flats and distribution of sedimentation and
erosion were analyzed. The distribution range of mangrove clusters in key tidal flat study
areas from 1996 to 2021 was extracted using an object-oriented classification method, and
then the spatio-temporal variation characteristics of the mangrove clusters were analyzed.
The interclass changes and centroid shift in tidal flats and mangroves in the study area
were quantitatively analyzed, and the regression relationship between spatio-temporal
changes in tidal flats and mangroves was constructed.

2. Materials and Methods
2.1. Study Area

The study area is located in the Guangxi coastal zone of Beibu Gulf in China (Long.
from 21°24/20"N to 22°01'20"N, Lat. from 107°56'30"E to 109°40’00”E). The study area is a
typical distribution of tidal flats and mangroves with abundant ecological resources [29-31].
The area covers the southwest end of mainland China, close to the Leizhou Peninsula in
the east and Vietnam in the west, and has a total length of approximately 1600 km [31]. The
Beilun, Fangcheng, Maoling, Qinjiang, and other rivers flow into the Beibu Gulf (Figure 1).
Mangroves are widely distributed in the study area and are the dominant vegetation of
coastal tidal flats in China (Figure 1).
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Figure 1. Geographical location of the study area. (a) Pearl Bay Mangrove Reserve. (b) Maowei Sea
Mangrove Reserve. (c) Shankou Mangrove Reserve.

2.2. Data Acquisition and Pre-Processing

In this study, Landsat 5-TM imageries, Landsat 7-ETM+, Landsat 8-OLI, Landsat
9-OLI2 imageries were downloaded from China’s Geospatial Data Cloud (GSCloud,
www.gscloud.cn) and United States Geological Survey (USGS, earthexplorer.usgs.gov)
accessed on 5 January 2022 and 9 January 2022, respectively, and Sentinel-2 imageries were
downloaded from the European Space Agency (ESA, scihub.copernicus.eu (accessed on
1 February 2022)). A total of 148 images from various sensors covering the study area with a
cloud cover of less than 10% were selected (Table 1), covering the period from 1987 to 2021.
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To ensure that the images covered the entire study area, two Landsat series images and
four Sentinel-2 images were selected for stitching. As the images were acquired at different
time periods, it was necessary to conduct a tide-level correction and then merge [32,33].
The Raster Processing Batch Tool of ENVI 5.6 software was used for radiometric calibration,
atmospheric correction, and image cropping. For radiation calibration, the “Radiometric
Calibration Batch” tool was used to batch process Landsat series images. The radiation
calibration parameter settings are as follows: Set the calibration type to radiance data, set
the storage format to BIL, output a single precision floating point data type, and fix the
adjustment coefficient to 0.1 [34]. Atmospheric correction uses the “QUAC Batch” tool to
process radiometric calibrated images, allowing for the quick batch processing of images
from the same sensor by simply setting the sensor type. The Sen2Cor plug-in released by
the ESA was used to preprocess the Sentinel-2 image L1C product data [31].

Table 1. Summary of specific information on multi-source remote sensing images.

Sensors Resolution (m) Year of Acquisition Source of Images Number

1987-1999
2002-2005

Landsat 5-TM 30 2008-2009 GSCloud 76

2011

2000-2001

Landsat 7-ETM 30 2006-2007 USGS 24
2010-2012

Landsat 8-OLI 30 2013-2021 USGS 36

Landsat 9-OLI2 30 2021 USGS 4

Sentinel-2 10 2018-2020 ESA

The daily maximum and minimum tide levels at the three tide gauge stations at
Fangcheng Harbor, Longmen Harbor, and Beihai Harbor from 1987 to 2021 were obtained
from the China Ocean Information Center (http://globaltide.nmdis.org.cn/ (accessed on
7 January 2022)) [35], and the annual average high- and low-tide levels at the three tide
gauge stations were calculated.

2.3. Extraction of Tidal Flats

The range of tidal flats to be extracted in this study was the tidal intrusion zone
between the annual mean high- and low-tide levels [36]. The major steps included:

2.3.1. Instantaneous Water-Edge Line Extraction

Traditional methods were applied to remotely sensed images with bands of 0.4—2.5 pm
to identify the water bodies, but it is difficult to identify the water-edge line accurately due
to the influence of water depth, suspended matter, and impurities [37,38]. This study pro-
poses a combination of multiband differences or ratios [7], including the normalized differ-
ence water index (NDWI) and modified normalized difference water index (MNDWI) [1,2].

(RGreen - RNIR)

NDWI = 1)
(RGreen + RNIR)
(RGreen + Rswir1)

where Rgyeen is the green band reflectance, Ry is the reflectance of the near-infrared band,
and Rgwyig; is the reflectance of the mid-infrared band.

As shown in Figure 2, the MNDWI can suppress the influence of suspended sediment
in water and prevent their identification as shoals. The experimental results demonstrated
that the proposed method can effectively extract water bodies’” information containing
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a small number of fragmented patches and more accurately extract the instantaneous
water-edge line represented by remote sensing images. Therefore, this study adopted the
threshold segmentation method, setting the segmentation threshold based on the MNDWI
index, retrieving all pixels in the image according to the set threshold [24], and dividing
them into water and non-water categories. Owing to the different image acquisition times,
it was difficult to use a fixed threshold to distinguish all water and non-water images.
In this paper, we first counted the boundary thresholds of multiple images and their
range from 0 to 0.1, and then applied this threshold range to all images. After threshold
segmentation, the image was binarized, and the vector graphics derived. The results are
shown in Figure 3.

- B e R
R NDWI gt W MNDWI

Figure 2. Comparison of calculation results of NDWI and MNDWI. (a) NDWI of water bodies;
(b) MNDWI of water bodies.
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Figure 3. Instantaneous water-edge line extraction process. (a) Water edge image to be extracted.
(b) MNDWI Index. (c) Threshold segmentation binarization. (d) Instantaneous water edge extraction.
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2.3.2. Tidal-Level Correction

The extent of exposure to tidal flats depends heavily on tidal height. Moreover, the
instantaneous water-edge line extracted using a single time phase cannot represent the
true land-sea interface [39]. Therefore, it is necessary to define the range of tidal flats at
a unified scale to study their sequential changes. The instantaneous water-edge line was
corrected to the annual high- and low-tide lines [40—42], as shown in Figure 4 [43,44].

Figure 4. Schematic diagram of tidal-level correction principle.

In this study, two instantaneous waterside lines were extracted using two remote
sensing images acquired at similar times, and several points were considered from
two adjacent waterside lines at a certain distance. The distance between the adjacent points
depended on the straightness of the coastline, and was reduced if the coastline was curved.
The average distance between the two waterside lines was determined using corresponding
points on the two waterside lines, and the slope of the tidal flats was calculated based
on the difference in the tidal level of the two waterside lines. Finally, the instantaneous
water-edge line was corrected to the annual mean spring-, high-tide line or annual mean
neap-, low-tide line based on the tidal flats” slope and tide-level data at the moment of
image acquisition [45,46].

Where Hy;gy, is the annual mean high-water spring tide; Hj,, is the annual mean
low-water neap tide; h; is the instantaneous tide height at the moment of high-tide image
acquisition; hy is the instantaneous tide height at the moment of low-tide image acquisition;
AH is the tidal-level difference at the time of high-tide and low-tide image acquisition;
AL is the distance between the instantaneous high-tide water edge and the instantaneous
low-tide water edge; 0 is the slope of tidal flats; Ly, and Ly, are the correction distances
for the tide level. Different parameters were calculated using the following equations:

AH =hy —hy 3)
AH

— el 4

0 = arctan AL 4)
_ hy — Hiow

Llow - tan 0 (5)
Hpjoh — h2

Lhigh = — 45— (6)

As shown in Equations (5) and (6), to obtain the high- and low-tide correction distances
Lpjgn and Ly, it is necessary to calculate the instantaneous tide height at the moment of
high-tide and low-tide image acquisition /; and hy. The tide-level data could only be
obtained from the China Marine Information Center for the entire point and peak of the
day. However, the tidal change within a day was an approximate trigonometric curve,
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and the tidal change between adjacent points could be estimated as a linear relationship.
Therefore, the height of the tidal level at a certain time was calculated using Equation (7).

Ty — Tiegs

h = hleft + (hleft - hright) 7)

Trigh — Tleft

where h is the instantaneous tide height at the time of image acquisition, /. is the in-
stantaneous tide height at one full point before the image acquisition time, hright is the
instantaneous tide height at one full point after the image acquisition time, T}, is the time
of image acquisition, T is the time before the image acquisition time, and T is the
time after the image acquisition time. Tj,; and Tg, could be extrapolated from Ty, the
corresponding /e and hyjgp could be queried, and then Equation (7) could be interpolated
to calculate iy and hy. Substituting /1 and h; in Equations (3)—(6), the correction distance
was obtained using Ly;g;, and Ljy,. Based on the tidal correction distances Lpjgn and Ligy, a
tidal correction was applied to the extracted instantaneous water-edge line, where positive
values indicated seaward extension and negative values indicated shoreward movement.
Figure 5 shows a comparison before and after correction of the local water-edge line. In
1987, the low-tide water-edge line extended 146 m into the sea, whereas the high-tide
water-edge line extended 68 m into the sea. The range of tidal flats can be obtained using a
superposition analysis of high-tide and low-tide water-edge lines after the completion of
tidal-level correction.
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Figure 5. Comparison of before and after correction of tide level in 1987. (a) Before and after correction
of tide level at low tide. (b) Before and after correction of tide level at high tide.

2.3.3. Spatial Distribution of Mangroves in Tidal Flats

Mangrove forests can reduce the velocity of seawater, facilitate sediment deposition,
and accelerate the development of tidal flats (Figure 6) [47-50]. To quantitatively investigate
the role that spatio-temporal changes in mangroves play in the spatio-temporal changes in
tidal flats, this study used an object-oriented multiscale segmentation method based on
eCognition 10.2 software to remotely identify and extract the main mangrove distributions
in the study area [51,52]. In this study, the segmentation scale was determined to be
200, and the shape factor and compactness were set as 0.2 and 0.5, respectively. Image
elements of remote sensing images were no longer the smallest unit of classification after
multiscale segmentation, and image objects replaced the spectral, shape, texture, and spatial
relationship features among the image objects.
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mangroves

- tidalflats

Figure 6. Photo of tidal flats and mangroves in the study area.

To accurately extract the required object information, the MNDWI, normalized dif-
ference vegetation index (NDVI), inundated mangrove forest index (IMFI) [53], and the
spatial relationship feature of distance from mangroves to water bodies were selected to
build the rule tree in this study. NDVI was calculated using Equation (8). It ranges from
—1to 1 and is often used to distinguish between vegetation and non-vegetation.

(Rn1r — RR)

NDVI =
(Rn1R + RR)

®)
where Ry is the reflectance of the near-infrared band and Ry is the reflectance of the
visible red band.

The IMFI calculated using Equation (9) was used to extract a small number of man-
groves inundated by the tide at low tide [53]. This index can distinguish between the
inundation of mangroves and tides by combining the characteristics of visible blue wave
segments with strong water penetration ability, and visible green and near-infrared bands
with extreme sensitivity to green plants.

IMEI — (Rhlue + Rgreen - 2Rnir)
(Rblue + Rgreen + ZRnir)

©)

where Ry, is the visible blue band reflectance, Rgreen is the visible green band reflectance,
and R,;;, is the NIR band reflectance.

Figure 7a,b shows the multispectral imagery and IMFI imagery, respectively. The
figure shows that the IMFI index can enhance the display of mangroves in the seawater
inundation area. In the IMFI imagery, the overall brightness of the mangrove is lower
than that of the surrounding seawater, and the outline of the mangrove is clearly visi-
ble. This shows that IMFI has the ability to differentiate between inundated mangroves
and seawater.

After several experiments, the following classification rules were developed: (1) Objects
with IMFI < 0.2 were classified as mangroves, and objects with MNDWI > 0 as water
bodies; (2) objects with NDVI > 0.2 were classified as vegetation in the unclassified objects;
(® in vegetation classification, objects with MNDWI > —0.3 and less than 100 m away from
the water bodies were classified as mangroves to realize the time sequence extraction of
mangroves in the study area.

In summary, the technical route of this paper is shown in Figure 8.
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Figure 7. Comparison of multispectral imagery (MSI) and IMFI imagery. (a) Mangroves on MSI.
(b) Mangroves on IMFI imagery.
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Figure 8. Research technical route of this study.

3. Results and Discussion
3.1. Reliability Analysis of Tidal Flat Extraction Results

In this study, a confusion matrix was used to analyze the accuracy of the obtained
tidal flats, and random points were generated on the edges of the high- and low-tide lines
without tidal-level correction. The confusion matrix was calculated for every year for
35 years through a visual interpretation of the land class, and the overall accuracy and
kappa coefficient were used to evaluate the classification accuracy (see Tables 2 and 3).
As shown in Tables 2 and 3, the overall accuracy of the annually extracted tidal flats was
greater than 90%, and the kappa coefficient was greater than 0.75. Moreover, the kappa
coefficient of the tidal flats” extraction results for 27 years was greater than 0.8, accounting
for approximately 77% of the tidal flats” extraction results. The combined 35 years of
extraction results showed an overall accuracy of 93.9%, a kappa coefficient of 0.82, and a
user accuracy and mapping accuracy of >85% for tidal flats. The confusion matrix showed
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that the extent of the tidal flats extracted based on spectral index threshold segmentation
was highly consistent with the visually interpreted ground types, and the extraction results
were reliable.

In addition, this study compared the accuracy of the tidal flats dataset UQD (University
of Queensland global tidal flats dataset) produced by Murray et al. from the University
of Queensland during 1986—2016 to analyze the tidal flats” extraction results of each bank
segment of Beibu Gulf [6]. The UQD is a global tidal flats dataset obtained based on the
random forest algorithm and a large number of training samples; however, some inland
wastelands, aquaculture ponds, and intertidal salt marshes in the UQD are included in the
tidal flats range [7]. Figure 9 shows a comparison between the tidal flats range of the Beihai
section extracted in this study (Figure 9a,c) and the UQD data (Figure 9b,d). The UQD is
shown to be consistent with the extraction range of this study. However, a small trench is
slightly different, and part of the inland soil in the UQD was misclassified as tidal flats.
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Figure 9. Comparison of tidal flats extractions with UQD data in Beihai Coast. (a) The 1987 tidal
flats extracted by the method in this paper. (b) The 1987 tidal flats of UQD. (c) The 1995 tidal flats
extracted by the method in this paper. (d) The 1995 tidal flats of UQD.

Table 2. Total confusion matrix extracted from tidal flats from 1987 to 2021.

Classification Result

Visual Interpretation Mapping Accurac
P Tidal Flats Others Total Pping y
Tidal flats 1024 169 1193 85.8%
Others 174 4286 4460 96.1%
Total 1198 4455 5653
User accuracy 85.5% 96.2%

Overall accuracy 93.9% Kappa 0.82
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Table 3. 1987-2021 Tidal flats extraction accuracy.

Year Overall Accuracy Kappa Year Overall Accuracy Kappa Year Overall Accuracy Kappa
1987 93.7% 0.83 1999 95.3% 0.88 2011 95.7% 0.89
1988 90.4% 0.76 2000 95.2% 0.88 2012 92.5% 0.82
1989 91.5% 0.79 2001 95.2% 0.85 2013 94.4% 0.80
1990 96.0% 0.83 2002 94.2% 0.83 2014 93.1% 0.79
1991 93.4% 0.78 2003 95.6% 0.81 2015 95.9% 0.87
1992 93.6% 0.77 2004 94.4% 0.81 2016 93.4% 0.82
1993 96.3% 0.82 2005 94.5% 0.81 2017 95.4% 0.89
1994 94.9% 0.81 2006 94.4% 0.84 2018 93.3% 0.81
1995 92.3% 0.83 2007 95.2% 0.86 2019 93.3% 0.78
1996 92.4% 0.80 2008 92.8% 0.83 2020 93.4% 0.87
1997 91.1% 0.75 2009 94.6% 0.82 2021 91.8% 0.80
1998 96.6% 0.90 2010 96.8% 0.90

In summary, the tidal flats” extraction method using threshold segmentation and
tidal-level correction can obtain a wide range of tidal flat distributions, and the obtained
results have high accuracy and a wide range. The method can be used for large-scale tidal
flats’ extraction, long-distance shoreline extraction, and coastal zone wetland classification.

3.2. Spatio-Temporal Variation of Tidal Flats in Beibu Gulf

The distribution of tidal flats in the Beibu Gulf of Guangxi in 1987 and 2021 is shown
in Figure 10, and the temporal variation in the total tidal flats and tidal flats in each bank
segment from 1987 to 2021 are shown in Figure 11. The total tidal flat area decreased from
458.9 km? in 1987 to 328.9 km? in 2021, with a decrease of 28.3% and an average annual
change of —3.7 km?/a. The tidal flat area gradually changed from 1987 to 2005; from
1992 to 2000, it increased and decreased regularly within a three-year cycle, and fluctuated
between 420 km? and 460 km?. Since 2001, the overall tidal flat area of the study area
decreased. From 2007 to 2011, the tidal flat area continued to decrease at a rapid rate, with
the total area decreasing to 102.3 km? at the rate of —25.6 km?/a. The tidal flat area slightly
increased from 2011 to 2013, and then continued to decrease until 2018. Over the 35 years,
the largest tidal flat area was 480.2 km? in 1988, followed by 472 km? in 2007. In 2017, the
tidal flat area was the smallest at 293.7 km?. Overall, the total tidal flat area in the study
area continuously decreased from 1987 to 2021.
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Figure 10. Distribution of tidal flats in Beibu Gulf in 1987 and 2021. (a) Distribution of tidal flats in
Beibu Gulf in 1987. (b) Distribution of tidal flats in Beibu Gulf in 2021.
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Figure 11. Statistics of total tidal flat area in Beibu Gulf, 1987-2021.

Due to the large east-west span of the study area and obvious tidal differences, the
study area was divided from west to east into three sections according to administrative re-
gions: the Fangchenggang bank section from Beilun Estuary to the west coast of Qinzhou Bay;
the west coast of Qinzhou Bay to the south Qinzhou bank section of the Fengjiang River;
and the Beihai section from the south of the Fengjiang River to Yingluo Port.

The tidal flat area in the Beihai section slightly increased between 1987 and 1993.
The trend from 1994 to 2008 was moderate, with little change in the overall stock. From
2003 to 2005 and 2006 to 2008, there were short periods of continuous slow growth, by
areas of 44.1 km? and 42.2 km?, respectively. This increase in area was primarily due to
tidal siltation, with a decrease over the remaining years. From 2003 to 2005, the main
silting coasts were Tieshan Port and Yingluo Port. From 2006 to 2008, the main silted coast
extended from Lianzhou Bay to Beiwu Salt Farm (Figure 12). In 2008, the tidal flat area of
the northern coastal section reached 283.8 km?, accounting for 64.5% of the total tidal flat
area of Beibu Gulf in Guangxi. From 2008 to 2018, the tidal area gradually decreased to
189.7 km?, at a rate of —9.4 km?/a and an amplitude of 93.6 km?. The primary reason for
this decrease was tidal erosion, which was distributed along the coast from Lian Zhou Bay
to Bailong Port. From 2019 to 2021, the tidal flats area of the Beihai section slowly increased,
and the tidal flats stock in 2021 was 227.4 km?.
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Figure 12. Distribution of spatio-temporal siltation and erosion of tidal flats in the Beihai shore
section. (a) Erosion distribution of tidal flats in Beihai shore section from 2008 to 2018. (b) Siltation
distribution of tidal flats in Beihai shore section from 2006 to 2008. (c) Siltation distribution of tidal
flats in Beihai shore section from 2003 to 2005. (d) Siltation distribution of tidal flats in Beihai shore
section from 1990 to 1994.
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The maximum tidal flat area of Qinzhou shore was 129.9 km? in 1988 and the minimum
tidal flat area was 43.6 km? in 2021, with an area variation of 86.3 km? over 35 years, as
shown in Figure 13. From 1987 to 1993, a slow reduction interval occurred, with a reduction
rate of 29.9 km? at approximately —3 km?/a. The main reduction shores were the southern
shoreline of the outlet of the Dafeng River, the northwestern shoreline of Xiniujiao Town,
and the northern near-shore shallow area of the Maowei Sea. The overall stock of tidal flats
was stable from 1993 to 2007, and increased by 29 km? from 1993 to 1997. The primary
reason for the increase in area was the siltation of the tidal flats near the shallow Maowei Sea
and along the southern coast of the Dafeng River outlet. A decrease of 20.9 km? occurred
from 1997 to 1998, and the main erosional area was shallow along the northern coast of
the Maowei Sea. From 1999 to 2007, the siltation erosion area and regional distribution
were consistent with the changes during this period. From 2008 to 2021, the tidal flat area
shows an obvious decreasing trend, which is consistent with the changing trend of the total
tidal flat area in Guangxi. In the past 13 years, the tidal flat area decreased by 38.3 km?,
with a reduction rate of about —3 km?/a. The main cause of the tidal flats erosion was the
reclamation of coastal tidal flats north of the Maowei Sea for aquaculture.
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Figure 13. Spatio-temporal siltation erosion distribution of tidal flats in Qinzhou shore section.
(a) Erosion distribution of tidal flats in Qinzhou shore section from 2008 to 2021. (b) Erosion distribu-
tion of tidal flats in Qinzhou shore section from 1997 to 1998. (c) Siltation distribution of tidal flats
in Qinzhou shore section from 1993 to 1997. (d) Erosion distribution of tidal flats in Qinzhou shore
section from 1987 to 1993.

The maximum tidal area of the Fangchenggang shore section was 134.9 km? in 1990,
and the minimum was 55.8 km? in 2017. In the past 35 years, the area change range reached
79.1 km?, with an average annual change rate of —3 km?/a. The chronological changes are
shown in Figure 14. From 1987 to 1993, the total area decreased by 32.7 km?, first increasing,
and then rapidly decreasing. The eroded area is evenly distributed throughout the shore
section of Fangchenggang, except on the artificial coast. The period from 1995 to 2005
was stable: the regularity fluctuated and the tidal flats stock tended to be stable. From
2008 to 2017, the tidal flat area initially increased and then decreased, peaking in 2015.
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It increased slowly in the early period and decreased rapidly in the late period, which
differed from the tidal flat areas of the other two bank segments and the total tidal flat
area in Guangxi. Among them, the tidal flat area increased by 36.8 km? from 2008 to 2015,
accounting for 49% of the tidal flat area of Fangchenggang in 2008, with a change rate of
7 km?/a. The largest increase and rate of the tidal flats siltation area occurred over 35 years,
with the main siltation areas being the Beilun Estuary, Pearl Bay coast, and the western
coast of Qinzhou Bay. In the period 2015—2017, the tidal flat area decreased by 55.5 km?,
and the tidal flats along each bay were largely eroded.
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Figure 14. Spatio-temporal siltation erosion distribution of tidal flats in Fangchenggang shore section.
(a) Erosion distribution of tidal flats in Fangchenggang shore section from 2015 to 2017. (b) Siltation
distribution of tidal flats in Fangchenggang shore section from 2008 to 2015. (c) Siltation distribution
of tidal flats in Fangchenggang shore section from 1998 to 2001. (d) Erosion distribution of tidal flats
in Fangchenggang shore section from 1987 to 1993.

3.3. Analysis of Spatio-Temporal Changes in Tidal Flats as Influenced by Temporal Changes in
Mangrove Forests

The mangroves in the study area were concentrated in three areas namely, Shankou,
Maowei Sea, and Pearl Bay. As the mangrove area in the study area was very small before
1996 and the magnitude of change was small, the time-series distribution of mangroves in
the three areas from 1996 to 2021 was extracted in this study. Considering the Maowei Sea
Mangrove Reserve as a case study, Figure 15 shows the time-series changes in the distribu-
tion range of mangrove vegetation in the Maowei Sea over a 25-year period, suggesting
that the area of mangroves continues to grow rapidly. Time-series changes in mangrove
areas are shown in Table 4.

Table 4. Mangrove area in key study area.

Mangrove Area of Mangrove Area of Mangrove Area of

Time Shankou Area Maowei Sea Pearl Bay
1996 4.6 0.4 8.9
2000 5.8 0.5 4.8
2005 8.6 0.5 43
2010 11.8 42 8.3
2015 11.4 13.3 8.7
2021 10.2 18.5 11.4
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Figure 15. Spatio-temporal distribution of mangroves in Maowei Sea. (a) Distribution of mangroves
in Maowei Sea in 1996. (b) Distribution of mangroves in Maowei Sea in 2000. (c) Distribution
of mangroves in Maowei Sea in 2005. (d) Distribution of mangroves in Maowei Sea in 2010.
(e) Distribution of mangroves in Maowei Sea in 2015. (f) Distribution of mangroves in Maowei Sea
in 2021.

The distribution of tidal flats and mangroves in the study area in 2021 is shown in
Figure 16. The mangrove stock in the three mangrove concentration areas showed an
increasing trend, except for the years 1996—2000, when the total stock was negative. The
remaining years showed a positive growth, with a maximum annual average growth rate
of 16.6% in 2010. However, the total tidal flats in the three mangrove areas showed a
decreasing trend, with a maximum negative annual growth rate of —9.1% in 2021 and a
total decrease of 21 km? in tidal flats over the 25-year period.

The stock and annual growth rates of tidal flats and mangroves in the Shankou area
from 1996 to 2021 are shown in Figure 17. The mangrove stock generally showed an
increasing trend, with a continuous increase from 1996 to 2010 and an average annual
growth rate of 10% from 2000 to 2010. The highest average annual growth rate was observed
for many years. In 2021, the total mangrove stock increased by 4.63 km? compared with
1996, with a cumulative growth rate of 83%. The overall trend of tidal flats stock was stable,
with a dynamic balance of growth followed by a decline, in which the average annual
growth rate reached 8.4% during 2000—2005 and —5.7% during 2005—2010. The correlation
coefficient r between the change in tidal flats stock and the change in mangrove stock was
—0.28; that is, the growth of tidal flat areas and mangrove areas showed a weak negative
correlation. The temporal changes in tidal flats and mangroves for each of the five years



Remote Sens. 2023, 15, 1928

16 of 23

are shown in Figure 18. Analysis of the temporal changes in tidal flats and mangroves
between the study areas showed that the natural growth in mangroves in Shankou was
mainly distributed along the northern coast of Yingluo Bay during 1996-2005, the eastern
coastal Cape during 2005, and the western coast during 2010-2021. Mangrove degradation
was mainly distributed along the eastern Cape of Yingluo Bay from 1996 to 2000, several
capes along the eastern coast from 2010 to 2015, and the eastern coast from 2015 to 2021.
However, the distribution of the tidal flats was relatively stable, and there was no large-scale
disappearance of the tidal flats.
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Figure 16. Latest (2021) tidal flats and mangrove distribution in the study area. (a) Pearl Bay tidal flats

and mangrove distribution. (b) Maowei Sea Mangrove Reserve tidal flats and mangrove distribution.
(c) Shankou Mangrove Reserve tidal flats and mangrove distribution.
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Figure 17. Map of land stock and annual growth rate in Shankou region from 1996 to 2021.
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Figure 18. Tidal sequence change and centroid transfer of mangrove tidal flat in Shankou area.
(a) Interclass changes of mangroves and tidal flats in Shankou area from 1996 to 2000. (b) Interclass
changes of mangroves and tidal flats in Shankou area from 2000 to 2005. (c) Interclass changes of
mangroves and tidal flats in Shankou area from 2005 to 2010. (d) Interclass changes of mangroves
and tidal flats in Shankou area from 2010 to 2015. (e) Interclass changes of mangroves and tidal flats
in Shankou area from 2015 to 2021.

A one-dimensional cubic polynomial regression model was developed based on the
changes in the mangrove and tidal flat areas. The coefficient of determination R? of the
regression model was calculated as 0.88 for the study area of Yingluo Bay. This suggested
that the relationship between mangroves and tidal flats that increased and decreased in the
Shankou Mangrove Nature Reserve from 1996 to 2021 had a high fit with this regression
model. The relationship between changes in mangrove and tidal flat areas was assessed
based on a high-fit model.

The stock and average annual growth rates of land types (tidal flats and mangroves)
in the Maowei Sea region from 1996-2021 are shown in Figure 19. Mangrove stocks showed
a growing trend, with a continuous increase from 1996 to 2021 and an average annual
growth rate of 145% from 2005 to 2010. The largest average annual growth rate over many
years was mainly due to the small base of mangrove stocks in the previous period, which
caused a dramatic increase in the rate of change with even a slight increase in area. In 2021,
compared with 1996, the total number of mangroves increased by 18.09 km?. The tidal
flats stock generally exhibited a decreasing trend, with the interval showing an increase
followed by a decrease. The average annual growth rate was 17.1% from 1996 to 2000 and
—11.3% from 2015 to 2021. The correlation coefficient r between the change in tidal flats
stock and the change in mangrove stock was —0.30, and the growth in tidal beach area was
negatively correlated with the growth in mangrove area.
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Figure 19. Map of land stock and annual growth rate in Maowei sea region from 1996 to 2021.

As shown in Figure 20, the growth area of mangroves in the Maowei Sea from
2005 to 2010 was an inlet on the western side of the Qinjiang River which evolved from
tidal flats. From 2010 onwards, mangroves gradually grew along the coast of the Maowei Sea
and, by 2015, they had spread all over the shallow areas along the coast of the Maowei
Sea, concentrating at the river inlets. From 2015 to 2021, the growth rate of mangrove
areas slowed down. According to the growth source, the natural growth increased by
5.7 km?, and the tidal flats’ growth increased by 1.6 km?, while the tidal flats’ growth of the
mangrove area decreased. There has been serious tidal flats erosion in the riverbed at the
mouth of the Qinjiang River from 2000 to 2021, resulting in a considerable decrease in the
tidal flats stock across the region. Human activity is the major cause of tidal flats erosion
along the northeastern coast of the Maowei Sea, with many tidal flats in the area being
reclaimed for aquaculture. A regression model was established based on the changes in
mangrove and tidal flat areas. The change in mangrove area was the independent variable,
and the change in tidal flat area was the dependent variable. The regression model was a
cubic polynomial with an R? of 0.62; that is, the relationship between mangrove areas and
tidal flats in the Maowei Sea mangrove area from 1996 to 2021 had a high degree of fit with
the regression model.

The stock and average annual growth rates of land types (tidal flats and mangroves)
in the Pearl Bay region from 1996 to 2021 are shown in Figure 21. The stock of mangrove
trees first decreased and then increased, and continued to decrease from 1996 to 2005,
with a decrease of 4.61 km? in nine years. The average annual growth rate decreased
to —11.6% from 1996 to 2000, which was the lowest annual growth rate in many years.
In 2021, compared to 1996, the total area of mangroves increased by 2.48 km?, and the
average annual growth rate was 19.9% from 2005 to 2010. The tidal flats stock was stable
overall, with a total decrease of 1.6 km?, and the range fluctuated, with both increases and
decreases. The average annual growth rate was positive during 1996—2000 and 2010—2015,
at 28.4% and 38.9%, respectively. From 2000—2005 and 2015—2021, the average annual
growth rates were negative, at —7.3% and —10.4%, respectively. The correlation coefficient
between tidal flats stock change and mangrove stock change was —0.63; tidal flat area
growth showed a significant negative correlation with mangrove area growth, and the
time-series change in tidal flats and mangroves in each zone is shown in Figure 22.

The early reduction area of mangroves in Pearl Bay was northwest of the bay, which
degraded from mangroves to tidal flats. The degraded area was 3.2 km?, and there were no
newly added mangrove areas. Since 2005, mangroves have grown rapidly and exposed
tidal flats have been replaced by mangroves. The areas of accumulation and growth
are located on the western coast of Pearl Bay. By 2021, the mangrove growth area was
more concentrated and mainly distributed along the west coast, bounded by the estuary
of the Huangzhujiang River. The periods of severe tidal flats” erosion were 2000—2005
and 2015—2021, and the erosion ranges were similar. The erosion area on the west coast,



Remote Sens. 2023, 15, 1928

19 of 23

bounded by the Huangzhujiang River estuary, was larger than that on the east coast. In
addition to tidal flats” erosion, mangrove growth was also a key reason for the decrease in
tidal flat area.
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Figure 20. Tidal sequence change and centroid transfer of mangrove tidal flat in Maowei sea area.
(a) Interclass changes of mangroves and tidal flats in Maowei sea from 1996 to 2000. (b) Interclass
changes of mangroves and tidal flats in Maowei sea from 2000 to 2005. (c) Interclass changes of
mangroves and tidal flats in Maowei sea from 2005 to 2010. (d) Interclass changes of mangroves and
tidal flats in Maowei sea from 2010 to 2015. (e) Interclass changes of mangroves and tidal flats in
Maowei sea from 2015 to 2021.
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Figure 21. Map of land stock and annual growth rate in Pearl bay region from 1996 to 2021.
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Figure 22. Tidal sequence change and centroid transfer of mangrove tidal flat in Pearl bay.
(a) Interclass changes of mangroves and tidal flats in Pearl bay from 1996 to 2000. (b) Interclass
changes of mangroves and tidal flats in Pearl bay from 2000 to 2005. (c) Interclass changes of man-
groves and tidal flats in Pearl bay from 2005 to 2010. (d) Interclass changes of mangroves and tidal
flats in Pearl bay from 2010 to 2015. (e) Interclass changes of mangroves and tidal flats in Pearl bay
from 2015 to 2021.

4. Conclusions

In this study, the spatio-temporal features of tidal flats in the Beibu Gulf coastal zone
of Guangxi, China, from 1987 to 2021 were extracted and analyzed using an improved
normalized differential water index, spectral index threshold segmentation method, and
improved tide correction method. The spatio-temporal distributions of the mangroves
in the study area were extracted using object-oriented segmentation and classification
methods. The spatio-temporal interactions between the tidal flats and mangroves were
quantified and investigated. The major conclusions drawn are as follows.

The annual tidal flats distribution from 1987 to 2021 in the Beibu Gulf of Guangxi,
China was extracted, and the interannual spatio-temporal changes in tidal flats, erosion,
and siltation was quantitatively analyzed. The accuracy of tidal flats extraction reached
93.9%, the kappa coefficient reached 0.82, and the user and mapping accuracies of the tidal
flats were greater than 85%.

The total area of tidal flats in Beibu Gulf in Guangxi, China, decreased from
458.9 to 328.9 km? in 35 years, with a reduction of 28.3% and an average annual reduction
of —3.7 km?/a. The tidal flats of the Qinzhou and Fangchenggang shores of Beibu Gulf
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(Beihai, Fangchenggang, and Qinzhou shore sections) decreased by 74 km? and 69.8 km?,
respectively. The tidal flats from Lianzhou Bay to Bailong Port and the northern tidal flats
of the Maowei Sea showed major erosion, whereas the tidal flats in the Beihai section were
generally stable. The main reasons for the decrease in tidal flats are tidal erosion, artificial
reclamation, coastal tourism, the communication and transportation industry, and sea
level rises [6,54-56].

The tidal flat area is decreasing, while the mangroves area is increasing. This phe-
nomenon indicates a significant negative correlation, which indicates a mutual transforma-
tion between terrestrial species. The correlation coefficients in the Shankou area, Maowei
Sea area, and Pearl Bay area were —0.28, —0.30, and —0.64, respectively. The tidal flats
move in the same direction as the mangroves’ overall center of mass. The coefficients of
determination for the regression models were 0.88, 0.62, and 0.43, respectively, and the
fit was better for the Shankou and Maowei Sea regions. The results above indicate that
the distribution of tidal flats can provide a good environment and expansion space for the
rapid growth of mangroves. Additionally, the rapid growth of mangroves covered part of
the tidal flats, resulting in an inability to identify the tidal flats covered by mangroves on
the remote sensing images. Therefore, there is a significant negative correlation between
tidal flats and mangroves.
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