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Abstract: Mangroves have extremely high economic and ecological value. Through remote sensing,
the spatial distribution of and spatiotemporal changes in mangroves can be accurately obtained,
providing data support for the sustainable development of coastal wetlands. However, due to
the cloudy and rainy conditions in the growing areas of mangroves, there are relatively few high-
quality image data available, resulting in a time difference between regional mosaic images, with
a maximum difference of several months, which has a certain impact on accuracy when extracting
the spatial distribution of mangroves in some regions. At present, most regional mangrove research
has ignored the impact of the time difference between mosaic images, which not only leads to
inaccurate monitoring results of mangroves’ spatial distribution and dynamic changes but also limits
the frequency of monitoring of regional mangrove dynamic changes to an annual scale, making it
difficult to achieve more refined time scales. Based on this, this study takes the coastal mangrove
distribution area in China as the research area, uses Landsat 8 and MODIS images as basic data,
reconstructs the January 2021 images of the research area based on the FSDAF model, and uses
a random forest algorithm to extract the spatial distribution of mangrove forests and analyze the
landscape pattern. The results showed that the fused image based on the FSDAF model was highly
similar to the validation image, with an R value of 0.85, showing a significant positive correlation,
indicating that the fused image could replace the original image for mangrove extraction in the same
month. The overall accuracy of the spatial distribution extraction of mangroves based on the fused
image was 89.97%. The high sample separation and spectral curve changes highly similar to the
validation image indicate that the fused image can more accurately obtain the spatial distribution of
mangroves. Compared to the original image, the fused image based on the FSDAF model is closer to
the validation image, and the fused image can reflect the changes in mangroves in time series, thus
achieving accurate acquisition of dynamic change information in a short time span. It provides data
and methodological support for future monitoring of dynamic changes in large-scale mangroves.
The total area of mangroves in China in January 2021 based on the fused image was 27,122.4 ha, of
which Guangdong had the largest mangrove area, with 12,098.34 ha, while Macao had the smallest
mangrove area of only 16.74 ha. At the same time, the mangroves in Guangdong and Guangxi had a
high degree of fragmentation and were severely disturbed, requiring strengthened protection efforts,
while the mangroves in Hong Kong, Zhejiang, and Macao had regular shapes, benefiting from local
active artificial restoration.
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1. Introduction

Mangroves are an important coastal resource, mainly composed of salt-tolerant woody
plant communities that grow in tropical and subtropical regions [1,2]. They have high
economic and ecological value, not only protecting embankments, sequestering carbon,
providing timber, depositing microplastics, etc., but also protecting biodiversity, purifying
water, and maintaining the stability of coastal ecosystems [3-7]. However, due to the
dual influence of natural and human factors, about 35% of the world’s mangroves have
disappeared in half a century, and China’s mangroves have also been severely damaged,
with an area reduced by about half from the 1950s to 2000 [8,9]. The significant reduction
in the area of mangroves has received widespread attention from countries around the
world, and the increasing awareness of mangrove protection and restoration has resulted
in a gradual recovery of the area over the following 20 years. By around 2020, the area of
mangroves in China had basically returned to the level of the 1980s [10]. Therefore, there is
an urgent need to comprehensively evaluate the health status of mangrove ecosystems in
order to formulate reasonable scientific policies for mangrove protection and restoration,
maintain the stability of mangrove ecosystems, and achieve sustainable development of
mangroves [11].

The accurate acquisition of mangrove resources is not only the foundation for evaluat-
ing the health of mangrove systems but also the prerequisite for formulating mangrove
protection policies. Traditional methods of acquiring mangrove resources are mostly
through field investigations, which are time-consuming and labor-intensive, and the fre-
quency of data updates is low, making it difficult to obtain detailed spatial distribution
information, which brings great inconvenience to the formulation of protection policies.
The emergence of remote sensing technology has successfully solved this problem, enabling
not only the rapid acquisition of the spatial distribution of mangroves but also the easier
realization of dynamic monitoring of mangrove resources, greatly saving manpower and
material costs [12]. Hu et al. [13] combined SAR data with optical images and used a
random forest method based on optimal feature combinations to extract mangroves from
approximately 30,000 scenes of Sentinel-1 and Sentinel-2 images from 2015 to 2018, gen-
erating a high-precision 10 m spatial resolution map of mangrove distribution in China,
providing a fine data source for quantitative analysis of landscape fragmentation and other
fields. Zhang et al. [14] used more than 500 scenes of GF-1 and ZY-3 images and combined
object-based classification methods with field surveys to produce a 2 m high-resolution map
of mangrove distribution in China in 2018, providing a fine dataset for the management and
planning of mangrove forests by the government and other research groups. Guo et al. [15]
utilized approximately 2700 scenes of Landsat images and combined the Capsules-Unet
model to achieve dynamic monitoring of mangroves in the Maritime Silk Road region from
1990 to 2015, providing effective data support for the long-term protection and sustainable
development of mangroves. Leo et al. [16] obtained vegetation coverage using linear
spectral decomposition based on dense Landsat images and obtained the percentage of
planar canopy coverage using LiDAR data. By combining the two, they obtained the range
and density changes specific to mangroves along the Australian coast from 1987 to 2016,
providing effective support for analyzing changes in mangroves in Australia. By analyzing
the former related research, it was found that when the study area is large, multiple images
are usually required for stitching to obtain the spatial distribution of mangroves in the
entirety of said study area. However, due to the influence of the temporal resolution of
images and weather in areas with mangroves, mosaic images generally come from different
months, with a maximum difference of several months, resulting in a certain time difference
in the spatial distribution of mangroves based on mosaic images from different time periods.
This further leads to inaccurate monitoring results of annual dynamic changes in some
areas, and the annual change may only be a few months rather than twelve months. At
the same time, the time difference between mosaic images also limits the time frequency
of dynamic change monitoring to an annual scale, making it difficult to achieve a more
refined time scale. However, the aforementioned studies have not conducted in-depth
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research on this issue and still use regional temporal differences in spatial distribution
for annual-scale dynamic change monitoring, which not only has a certain impact on the
accuracy of mangrove dynamic change monitoring results but also limits the monitoring
results to an annual scale, making it difficult to achieve a more refined time scale.

The spatiotemporal fusion model combines high-spatial-resolution images with low-
spatial-resolution and high-temporal-resolution images to predict images at a certain
time period, providing the possibility of reconstructing high-quality optical images for
a specific month based on existing optical images. For this reason, researchers have
conducted a large number of studies on spatiotemporal fusion models. For example, in
1999, Zhukov et al. [17] first proposed multi-sensor multi-resolution technology (MMT),
which is a de-mixing-based fusion method that completes image fusion by moving windows
to de-mix coarse pixels and assigning the de-mixed reflectance to fine pixels. However,
there are significant problems with MMT in practical applications, as it is prone to negative
or extreme values. Therefore, some researchers have optimized the MMT, such as Zurita
Miller et al. [18], who added constraints to the deconvolution process to ensure that the
reflectivity after deconvolution is within a suitable range, avoiding negative and extreme
values. In 2006, Gao et al. [19] innovatively proposed the spatial and temporal adaptive
reflective fusion model (STARFM), which is a fusion method based on weighted functions.
It assigns weights to coarse pixels based on the spatial information of adjacent pixels in
fine images, making it suitable for areas with complex terrain. Although the STARFM
model has high accuracy, there are many limitations, such as poor fusion accuracy in areas
with high heterogeneity and rapid land cover changes. The flexible spatiotemporal data
fusion (FSDAF) model was proposed in 2016 by Zhu et al. [20] and can be used to predict
images using only a pair of basic images, reducing the model’s demand for images while
capturing the reflectivity changes caused by land cover changes and making it suitable
for heterogeneous landscapes. In addition, the thin plate spline (TPS) algorithm [21] is
introduced into the model and can shrink coarse-resolution images into fine-resolution
images to achieve better residual distribution. The model has been successfully applied
to the reconstruction of images of inland areas [22], but the effectiveness of the FSDAF
model in the reconstruction of images in cloudy and rainy mangrove areas still needs
further verification.

Accordingly, this study reconstructed complete images of the mangrove distribution
area in China in January 2021 using the FSDAF model based on Landsat 8 and MODIS
images, with the aim of achieving spatial distribution extraction and landscape pattern
monitoring of mangroves across the country in the same month, providing methodological
and technical references for subsequent monitoring of the dynamic changes in mangroves
at a monthly scale. The specific objectives are as follows: (1) to verify the accuracy of
reconstructing images of mangrove areas based on the FSDAF model and the feasibility
of reconstructing images of the same month in China’s mangrove areas; (2) to achieve
spatial distribution extraction and area monitoring of China’s mangrove areas based on
reconstructed images in the same month; (3) to achieve monitoring of the landscape
pattern of mangrove areas in various provinces of China based on spatial distribution
extraction of the same month in China’s mangrove areas, providing scientific, realistic, and
comprehensive data support for the formulation of mangrove protection policies.

2. Materials and Methods
2.1. Study Area

In this study, the mangrove growth areas in China are taken as the study area, mainly
including Guangxi, Guangdong, Hainan, Fujian, Zhejiang, Taiwan, Hong Kong, Macau,
and other regions, located between 18°12'-31°37" N and 108°0'-122°45" E. The specific
location is shown in Figure 1. As of 2017, there are 38 species of mangrove plants be-
longing to 26 genera in 22 families in China [23], mainly including Avicennia marina
(Avicennia marina), Aegiceras corniculatum (Aegiceras corniculatum (L.) Blanco), Bruguiera
gymnorrhiza (Bruguiera gymnorrhiza), etc. Most mangroves grow on mudflats near the
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coastline, with low-lying and complex terrain, often mixed with farmland, non-mangrove
plants, etc.
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Figure 1. Location of the study area.

2.2. Data Introduction and Preprocessing
2.2.1. Satellite Image Data

To accurately obtain the spatial distribution of mangroves in China in January 2021,
this study used Landsat 8 images, MOD09GA, and MYD09GA as the basic data. Among
them, there were 12 scenes of Landsat 8 images available in January 2021, as shown in
Table 1. A total of 14 scenes of non-January 2021 Landsat 8 images were paired with MODIS
data to participate in the reconstruction of the January 2021 image using the FSDAF model,
as shown in Table 2. The total number of MODIS data used in January 2021 was 26, of which
15 scenes were paired with non-January 2021 Landsat 8 images, and 11 scenes participated
in the reconstruction of non-January 2021 Landsat 8 images, as shown in Table 2.

Table 1. Landsat 8 images available in January 2021.

Landsat Landsat Landsat Landsat Landsat Landsat Landsat Landsat
Path/Row Date Path/Row Date Path/Row Date Path/Row Date
117/45 16 January 2021 119/41 14 January 2021 119/42 14 January 2021 119/43 14 January 2021
120/43 21 January 2021 121/44 12 January 2021 121/45 12 January 2021 122/44 19 January 2021
124/45 1 January 2021 124/46 1 January 2021 124/47 1 January 2021 125/47 24 January 2021
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Table 2. Landsat 8 and MODIS images from dates outside of January 2021 and MODIS images from
January 2021.

Landsat MODIS Paired 1\143?:2 IS Data Reconstructed Image
Path/Row Date Path/Row (MOD/MYD/Mosaic) ! Date 2 Band Number 3
H28/VO0e6, 30 September 2021
117/43 29 September 2021 H29,/V06 (MOD Mosaic) 15 January 2021 6
117/44 1 February 2021 H29/V06 6 February 2021 (MOD) 26 January 2021
H28/V05, 21 December 2020
118/39 22 December 2020 H29,/V06 (MOD Mosaic) 29 January 2021
118/40 22 December 2020 H28/V06 31 De(cf/[“;lgr 2020 13 January 2021 5
118/41 10 April 2020 H28/V06 9 April 2020 (MOD) 15 January 2021 6
118/42 10 April 2020 H28/V06 9 April 2020 (MOD) 15 January 2021 6
H28/V0e6, 11 November 2021
118/43 7 November 2021 H29,/V06 (MYD Mosaic) 13 January 2021 5
118/44 7 November 2021 H29/V06 6 NO‘(’E/I“C‘)bS; 2021 15 January 2021 6
120/44 6 February 2021 H28/V06 4 February 2021 (MYD) 13 January 2021 5
122/45 4 February 2021 H28/V06 4 February 2021 (MYD) 31 January 2021 5
123/45 7 November 2020 H28/V06 7 November 2020 (MYD) 18 January 2021 5
H28/V06, 20 June 2021
123/46 19 June 2021 H28/V07 (MOD Mosaic) 18 January 2021 6
123/47 19 June 2021 H28/V07 20 June 2021 (MOD) 18 January 2021 6
125/45 7 October 2021 H28/V06 26 October 2021 (MOD) 2 January 2021 6

Note: ! MOD refers to MOD09GA data, MYD refers to MYD09GA data, and Mosaic refers to the data after splicing
the two scenes of MODIS data; 2 the date of the reconstructed image is both the date of the MODIS data involved
in the prediction and the date of the fused image predicted; ® due to the inability of MODIS band 5 to correspond
to Landsat 8 image bands, the reconstructed image only has 6 bands. At the same time, due to the presence of
stripes in band 6 of some MODIS images, some images have band 6 (short-wave infrared 1) removed, resulting in
some images only having 5 bands (blue, green, red, near-infrared, and short-wave infrared 2) after reconstruction.

The Landsat 8 image used in this study is a level 1 product from the USGS official
website, so it needed to be radiometrically corrected and FLAASH atmospheric corrected
using ENVI 5.3 software (Exelis Visual Information Solutions, Boulder, CO, USA) and
subjected to principal component analysis (PCA). The MODIS image was obtained from
the NASA official website and needed to be projected and resampled to 480 m using MRT
(http:/ /en.mrtlab.com) software (National Aeronautics and Space Administration (NASA),
Washington, DC, USA). Then, in ENVI 5.3 software, the Landsat 8 image was used as a
reference for geometric correction using a quadratic polynomial method, with a root mean
square error (RMSE) of no more than 0.5 pixels. Finally, the nearest-neighbor method was
used to resample it to 30 m.

2.2.2. Sample Data

Based on GF-1, GF-2, and Google Earth images from January 2021 and the surrounding
dates, the sample points were selected with relatively obvious features throughout the study
area (for the images that are not from January 2021, the sample points were selected from
the same area of the image before and after January 2021 to ensure the correctness of the
sample points). A total of 36,833 sample points were selected, including 10,335 mangrove
samples, 5643 non-mangrove vegetation samples (including forests, crops, etc.), 9827 water
samples (including oceans, lakes, ponds, etc.), and 11,028 land samples (including buildings,
roads, etc.). The sample points are evenly distributed throughout the study area, as shown
in Figure 2.
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Figure 2. Distribution of some sample points used in the study.

2.2.3. Other Auxiliary Data

To obtain a more accurate spatial distribution of mangroves, auxiliary data such as
DEM were introduced and could be obtained from the ASTER GDEMV3 data from the
geographic spatial data cloud, with a spatial resolution of 30 m. The elevation, slope, and
slope direction were processed using ArcGIS 10.6 (Esri, Redlands, CA, USA).

2.3. Research Method
2.3.1. FSDAF Model

The FSDAF model is a spatiotemporal data fusion model proposed by Zhu et al. [20].
It predicts high-spatial-resolution images in the T, period based on a basic image pair in the
T, period, which consists of a high-spatial-resolution image and a low-spatial-resolution
image, as well as a low-spatial-resolution image in the T, period. The basic image pair in
the T1 period are close in date, and we usually selected high-quality images with little or
no cloud cover. T, usually refers to images required for research on the date.

The FSDAF model first classifies high-spatial-resolution images in the T period and
then calculates the changes in each feature category in the low-spatial-resolution images
from T to T5. Based on these changes, the high-spatial-resolution images in the T, period
are calculated. The resulting images achieve high accuracy for small changes in ground
features but cannot accurately predict large changes in ground features. Therefore, it is
necessary to introduce the residual R value to describe the ground-feature changes in
low-spatial-resolution images. The FSDAF model uses a TPS function for spatial inter-
polation, which downscales the low-spatial-resolution images in the T, period to more
accurately allocate residuals. After the calculation is completed, the prediction of high-
spatial-resolution images in the T; period can be completed based on the changes between
the high-spatial-resolution images in the T period and the low-spatial-resolution images
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from T4 to T. Considering that the prediction process is performed pixel by pixel and
that there will be patch effects during residual allocation [24], the final prediction of the
high-spatial-resolution images in the T, period is assisted by combining neighborhood
information. The specific prediction process is shown in Formula (1):

Ta(xij, vii) = Ta (xij, vij) + Yy Wk ¥ AT (xk, Yk (1)

where T (xij,yij) represents the pixel i corresponding to the predicted high-resolution
image at Ty, Ty (j, y;;) represents the pixel i corresponding to the high-resolution image
at T1, wy represents the weight of the kth pixel, AT (xy, yx) represents the change in the
kth pixel during the T1-T, time period. The calculation process of wy and AT is shown in
Equations (2)—-(4):

we = (1/Dg)/ Y, _,(1/Dy) )

2 2
D=1+ \/(xk —xij) "+ (v — i)/ (2/2) 3)
AT (x5, yij) = R(xi, yij) +AT(c) 4)

where Dy represents the spatial distance of the kth pixel, and the weight of the kth pixel is
determined based on Dy. z represents the size of the neighborhood. R(x;j, y;j) represents
the residual of pixel i corresponding to low-spatial-resolution images and high-spatial-
resolution images. AT (c) represents the change in the corresponding category of the pixel
in the time period T1-T,. The residual R value is used to approximate the change in
the pixel in the time period T1-T3, improving the change result of ground features. The
calculation process is shown in Formula (5):

1 1
R(x;,y;) = ” 27:1 T1(xij, yij) — . 2};1 To—pre(Xij, Yif) &)

where 1 represents the number of categories, T; (xl-]-, Yi j) represents the high-spatial-resolution
image in the Ty period, and T, (¥ij, yij) represents the image predicted based on the
image in the T period. In order to better allocate the residuals, the FSDAF model introduces
TPS interpolation for downscaling, which can better maintain the changes in ground feature
types and local changes during the prediction process. The specific process is shown in
Formula (6):

1 N
To—pre(Xij, Vij) = frps(xij, yij) = ao + arx + azy + 5 Y . birflogr? (6)

where frps (xij, yi]') is the TPS interpolation method, ag, a1, a; are parameters determined
based on the value of b;7?logr?, N is the pixel of the low-spatial-resolution image, and
7= (x—x) (- )

By giving the limited-condition Formula (7), the parameters can be calculated through
Formula (8). When Formula (8) reaches the minimum value, the parameters are the
optimal solution:

Zfil bi = Zzlil bix; = Zzl\; biy; =0 @)
1 —m
i (xij, yij) +& — fres (xij, vij) ®)

where m represents the number of sub-pixels in low-spatial-resolution images and ¢ indi-
cates the system difference between two different sensors.

The FSDAF model was constructed based on IDL 8.5. In order to further improve the
accuracy of the model, a random forest classification algorithm with better classification
capabilities was used to replace the ISODATA classification algorithm in the original model.
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2.3.2. Feature Extraction

The distribution of ground objects in the investigated mangrove growth areas is rela-
tively complex, often exhibiting the phenomena of identical objects with different spectra
and different objects with identical spectra with regard to surrounding non-mangrove
vegetation and farmland, leading to certain difficulties in extracting information from man-
groves [25]. To accurately obtain the spatial distribution of mangroves, it is necessary to
jointly apply multiple feature parameters, mainly including spectral features, exponential
features, texture features, and terrain features. The specific feature parameters contained in
each feature category are shown in Table 3.

Table 3. Statistical table of extracted feature parameters.

Feature Category Quantity Specific Parameters Instructions
The spectral features of the original Landsat image are
band 1-7. The reconstructed Landsat image lacks band 1
(coastal). Some of the reconstructed Landsat images lack
Spectral 810 Band1-7, PCA-1, PCA-2, band 1 and band 6 (SWIR1) due to the presence of a stripe
P PCA-3 in MODIS band 6 that cannot participate in the
reconstruction. In addition, all images were subjected to
PCA, and the first three principal components (PCA-1,
PCA-2, PCA-3) were fused with the original bands.
The texture features of the first three principal
Texture 24 Mean,éie)a :,ES?I\I/? ’]gi(;n’ Ent, components (PCA-1, PCA-2, PCA-3) of each image are
’ ’ calculated using a grayscale co-occurrence matrix.
— R —R e
NDVI [26] NDVI = #ﬂzﬁ;
MNDWI [27] ! MNDWI = ﬁGr(’MI:RSWIR
Green SWIR
Index 7 [
— —RRe
EVI[26] EVI =25 X TR ea—7 5 Roime T T
p— R _R reen
GNDVI [28] GNDVI = %
GEMI =n(1— 0.25) — ( Rea=0125
GEMI [29] ()
A hem: 11— 2(R%, ;g —R%,;)+1.5RN1r+0.5RRes
mong them: n= Rk FReog 105
R —R
NDBI [30] NDBI = 7sz;§+sz;
Torrain 3 Slope direction, slope, Slope direction, slope, and elevation information can be

elevation

calculated using ArcGIS 10.6.

! The SWIR band of MNDWI and NDBI usually refers to the SWIR1 band. For fused Landsat images without a
SWIR1 band, the SWIR2 band is used instead.

2.3.3. Construction and Accuracy Evaluation of Mangrove Classification Model

Based on the extraction of feature parameters, the random forest algorithm is used
to construct a model for extracting the spatial distribution of mangroves. Essentially, it
consists of multiple trees that are independent of each other. Each tree samples from the
sample with replacement, forming multiple decision trees [31]. Each node of each decision
tree randomly selects some features during classification and obtains the optimal feature
combination based on the Gini index. At the same time, each tree independently votes
for the samples, and the class of the sample is determined based on the number of votes.
In this way, random forests often have high accuracy in classification. During the model
construction process, the parameter ntree is set to 500, and mtry is the square root of the
sum of feature parameters.

The sample data were divided into modeling data and validation data in a 7:3 ratio,
and 7 of the data were used for model construction. In the model construction, J-M
distance and spectral differences were used to quantitatively describe the degree of sample
separation. The remaining 3 data were used for model validation, and the evaluation
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metrics mainly included overall accuracy, user accuracy, producer accuracy, and the kappa
coefficient. The specific calculation formulas are shown in reference [32].

2.3.4. Calculation of Landscape Pattern Index

Landscape pattern indexes can highly condense some information in landscape pat-
terns and can evaluate relevant landscape types from a quantitative perspective. The
classification results of mangroves based on the random forest algorithm were imported
into Fragstats 4.2 software (Department of Forest Science, Oregon State University, Corval-
lis, OR, USA) to calculate various landscape indexes. In this study, six landscape indexes on
type scale were selected, mainly including class area (CA), number of patches (NP), patch
density (PD), edge density (ED), patch aggregation index (Al), and landscape shape index
(LSI). The specific calculation process of each landscape index is shown in reference [33].

3. Results and Analysis
3.1. Fusion Image Based on FSDAF Model

Based on the original Landsat 8 image on 29 September 2021, a fused image on
15 January 2021 was obtained using the FSDAF model. Taking the Landsat 8 image on
16 January 2021 as the verification image, Pearson correlation analysis was used to analyze
the correlation between the original image and the verification image as well as that
between the fused image and the verification image. The results are shown in Figure 3.
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Figure 3. Image fusion results: (a) original Landsat 8 image on 25 September 2021; (b) fused image on
15 January 2021; (c) scatter plot of correlation between original image and validation image; (d) scatter
plot of correlation between fused image and validation image.
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From the results shown in Figure 3, the significance coefficients (P) of the original
image and the fused image with the validation image are both less than 0.001, and the
correlation coefficients ®are both greater than 0.80, indicating that there is a significant
correlation between the original image and the fused image with the validation image,
but the correlation between the original image and the validation image is less than that
between the fused image and the validation image, as shown in Figure 3¢,d. The results
show that compared to the original image, the fused image obtained based on the FSDAF
model is closer to the validation image and can more clearly reflect the changes in the
mangroves, thus obtaining more realistic spatial distribution information of mangroves [34].
In summary, the fused image obtained based on the FSDAF model has a strong correlation
with the validation image and can be used for reconstruction of images at specific times.

3.2. Mangrove Extraction Results Based on the Original Image and Fused Image

Based on the original image and the fused image with a row and column number
of 125/45, the random forest algorithm was used to extract the spatial distribution of
mangroves. The results are shown in Figure 4, and the classification accuracy is shown in
Table 4.
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Figure 4. The extraction results of mangroves’ spatial distribution: (a) the extraction results from
the original Landsat 8 image on 7 October 2021 and the fused image on 2 January 2021; (b) enlarged
result of area A; (c) enlarged result of area B.

Table 4. Evaluation results of mangrove extraction accuracy based on original images and
fused images.

Original Landsat 8 Image on 7 October 2021 Fusion Image on 2 January 2021

UA

PA

OA
Kappa

92.17% 92.40%

89.36% 93.08%

87.29% 89.97%
0.80 0.84




Forests 2023, 14, 2399 11 of 19

As shown in Figure 4 and Table 4, the extraction results of mangroves based on
the original image and the fused image are consistent in most areas, but there are slight
differences in some areas, as shown in the enlarged area of Figure 4. Overall, the extraction
results of mangroves based on the original Landsat 8§ image on 7 October 2021 are generally
lower than those based on the fused image on 2 January 2021, with the overall accuracy
of the original image being 87.29%, slightly lower than the overall accuracy of the fused
image of 89.97%. The user accuracy of the two images is basically the same, but there is a
significant difference in producer accuracy, that is, there are more misclassifications in the
original image compared to the fused image.

The reasons for the differences in the classification results of mangroves between
the original image and the fused image were analyzed from the perspectives of the ][-M
distance and spectral curve between the mangroves and other samples. The results are
shown in Table 5 and Figure 5.

Table 5. Statistical results of ]-M distance between mangrove and other samples.

Mangrove_Original Image Mangrove_Fusion Image
Water 1.999 1.998
Land 1.996 1.960
Other_tree 1.563 1.768
4000 ° Mangrove 4000 —&— Mangrove 4000 —@— Mangrove
- e 3012.04
3000 —@— Other vegetation 3000 —®— Other vegetation 2741.74 3000

—&— Other vegetation

— 2455.07 3031.27

214224
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Figure 5. Comparison results of the spectral curves of mangroves and other vegetation: (a) reference
image on 19 January 2022; (b) fused image on 2 January 2021; (c) original image on 7 October 2021.

According to the results shown in Table 5, for both the original image and the fused
image, the ]-M distance between the mangrove sample and the water sample and the land
sample is higher than 1.9, indicating that the separation of the three ground objects is good,
and the classification is not easily confused. For the original image of October 2021, the
J-M distance between the mangrove sample and the non-mangrove vegetation sample is
1.563, which is significantly lower than the 1.768 of the January fused image, indicating
that the mangrove sample and the non-mangrove vegetation sample are more difficult
to distinguish regarding the original image of October than the fused image of January,
resulting in a relatively poor classification result of mangroves based on the original image.
By analyzing the results shown in Figure 5, the spectral curve changes specific to the fused
image and the original image are similar in the blue, green, red, SWIR1, SWIR2 bands to the
spectral curve changes specific to the reference image, but there are significant differences
in the NIR band between the original image and the reference image. For the fused image,
the difference in spectral reflectance between the mangrove and non-mangrove vegetation
in the NIR band is 308.1, while the difference in spectral reflectance between the mangrove
and non-mangrove vegetation in the NIR band in the reference image is 312.83, indicating
that the difference between the features of the reference image and the fused image using
the FSDAF model is closer in the NIR band. For the original image, the difference in spectral
reflectance between the mangrove and non-mangrove vegetation in the NIR band is —19.23,
indicating that the characteristics of the mangrove and non-mangrove vegetation are very
similar in the NIR band of the October image, and similar spectral characteristics may lead
to a smaller contribution of the NIR band reflectance and some features calculated based
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on the NIR band to the classification result, resulting in a poor classification result of the
original image. This is also consistent with the conclusion of Li et al. [35]: that using the
January image to extract mangroves can obtain more accurate results than when using the
October image.

3.3. Analysis of Differences in Mangrove Extraction Results

When extracting mangroves in a large area, there is often a large time span between
images due to missing data. During this period, mangroves are constantly affected by both
natural and human factors, such as natural growth, disasters, human deforestation, invasive
alien species, and artificial restoration [36,37], resulting in some differences between the
extracted information on mangroves and the actual situation. For example, the changes in
the mangroves in the two regions in different months are shown in Figure 6. After about
11 months, some mangroves in the region where mangroves originally existed disappeared,
thus exposing the mudflat, as shown in the rectangular area in Figure 6a,b. In Figure 6¢,d,
after about 5 months, the area without mangroves grew mangroves, as shown in the
rectangular area. The changes in the above images indicate that when there is a certain time
span between images, the spatial distribution of mangroves undergoes certain changes.
Therefore, when extracting mangroves or monitoring dynamic changes in mangroves,
ignoring the time difference between images may lead to certain differences between the
obtained results and the actual situation.

Figure 6. Changes in mangrove forests based on historical images from Google: (a) January 2019;
(b) December 2019; (c) June 2020; (d) November 2020.

In order to more accurately evaluate the differences between the original image and
the fused image based on the FSDAF model, the Landsat 8 image with a row and column
number of 121/44 on 12 January 2021 was selected as the original image, and the Landsat
8 image on 6 December 2021 was used as the reference image. Based on the reference
image, the fused image on 13 January 2021 was obtained using the FSDAF model. The
tidal levels of the original image and the reference image were basically consistent, with
the tidal height of the original image being 98 cm and that of the reference image being 106
cm, which allows one to basically ignore the impact of tidal inundation on the extraction of
the spatial distribution of mangroves. Based on the random forest algorithm, the spatial
distribution of mangroves in the original image, reference image, and fused image were
extracted, and the results are shown in Figure 7.

According to the results shown in Figure 7c,d, although the spatial distributions of
mangroves obtained from the original image, reference image, and fused image have little
differences, the spatial distribution of mangroves extracted from the fused image is closer
to that of the original image, indicating that the fused image based on the FSDAF model
can simulate the changes in mangroves in images capturing different times, thus obtaining
an extraction result closer to the original image [34]. However, the FSDAF model cannot
fully simulate this change, which is mainly due to errors in residual allocation, that is, there
are residual differences between the fused image pixels and the original image pixels. By
statistically analyzing the mangrove areas extracted from the original image, reference
image, and fused image, it is found that the area extracted from the original image is
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239.31 ha, the area extracted from the reference image is 224.74 ha, and the area extracted
from the fused image is 232.47 ha. The area of mangroves extracted from the fused image
is closer to the result of the original image. Therefore, compared to previous large-scale
mangrove extraction based on images from different months, the results of mangroves
extracted from the same-month image based on the FSDAF model are closer to the real
spatial distribution of mangroves.
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Figure 7. The extraction results of spatial distribution of mangroves based on different images:
(a) Guangdong province; (b) spatial distribution of mangroves in Huizhou and Shanwei; (c) extraction
results of mangroves in Huizhou; (d) extraction results of mangroves in Shanwei.

3.4. Spatial Distribution and Area Extraction Results of Mangroves in China

The spatial distribution of mangroves in China extracted from the January 2021 images
reconstructed based on the FSDAF model is shown in Figure 8.

According to the analysis shown in Figure 8, China’s mangrove forests are mainly
distributed in Guangxi, Guangdong, and Hainan, with relatively few forests in Zhejiang.
The results show that as the latitude increases and the temperature gradually decreases,
the distribution of mangroves becomes increasingly rare.

The distribution area of mangroves in relevant provinces and special administrative
regions in China was statistically analyzed and represented in a 9 km x 9 km grid, as
shown in Figure 9.

According to the results shown in Figure 9, the number of grids with an area of 0-10 ha
is the largest, with a total of 144 grids, while the number of grids with an area of more than
400 ha is the smallest, with only 10 grids. The results show that most of China’s mangroves
are distributed in the area between 108°0" E and 114°04’ E and between 19°24' N and
23°05' N, with the most concentrated distribution in the Beibu Gulf and Leizhou Peninsula
regions. The grids with an area of more than 400 ha are all located in this area. As the
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latitude increases, the distribution of mangroves becomes increasingly sparse. The grid
areas of mangroves in Fujian, Zhejiang, and Taiwan are all below 60 ha, and most of the

grids are below 30 ha.
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Figure 8. Spatial distribution of mangroves in relevant provinces and special administrative regions
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(h) Hainan; (i) Macao.
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The distribution area of mangroves in relevant provinces and special administrative
regions in China is summarized in Figure 10.
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Figure 10. Statistics of mangrove distribution areas in relevant provinces and special administrative
regions of China: (a) bar chart; (b) pie chart.
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The results shown in Figure 10 indicate that the total area of mangroves in China in
January 2021 was 27,122.4 ha, of which Guangdong had the largest area of mangroves, with
12,098.34 ha, accounting for 44.61% of the total area of mangroves in the country. Guangxi,
Hainan, Fujian, Hong Kong, Taiwan, Zhejiang, and Macao followed, with Macao having
the smallest area of mangroves, with only 16.74 ha, accounting for 0.06% of the total area of
mangroves in the country.

The mangrove area in China in January 2021 as extracted in this study is 27,122.4 ha,
which is larger than similar results of previous studies. For example, Guo et al. [15] used
Landsat series images to monitor the dynamic changes in mangroves in the Maritime Silk
Road region from 1990 to 2015, and the mangrove area in China in 2015 was 19,144 ha.
Zhang et al. [14] produced a spatial distribution map of mangroves in China with a res-
olution of 2 m in 2018 based on GF-1 and ZY-3 images and concluded that the area of
mangroves in China in 2018 was 25,683.88 ha. This is mainly because there is a time differ-
ence between this study and previous studies, during which the area of mangroves may
undergo significant changes due to the influence of natural and human factors. According
to the continuous strengthening of mangrove protection and restoration in China in recent
years, the area of mangroves has shown a gradual upward trend. Therefore, the mangrove
area extracted in this study in 2021 should theoretically be larger than the mangrove areas
extracted in 2015 and 2018 as part of previous studies. Due to the lack of relevant studies
on the extraction of mangrove areas in the same year, it is not possible to conduct specific
quantitative research with the mangrove areas extracted by other researchers. In the fu-
ture, the spatial distribution of mangroves in different months in the same year can be
extracted simultaneously to further quantify the differences in spatial distribution results
of mangroves within a year. The average value of the extraction results in different months
can also be taken as the accurate area of mangroves in the year to minimize the impact of
accidental factors on the extraction results of the spatial distribution of mangroves.

3.5. Analysis Results of Mangrove Landscape Pattern in China

The calculation results of landscape pattern indexes of mangroves on the type scale in
relevant provinces and special administrative regions in China are shown in Table 6.

Table 6. The calculation results of landscape pattern indexes of mangroves on the type scale in
relevant provinces and special administrative regions in China.

CA (ha) NP (Number) PD (No./100 ha) ED (m) Al (%) LSI
Guangdong 12,098.34 3959 1.57 12.88 77.64 82.66
Guangxi 7642.17 2044 1.75 13.22 83.01 50.33
Hainan 4746.96 961 0.80 7.44 83.64 38.34
Fujian 1085.94 460 2.09 13.59 77.61 25.34
Hongkong 657.09 67 1.07 12.71 88.12 11.02
Taiwan 635.67 268 0.86 5.83 73.98 22.49
Zhejiang 239.49 82 0.35 2.49 81.94 10.06
Macao 16.74 10 1.67 11.33 75.29 4.04

According to the results shown in Table 6, from the perspective of class area, most
of the mangroves are concentrated in Guangdong, Guangxi, and Hainan, with the three
provinces accounting for 90.29% of the total area, reaching 24,487.47 ha. The number of
patches, patch density, and edge density are often related to landscape fragmentation
and human disturbance intensity. The patch density and edge density of mangroves in
Fujian are the highest, with values of 2.09 and 12.59, respectively. The patch density of
mangroves in Guangxi, Guangdong, Macao, and Hong Kong are all higher than 1, and the
edge density is higher than 11, indicating that the patch fragmentation degree of the above
regions is high and subject to significant human disturbance, resulting in low landscape
security. Some mangrove growth environments may be severely damaged, requiring
further strengthening of mangrove management and protection. The agglomeration index
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generally reflects the degree of aggregation or dispersion of landscape types. Combined
with the spatial distribution of mangroves, it can be seen that suitable areas for mangroves
in Hong Kong, Hainan, Guangxi, and Zhejiang are more concentrated, and the distribution
of mangroves is relatively compact, resulting in a high degree of agglomeration. The areas
of Guangdong, Fujian, and Taiwan span a large latitude and longitude, and the distribution
of mangroves is more dispersed, resulting in a relatively low degree of aggregation index.
However, the area of Macao is a special case, due to the small area of mangroves and
severe human and natural impacts, resulting in a low degree of aggregation index [23].
The landscape shape index describes the regularity of the landscape shape. The larger the
landscape shape index, the more irregular the shape of the landscape. The landscape shape
index of mangroves is greatly affected by human and natural factors, such as artificial
planting and restoration, which usually reduce the landscape shape index, while human
deforestation and invasive alien species often increase the landscape shape index. The
landscape shape index of mangroves in Guangdong is as high as 82.66, and the shape is
extremely irregular. Guangxi, Hainan, Fujian, and Taiwan follow, with the landscape shape
index of each region above 20, showing irregular shape. For these regions, it is necessary to
formulate scientific mangrove restoration policies and strictly control the phenomenon of
deforestation. The shape of mangroves in Hong Kong, Zhejiang, and Macao is relatively
regular, benefiting from local active efforts to carry out artificial planting and restoration.

4. Conclusions

In this study, the FSDAF model was used to reconstruct the January 2021 images of
the study area based on Landsat 8 and MODIS images, a random forest algorithm was
used to extract the spatial distribution of mangroves, and landscape pattern indexes were
analyzed. The main conclusions obtained are as follows:

(1) The fused image based on the FSDAF model is highly similar to the reference image,
with a correlation coefficient ®of 0.85. The results indicate that the fused image based
on the FSDAF model has a strong correlation with the reference image and can be
used for the reconstruction of images depicting specific times;

(2) The overall accuracy of extracting the spatial distribution of mangroves from the
January 2021 image reconstructed based on the FSDAF model is 89.97%, which is
better than the extraction result based on the original October image (the overall
accuracy is 87.29%). In January 2021, the total area of mangroves in China was
27,1224 ha, of which Guangdong had the largest area of 12,098.34 ha, while Macao
had the smallest area of 16.74 ha. Guangdong, Guangxi, and Hainan provinces
accounted for 90.29% of the total area of mangroves in China;

(3) The mangroves in Guangdong, Guangxi, Fujian, Hong Kong, and Macao are highly
fragmented and severely affected by human disturbance. The mangroves in Guangxi,
Hainan, Zhejiang, and Hong Kong are densely distributed and have a higher degree
of aggregation. The mangroves in Guangdong and Guangxi are irregular in shape and
severely affected by human logging and invasive alien vegetation. The mangroves in
Zhejiang, Hong Kong, and Macao are regular in shape, thanks to active local efforts to
carry out artificial restoration.

This study used the FSDAF model to reconstruct images to extract the spatial dis-
tribution of mangroves nationwide in January 2021. The results showed that the FSDAF
model can accurately extract the spatial distribution of mangroves in a large area in the
same month, which can improve the problem of time differences in the spatial distribution
of mangroves extracted using images captured at different times. However, this study
only extracted the spatial distribution of mangroves in January. In the future, the monthly
spatial distribution of mangroves can be extracted to achieve more precise monitoring of
dynamic changes in mangroves on a time scale. At the same time, in subsequent research,
object-oriented classification can be considered to replace the pixel-based classification,
reducing the “salt and pepper phenomenon” in classification results.
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