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Agreement Analysis and Accuracy Assessment of
Multiple Mangrove Datasets in Guangxi Beibu Gulf
and Guangdong-Hong Kong-Macau Greater Bay,
China, for 2000-2020

Zhijie Xiao"”, Weiguo Jiang ¥, Zhifeng Wu

Abstract—Accurate and reliable mangrove datasets are essen-
tial for the protection and management of mangrove ecosystems.
Therefore, the evaluation of the current mangrove datasets and
understanding the differences among them are critical. This study
takes the Guangxi Beibu Gulf (GBG) and Guangdong-Hong Kong-
Macao Greater Bay Area (GBA) as the study areas and analyzes
the agreement and accuracy of eight mangrove datasets from 2000
to 2020 using area comparison, spatial agreement analysis, and
absolute accuracy evaluation. The results show that; 1) significant
differences exist in mangrove area and spatial distribution among
the different mangrove datasets, with the percentage of high agree-
ment areas ranging from 10% to 42%. 2) The overall accuracy of
the evaluated mangrove datasets ranges from 56.2 % to 95.6 %, and
the classification accuracy of mangrove datasets in inland areas is
lower than the overall level. 3) There are regional differences in the
quality of mangrove datasets, with the agreement and accuracy of
mangrove datasets in the GBG being greater than those in the GBA.
4) Fine-scale mangrove mapping based on high-resolution remote
sensing images, such as Sentinel, and global mangrove mapping
based on the Google Earth Engine (GEE) cloud platform should
be emphasized in the future. The findings of this study can provide
guidance for data users to select appropriate mangrove datasets
and a reference for future mangrove mapping research.

Index Terms—Accuracy evaluation, Guangdong-Hong Kong-
Macao Greater Bay Area (GBA), Guangxi Beibu Gulf (GBG),
mangrove datasets, spatial agreement.

I. INTRODUCTION

ANGROVES are shrubs or trees growing on tropical
and subtropical coastal intertidal areas, mudflats, and
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riverbanks between 30° north latitude and 30° south latitude [1],
[2]. Mangrove ecosystems are also one of the most productive
marine ecosystems with rich biodiversity [3], [4]. Mangroves
provide a variety of ecosystem services, including coastal ero-
sion control, water purification, organic carbon fixation, habitat
for animals and plants, and fisheries [5], [6], [7], [8]. However,
influenced by human activities and climate change, mangroves
have undergone rapid spatiotemporal changes worldwide, espe-
cially in developing regions [9]. Studies have shown that the
area of mangroves in China decreased from 48 801 to 18 602 ha
from 1973 to 2000, a loss rate of up to 62% [10]. Accurate and
reliable mangrove datasets are crucial for the management and
protection of mangrove ecosystems and can also provide data
support for related research on mangroves, such as mangrove
biomass estimation [11], [12].

At present, scientists have made efforts to monitor and map
mangroves at local and global scales using multisource remote
sensing data such as optical, hyperspectral, and radar data [2],
[13], [14], [15], [16], [17], [18], [19]. The earliest mangrove
datasets at a global scale were produced for the year 2000 from
Global Mangrove Distribution (GMD) by Giri et al. [2] and the
World Atlas of Mangroves (WAM10) by Spalding [13]. In recent
years, Bunting et al. [14] used ALOS PALSAR and Landsat im-
ages to produce the mangrove dataset from the Global Mangrove
Watch Project (GMW), including a new global baseline of man-
grove extent for 2010 and changes from this baseline for epochs
between 1996 and 2020. In 2021, Xiao et al. [15] released a 10-m
resolution data product on global mangrove distribution, which
is currently the highest resolution mangrove dataset at a global
scale. Large areas of mangroves are distributed along the coast of
China, and many studies have monitored the distribution range of
mangroves in China [20], [21], [22], [23], [24], [25], [26], [27],
[28], [29], [30], [31], [32]. Jia et al. [23] previously produced
a 30-m resolution Chinese mangrove product for 2010 based
on Landsat images. After that, Jia et al. [24] built a dataset of
China’s mangrove forest changes from 1973 to 2015, called the
Chinese Academy of Sciences Mangroves (CAS_Mangroves).
Hu et al. [26] used Landsat images to map mangroves in China
from 1990 to 2015 for multiple periods. Our collaborator Peng
[27] also constructed a “meta-object-knowledge” classification
algorithm based on Landsat data, combining random forests and
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hierarchical decision trees, and produced a fine category map of
wetlands. Subsequent research found that China’s mangroves
were fragmented due to human disturbance, and it was a great
challenge to accurately map Chinese mangroves using medium-
resolution remote sensing images [28]. Therefore, more refined
high spatial resolution remote sensing images were used to map
the distribution of mangroves [28], [29], [30], [33]. For example,
Zhang et al. [28] mapped the fine distribution of mangroves in
Chinain 2018 based on 2 m resolution GF satellite images. Zhao
etal. [30] produced a high-resolution mangrove map of China in
2019 based on 10 m resolution Sentinel SAR and multispectral
images combined with Google Earth images. Zhang et al. [33]
derived a 10-m resolution multiclass tidal wetland map of East
Asia in 2020 based on Sentinel-2 images, including three types
of mangroves, salt marshes, and tidal flats.

Although there are many mangrove products available, these
mangrove datasets come from different organizations and re-
searchers, and the satellite data and classification methods used
are also different, which ultimately leads to differences in the
accuracy and application range. Therefore, it is necessary to
conduct multiscale and cross-regional comparative evaluations
of some publicly available mangrove datasets, providing a refer-
ence for users to select suitable mangrove products. At present,
remote sensing classification products are mainly evaluated from
the two aspects of consistency and absolute accuracy, and the
evaluation and analysis of multicategory land use data products
is the most common [34], [35], [36], [37], [38], [39], [40], [41].
For example, Wang et al. [34] analyzed the consistency and
accuracy of three land use products (i.e., FROM-GLC, ESA
WorldCover, and Esri’s Land Cover) in Southwest China. Liu
et al. [35] evaluated the application performance of five global
land cover datasets (i.e., CCI-LC, MCD12Q1, GlobeLand30,
GlobCover, and CGLS-LC) in the karst region of South China
from three aspects of regional comparison, spatial consistency,
and precision indicators. Yang et al. [36] evaluated the similar-
ities and differences in the area and spatial patterns of seven
global land cover datasets (i.e., IGBP DISCover, UMD, GLC,
MCD12Q1, GLCNMO, CCI-LC, and GlobeL.30) within China.
Venter et al. [40] used cross-comparison and accuracy assess-
ment methods to evaluate three global 10 m resolution land use
products from Google’s Dynamic World, ESA World Cover, and
Esri’s Land Cover. In contrast, comparative evaluation studies
on single-category remote sensing classification products, es-
pecially mangrove products, are relatively rare, which brings
difficulties to the selection and use of mangrove products and
greatly limits scientific research requiring mangrove maps.

The Guangxi Beibu Gulf (GBG) and Guangdong-Hong Kong-
Macao Greater Bay Area (GBA) are two coastal urban ag-
glomerations in southern China with rich and diverse wetland
resources, such as mudflats, mangroves, and shallow seas [42],
[43]. Since the reform and opening up, the economy in the
GBA has developed rapidly. With the increase in population and
the expansion of cities, the mangrove ecosystems in both areas
have suffered varying degrees of damage [24]. In recent years,
with the implementation of mangrove protection and restoration
policies, the area of mangroves in the coastal areas of Guangxi
and the Guangdong Hong Kong Macao region has significantly
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Fig. 1. Location of the study area (GBG: Guangxi Beibu Gulf; GBA:
Guangdong-Hong Kong- Macao Greater Bay Area; MO: Macao; HK: Hong
Kong).

increased by 2020, restoring to a historically high level [10].
Mangrove ecosystems in the two regions are closely linked
to human activities, and there is a prominent conflict between
people and land. The mangrove distribution has changed signif-
icantly in recent decades, making the GBG and GBA hotspots
for mangrove remote sensing monitoring and related research
in China [44], [45]. Therefore, a systematic assessment of the
accuracy and applicability of mangrove products in the GBG and
GBA is necessary to support regional scientific research, such
as estimation of the carbon storage of mangroves, assessment of
mangrove conservation, restoration effects, and assessment of
mangrove ecological functions [46], [47].

This study selects the GBG and GBA as the study areas using
the methods of area comparison, spatial pattern distribution
agreement, and absolute accuracy assessment to evaluate and
analyze the consistency and accuracy of various existing datasets
of mangrove distributions from 2000 to 2020. In addition, factors
of inconsistency are explored, and some suggestions for future
mangrove mapping are given. The research results can provide a
reference for future researchers to select appropriate mangrove
distribution products and improve the quality of mangrove map-
ping in the future as well as provide necessary information for
local mangrove management and protection.

II. MATERIALS AND METHODS
A. Study Area

The study area of this article is the GBG and the Guang-
dong-Hong Kong-Macao Greater Bay Area (GBA), which are
located along the southern coast of China, as shown in Fig. 1.
The GBG (21° 24’ -22° 01’ N, 107° 56’ -109° 47" E) is com-
posed of six prefecture-level cities in the Guangxi Zhuang
Autonomous Region, covering a land area of 42 500 square
kilometers. Among them, Fangchenggang City, Qinzhou City,
and Beihai City are adjacent to the sea, with a coastline of
approximately 1595 km. GBG is located in a low-latitude zone
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TABLE I
MAIN PARAMETERS OF THE EIGHT MANGROVE DATASETS ASSESSED IN THIS STUDY

Datasets Resolution Time Scale Input data Overall accuracy
MangroveChina_LASAC 2m/30m  1978-2018 China  Landsat/ZY3/GF1 >90%
Globe Mangrove Watch 30m 1996-2020 Globe ALOS/Landsat 95.25%
Global M
opal vingrove 30 m 2000 Globe GLS/Landsat -
Distribution
CAS_Mangroves 30 m 2010/2015 China Landsat >90%
Tidal Wetlands in . .
. 10 m 2020 East Asia Sentinel-2 97.02%
East Asia
Mangrove Map of China for 2019 10 m 2019 China Sentinel 97%
GBG_GBA Mangrove 30 m 2000-2020 China Landsat -
LREIS_GlobeMangrove 10 m 2018-2020 Globe Multisource Data 91.62%
=
£ 0 0
Datasets Scale
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Fig. 2.

and has a typical subtropical marine monsoon climate with
abundant sunlight, sufficient heat, and abundant rainfall. The
region is rich in wetland resources, with a large area of natural
mangrove distribution. The GBA (21° 32" - 24° 26’ N, 112°
20" - 115° 24’ E) consists of nine prefecture-level cities in
Guangdong Province and the two special administrative regions
of Hong Kong and Macao, with a total area of 56 000 square
kilometers. It is dominated by subtropical and tropical monsoon
climate climates, with high temperatures, sufficient light, and
abundant rainfall throughout the year. Mangroves, mudflats,

Spatiotemporal range and spatial resolution of the eight mangrove datasets assessed in this study.

shallow seas, and other rich wetland resources are distributed
along the 3200 km coastline of the GBA.

B. Mangrove Datasets

In this article, eight mangrove datasets were selected for
accuracy and agreement analysis. Table I briefly summarizes
information about these mangrove datasets, and Fig. 2 shows
the spatiotemporal range and spatial resolution of the eight
mangrove datasets.
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MangroveChina_ LASAC (MChina) is produced by the Na-
tional Land Satellite Center of the Ministry of Natural Resources
of China and includes five periods of mangrove distribution
data in China: 1978, 1990, 2000, 2013, and 2018. It can be
accessed freely through the website (http://www.sasclouds.com/
chinese/platform/newsList/notic/detail/618cc900fd423278867
c5dda). The distribution of mangroves in 2018 was generated
based on the 2-m resolution satellite images of ZY-3 and
Gaofen-1, with an overall accuracy of 98% [28]. The distribution
of mangroves in 2013 was based on the interpretation of the
ZY-3 satellite images, and the distribution of mangroves in
1978, 1990, and 2000 was based on the interpretation of Landsat
images, with an overall accuracy of over 90% [29].

Global Mangrove Watch (GMW) is a global mangrove dataset
jointly released by Aberystwyth University (U.K.), soloEO
(Japan), Wetlands International World Conservation Monitor-
ing Centre (UNEP-WCMC), and Japan Aerospace Exploration
Agency (JAXA). At present, the data are still being updated.
The GMWv3 version used in this article covers the period
1996-2020, including 11 issues of mangrove distribution data,
which can be accessed freely through the website (https://data.
unep-wceme.org/datasets/45). GMW used ALOS PALSAR and
Landsat remote sensing images to generate a global mangrove
baseline map for 2010, with an overall accuracy of 95.25%, and
the remaining years’ products were obtained based on changes
in mangrove distribution in 2010 [14].

Global Mangrove Distribution (GMD) is a global mangrove
dataset for 2000, compiled by Giri et al. [2] with funding
from the United States Geological Survey (USGS) and based
on Global Land Survey data and Landsat images. It can be
accessed through the website (https://databasin.org/datasets/
d214245ab4554bclale7e7d9b45b9329/) and can also be ob-
tained on Google Earth Engine.

CAS_Mangroves (CAS) is a mangrove spatial distribution
dataset in China based on Landsat images provided by the North-
east Institute of Geography and Agroecology, Chinese Academy
of Sciences Northeast Asia Resource, and Environment Big Data
Center (http://www.igadc.cn/). It contains two periods of prod-
ucts in 2010 and 2015, and the overall classification accuracy of
mangroves is more than 90%.

Tidal Wetlands in East Asia (TW) is a multiclass tidal wetland
map for East Asia in 2020 produced by Zhang et al. [33] from
the School of Environment and Ecology, Xiamen University,
which is derived based on Sentine-2 time series images and
includes three tidal wetland types: salt marshes, tidal flats,
and mangroves. It can be accessed through the website(https:
//figshare.com/articles/dataset/Fujian_zip/14331785).

Mangrove Map of China for 2019 (ZCP) is a mangrove
distribution dataset for 2019 in China produced by Zhao et al.
[30] based on Sentinel satellite images with an overall
classification accuracy of 97%. It can be accessed freely
through the website (https://www.scidb.cn/en/detail ?dataSetId
= 765862389328379904&version = V1&dataSetType = per-
sonal&tag = 1&language).

GBG_GBA Mangroves (PKF) is a mangrove dataset for GBG
and GBA in China produced by Peng Kaifeng, a collaborator
of this study from the Department of Geographic Sciences at
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Beijing Normal University. The dataset covers the time range of
1990-2020 and includes seven periods of mangrove distribution
products. The data are currently not publicly shared.

LREIS_ Globe Mangroves (LREIS) is a global mangrove
distribution dataset for 2018-2020 produced by Xiao et al.
[15], Institute of Geographic Sciences and Resources, Chi-
nese Academy of Sciences, and other researchers based
on multisource data, with an overall classification accuracy
of 91.62%. It can be accessed freely through the website
(https://www.scidb.cn/en/detail ?dataSetld = 22b29bf87935434
3ba4d8d23ealc6c66).

The above eight mangrove datasets we obtained are all vector
data and unified into the WGS84 geographic coordinate system
for subsequent analysis and evaluation.

C. Research Process

According to the time distribution range of the eight mangrove
datasets shown in Fig. 2, mangrove products from four periods,
2018-2020, 2015, 2010, and 2000, were selected for spatial
agreement and accuracy evaluation. There are six mangrove
products involved in the assessment for 2018-2020 including
MChina for 2018 (MChina2018), ZCP for 2019 (ZCP2019),
TW for 2020 (TW2020), GMW for 2020 (GMW2020), PKF
for 2020 (PKF2020), and LREIS for 2020 (LREIS2020), three
for 2015, including GMW for 2015 (GMW2015), PKF for 2015
(PKF2015), and CAS for 2015 (CAS2015), three for 2010, in-
cluding GMW for 2010 (GMW2010), PKF for 2010 (PKF2010),
and CAS for 2010 (CAS2010), and three for 2000, including
MChina for 2000 (Mchina2000), GMD for 2000 (GMW?2000),
and PKF for 2000 (PKF2000). Based on these mangrove prod-
ucts for the above four periods, an assessment is carried out of
three aspects: area comparison, spatial agreement, and accuracy.
The flowchart of this study is shown in Fig. 3.

D. Methodology

1) Area Comparison Analysis: The first step of our dataset
comparison was to compare the mangrove area of the datasets
for the four periods. Mangrove datasets were sliced from the
boundary data of the GBG and GBA. To accurately calculate
the area, all mangrove datasets were reprojected to the WGS84
Alberts cone projection. Area statistics for the eight mangrove
datasets were conducted using ArcMap (v10.2) software to
analyze the differences in mangrove distribution area in the
different mangrove datasets for the same time period.

2) Spatial Agreement Analysis: To intuitively represent the
spatial agreement distribution characteristics of the different
mangrove datasets, this study uses spatial overlay analysis on
the mangrove datasets for the periods of 2018-2020, 2015, 2010,
and 2000, respectively.

The specific steps are as follows. 1) Mangrove products prepa-
ration. Mangrove products from different mangrove datasets for
four periods are selected, including six mangrove products for
the period of 2018-2020 and three mangrove products for each of
the other three periods. 2) Overlay analysis. The spatial analysis
function of ArcMap (v10.2) software is used to overlay and
merge the mangrove products of the same period. 3) Spatial


http://www.sasclouds.com/penalty -@M chinese/platform/newsList/notic/detail/618cc900fd423278867penalty -@M c5dda
http://www.sasclouds.com/penalty -@M chinese/platform/newsList/notic/detail/618cc900fd423278867penalty -@M c5dda
http://www.sasclouds.com/penalty -@M chinese/platform/newsList/notic/detail/618cc900fd423278867penalty -@M c5dda
https://data.unep-wcmc.org/datasets/45
https://data.unep-wcmc.org/datasets/45
https://databasin.org/datasets/d214245ab4554bc1a1e7e7d9b45b9329/
https://databasin.org/datasets/d214245ab4554bc1a1e7e7d9b45b9329/
http://www.igadc.cn/
https://figshare.com/articles/dataset/Fujian_zip/14331785
https://figshare.com/articles/dataset/Fujian_zip/14331785
https://www.scidb.cn/en/detail?dataSetId
https://www.scidb.cn/en/detail?dataSetId

3442

1 1
1 1
1 1
| R R N (O () (R (R |
| 1
{ ]\ o
1 Y Y H
1 H 1
1 |

T
Regional

Global China
Dataset selection by four periods
2018-2020 2015 2010 2000
GMW ] [ GMW ] [ GMW ] [ GMD ]
2020 2015 2010 2000

MChina ZCP CAS CAS [ MChina ]
2018 2019 2015 2010 2000

I

Agreement analysis and accuracy assessment

| Area comparison ‘ Accuracy Assessment

‘\ Visual interpretation

Spatial agreement validation samples

Accuracy indicators
PA | UA . Kappa
v
Entire GBG& Coastline
region GBA buffer

T
1
[}
1
1
1
1
)
|
1

| Spatial overlay of mangrove datasets | v H
i
1
1
1
1
1
1
1
1
1
'
1
1

Fig. 3. Flowchart of the study.
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Fig. 4. Schematic diagram of the spatial overlay process taking three datasets
as an example (1: Mangrove; 0: Nonmangrove; H: High agreement; M: Medium
agreement; L: Low agreement; B: Background).

agreement level division. According to the number of different
mangrove products stacked together, the spatial agreement level
is divided into three levels from high to low: 1) high agreement,
where all three mangrove products at a certain location have
mangrove distribution, or 5-6 mangrove products for the period
of 2018-2020 have mangrove distribution; 2) medium agree-
ment, where two mangrove data products at a certain location
have mangrove distribution, or 3—4 mangrove products for the
period of 2018-2020 have mangrove distribution; and 3) low
agreement, where only one mangrove product at a certain loca-
tion has mangrove distribution, or 1-2 mangrove products for the
period of 2018-2020 have mangrove distribution. A schematic
diagram of the spatial overlay process for mangrove datasets is
shown in Fig. 4.

3) Accuracy Assessment: The confusion matrix is a com-
monly used accuracy assessment method to validate remote
sensing classification products [48]. Based on the confusion
matrix, overall accuracy (OA), producer accuracy (PA), user
accuracy (UA), and kappa coefficients can be calculated to char-
acterize the mangrove classification accuracy of each dataset.
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TABLE II
NUMBER OF VALIDATION SAMPLE POINTS FOR THE FOUR RESEARCH PERIODS
IN THE GBG AND GBA
Period
Region Type

2020 2015 2010 2000

GBG Mangroves 426 393 398 416

Others 74 107 102 84

GBA Mangroves 382 351 377 397
Others 118 149 123 103

The calculation formulas are as follows:

PA = x 100% (1)
Tyq
T4

UA = x 100% (2
Tij+

04 =2 L 100% 3)

=~ A
2 N2 (o _
Kappa _ X Zi:l T 2121(-%1—0— X x—H) (4)

N2 S (g X 47)

where x;; is the correctly classified points number of type i; X;
is the total points number of type i in the reference data; x;
is the total points number of type i in the data to be verified;
r represents the number of rows in the confusion matrix, and
the value of r here is 2; N is the total number of sample points,
including mangrove sample points and nonmangrove sample
points.

To obtain accurate and reliable validation sample points, we
mainly took the following steps: first, based on the spatial consis-
tency results, we stratified 600 random sample points by spatial
consistency level, including 300 in high consistency areas, 200
in moderate consistency areas, and 100 in low consistency areas.
Then, we label 600 random points by expert visual interpretation
and cross validation. Three experts label the random sample
points as mangrove sample points and nonmangrove sample
points by judging whether the random points are located in
the mangrove area based on sentinel-2 and Google Earth high-
resolution remote sensing images, and the sample points will
be retained only when the three experts’ judgments are con-
sistent. Finally, for areas with sparse ground samples, we refer
to the field survey data and crowdsourced data from the China
Mangrove Conservation Network (CMCN, http://www.China-
mangrove.org/)to supplement the sample points to ensure that
the number of validation samples in GBG and GBA reaches
500 in each period. The number of validation sample points in
the GBG and GBA in 2020, 2015, 2010, and 2000 is shown in
Table II, and the spatial distribution of validation sample points
is shown in Figs. 5 and 6. The six mangrove data products from
2018 to 2020 were evaluated for accuracy based on the validation
sample points from 2020, and the mangrove data products from
2015,2010, and 2000 were evaluated based on the corresponding
year’s validation sample points.
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Fig. 5. Spatial distribution of validation samples in the GBG in 2020, 2015,
2010, and 2000.

Fig. 6.  Spatial distribution of validation samples in the GBA in 2020, 2015,
2010, and 2000.

TABLE III
NUMBER OF MANGROVE VALIDATION SAMPLE POINTS AT DIFFERENT
DISTANCES FROM THE COASTLINE FOR FOUR PERIODS IN THE GBG

Distance Period
2020 2015 2010 2000

Inland 82 77 59 77
0—-200 m 56 58 44 43
200—400 m 55 65 64 54
400—600 m 63 48 55 71
600—800 m 45 49 54 48
800—1000 m 40 28 27 43
>1000 m 85 68 93 80

To further characterize the accuracy of mangrove products
with respect to distances from the coastline, taking GBG as an
example, this article used the Global Self-consistent, Hierarchi-
cal, High-resolution Geography (GSHHG) coastline dataset to
set up buffer zones of different distances from the coastline.
These buffer zones include the inland area along the coastline,
the area 0-200 m off the coastline, the area 200—400 m off
the coastline, the area 400-600 m off the coastline, the area
600-800 m off the coastline, the area 800-1000 m off the
coastline, and the area greater than 1 km from the coastline. The
number of mangrove sample points at different distances from
the coastline for four periods in the GBG is shown in Table III.
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TABLE IV
AREA STATISTICS OF EIGHT MANGROVE DATASETS FOR FOUR PERIODS IN THE
GBG (UNIT: HA)

Datasets Period
2018-2020 2015 2010 2000
MChina 8448.95 \ \ 5671.84
GMW 7839.41 8650.67 7715.66 \
GMD \ \ \ 3345.87
CAS \ 6784.56 7490.32 \
™ 7967.28 \ \ \
7CP 8520.29 \ \ \
PKF 8164.53 6984.81 6540.85 6179.67
LREIS 8144.25 \ \ \
TABLE V

AREA STATISTICS OF EIGHT MANGROVE DATASETS FOR FOUR PERIODS IN THE
GBA (UNIT: HA)

Datasets Period
2018-2020 2015 2010 2000
MChina 3323.79 \ \ 1312.21
GMW 1025.72 993.04 1016.43 \
GMD \ \ \ 2173.51
CAS \ 2825.84 1561.85 \
™ 2202.73 \ \ \
7CP 3961.01 \ \ \
PKF 4091.85 3321.54 1922.67 1934.28
LREIS 4955.05 \ \ \
III. RESULT

A. Area Comparison Analysis

Tables IV and V show the area of mangrove products in the
GBG and GBA, respectively, in the four periods. According to
the statistical results in Table IV, the mangrove areas of the six
mangrove products in the GBG during the period 2018-2020
were relatively similar. The largest area was from ZCP2019,
with a total area of 8520.29 ha, and the smallest area came
from GMW2020, with a total area of 7839.41 ha. In 2015,
the mangrove area of GMM2015 was 8650.67 ha, which was
nearly 2000 ha larger than that estimated from the CAS2015 and
PKF2015 products and may have been a significant overestima-
tion. In 2010, the mangrove areas of GMW2010 and CAS2010
were relatively similar at 7715.66 and 7490.32 ha, respectively,
and the mangrove area of PKF2010 was smaller, with an area
of 6540.85 ha. In 2000, the mangrove areas of MChina2000
and PKF2000 were relatively similar at 5671.84 and 6179.61
ha, respectively. The mangrove area estimated by GMD had a
significant difference, with an area of only 3345.87 ha.

According to the statistical results in Table V, there were
significant differences in the mangrove areas of the six mangrove
products in the GBA during the period 2018-2020. The largest
area was estimated by LREIS, with a total area of 4955.05 ha,
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Fig. 7. Spatial agreement distribution map of the different mangrove datasets
for the four periods, 2018-2020, 2015, 2010, and 2000, in the GBG ((a), (b),
(c), and (d) are four selected typical areas).

while the smallest area was estimated by GMW2020, with a
total area of 1025.72 ha. The average mangrove area of the six
mangrove products was 3260.03 ha, and the MChina2018, ZPC,
and PKF2020 products had relatively similar areas. In 2015, the
mangrove area estimated by GMW2015 was 993.04 ha, which
was approximately 2000 ha less than that estimated by CAS2015
and PKF2015, indicating significant underestimation. In 2010,
the mangrove areas of CAS2010 and PKF2010 were relatively
similar at 1561.85 and 1922.67 ha, respectively. The mangrove
area estimated by GMW2010 was still smaller, with an area of
1016.43 ha. In 2000, the mangrove areas of GMD and PKF2000
were relatively similar at 2173.51 and 1934.28 ha, respectively.
The mangrove area estimated by MChina2000 was smaller at
1312.21 ha.

B. Spatial Agreement Analysis

According to the spatial overlay method, the spatial agreement
distribution maps of mangrove products were obtained in the
GBG and GBA for the four periods, 2018-2020, 2015, 2010,
and 2000, as shown in Figs. 7 and 8. Selecting typical areas
for zooming in shows that the high agreement areas are mainly

South China Sea

2015

2018-2020 2010 2000

Fig. 8.  Spatial agreement distribution map of different mangrove datasets for
the four periods, 2018-2020, 2015, 2010, and 2000, in the GBA ((a), (b), (c),
and (d) are four selected typical areas).

distributed in the central regions of large mangrove patches,
while the low agreement areas are mainly distributed in small
mangrove patches or the edges of large mangrove patches. Vi-
sually comparing the spatial agreement maps of the two regions
shows that the agreement of mangrove datasets in the GBG is
better than that in the GBA due to the greater concentration and
larger patch size of mangroves in the former and the scattered and
fragmented distribution of mangroves in the latter. Furthermore,
the comparison of the spatial agreement distribution maps of
the four periods in the same region shows that the agreement of
the earlier mangrove datasets was lower, and as time passed, the
agreement among the mangrove datasets continued to improve.
Further statistical analyses were conducted on the areas of
different degrees of agreement and the proportions of high
agreement regions for the four periods in the GBG and GBA, as
shown in Fig. 9. The area of the low agreement was the highest
in the GBG and GBA for the four periods, and the area of low
agreement in the GBA exceeded the sum of the areas of the
high and medium agreement. The statistical results also showed
that the agreement of mangrove products in the GBG was better
than that in the GBA, with high agreement regions accounting
for over 20% for all four periods in the GBG, while in the GBA,
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for the six mangrove datasets assessed during the period 2018-2000 in the GBG
and GBA.

the proportion of high agreement regions for the four periods
was less than 20%.

To further quantify the contributions of the different man-
grove products to the spatial agreement, using 2018-2020 as an
example, the areas of high and medium agreement belonging
to each mangrove product and their proportion to the total area
of the product’s mangrove distribution range were calculated,
as shown in Fig. 10. According to the statistical results for
GBG [see Fig. 10(a)], ZCP and MChina2018 had the largest
areas at 7662.19 and 7468.47 ha, respectively, and TW and ZCP
had the largest proportions, accounting for 91.37% and 89.93%,
respectively. The product with the smallest area and proportion
was GMW2020, which had only 5209.88 ha of mangroves in
the high and medium agreement regions, accounting for 66.46%
of the total area of the product’s mangrove distribution range.
In addition, based on the statistical results for the GBA [see
Fig. 10(b)], ZCP and PKF2020 had the largest areas at 2936.19
and 2750.20 ha, respectively, and TW2020 and MChina2018
had the largest proportions, accounting for 90.00% and 76.24%,
respectively. The product with the smallest area was GMW2020,
with only 676.45 ha, and the proportion of the smallest area
was LREIS, accounting for 54.86%. Therefore, three data prod-
ucts, ZCP2019, MChina2018, and TW2020, can be considered
to have performed well in terms of spatial agreement, while
GMW2020 and LREIS showed significant differences from the
other mangrove products.

C. Accuracy Evaluation

1) Overall Accuracy Analysis in the Entire Study Area: In
general, the overall accuracy of the eight mangrove datasets in
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the four periods of the entire study area ranges from 56.2%
to 95.6% and presents a distinctive pattern as shown in Fig. 11.
In2018-2020, ZCP (95.6%)>MChina2018 (95.1%)>PKF2020
(84.7%)>TW (84.3%)> LREIS (81.6%)>GMW?2020 (56.2%);
in 2015, CAS (91.0%)>PKF (90.9%)>GMW (82.2%); in 2010,
PKF2010 (90.6%)>GMW2010 (85.1%)>CAS2010 (81.4%);
and in 2000, MChina2000 (94.9%)> PKF2000 (92.5%)>GMD
(77.8%). Therefore, the accuracy of the national- or regional-
scale mangrove datasets in the study area is higher than that
of the global-scale mangrove datasets. In addition, mangrove
data products that use high-resolution remote sensing imagery
as the classification data source perform extremely well, such
as MChina2018, based on GF high-resolution images with a
resolution of 2 m, and ZCP, based on Sentinel images with a
resolution of 10 m, which both exhibit the highest accuracy.

2) Accuracy Evaluation for GBG and GBA: The overall ac-
curacy and kappa coefficient of the mangrove datasets in the
four periods in the GBG are shown in Table VI. For 2018-2020,
ZCP and MChina2018 have the highest accuracy; GMW?2020
and LREIS have the lowest accuracy. In 2015, the accuracy of
CAS2015 was the highest, while GMW had the lowest accuracy.
In 2010, PKF2010 had the highest accuracy, while CAS2010
had the lowest accuracy. In 2000, MChina2000 had the highest
accuracy, and GMD had the lowest accuracy.

From the perspective of producer accuracy and user accuracy
(see Fig. 12), the producer accuracy of the different mangrove
datasets in the GBG varies significantly among the same periods.
Among the six mangrove products evaluated in the 2018-2020
period, ZCP had the highest producer accuracy of 96.5%, while
GMW had the lowest producer accuracy of only 59.4%. In 2015,
the producer accuracy of the three data products was between
88.3% and 92.6%. Similarly, in 2010, the producer accuracy
of the three data products was between 86.7% and 93.2%. In
2000, the producer accuracy of the three data products was
between 76.7% and 94.5%. In comparison, the user accuracy of
the mangrove datasets in the different periods is always high and
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TABLE VI
OVERALL ACCURACY AND KAPPA COEFFICIENT OF THE MANGROVE DATASETS
FOR THE FOUR PERIODS IN THE GBG

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

TABLE VII
OVERALL ACCURACY AND KAPPA COEFFICIENT OF THE MANGROVE DATASETS
FOR THE FOUR PERIODS IN THE GBA

Precision (%)

Precision (%)

Period Dataset Period Dataset
OA Kappa OA Kappa
MChina 96.4 86.9 MChina 93.8 83.8
GMW 63.4 24.0 GMW 49.0 17.7
20182020 ™ 86.8 60.5 2018—2020 ™ 81.8 59.6
ZCP 96.8 88.2 ZCP 94.4 84.2
PKF 84.6 54.8 PKF 84.8 60.2
LREIS 83.2 53.6 LREIS 80.1 45.8
GMW 82.6 49.1 GMW 81.8 60.0
2015 PKF 92.6 79.5 2015 PKF 89.2 71.6
CAS 93.8 82.5 CAS 88.2 69.0
GMW 82.4 46.2 GMW 87.8 69.4
2010 PKF 87.6 60.7 2010 PKF 93.6 82.6
CAS 81.2 44.5 CAS 81.6 49.9
MChina 94.2 80.8 MChina 95.6 87.2
2000 PKF 89.8 61.2 2000 PKF 95.2 85.0
GMD 76.2 372 GMD 79.4 44.4
Ew.]_lll‘ll | ‘ ‘ ‘ | |‘ ~§:E:EJ_||_||| ‘ | ‘ ‘ ‘ ‘ ‘ gzz:: ‘ ‘ ‘ ‘
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Fig. 12. Producer accuracy (a) and user accuracy (b) of the eight mangrove
datasets during the four periods in the GBG.

relatively similar. In the 2018-2020 period, the user accuracy of
all six data products exceeded 96%. In 2015, the user accuracy
of the three data products was between 89.4% and 97.9%. In
2010, the user accuracy of the three data products was between
89.1% and 91.4%. In addition, in 2000, the user accuracy of the
three data products was between 93.5% and 98.5%.

The overall accuracy and kappa coefficient of the mangrove
datasets in the different periods of the GBA are shown in
Table VII. The results show that for 2018-2020, ZCP and
MChina2018 had the highest accuracy; GMW2020 and LREIS
had the lowest accuracy. In 2015, the accuracy of PKF2015
was the highest. In 2010, PKF2010 had the highest accuracy;
CAS2010 had the lowest accuracy. In 2000, the accuracy of
MChina2000 was the highest; the accuracy of GMD was the
lowest.

In terms of producer accuracy and user accuracy (as shown
in Fig. 13), there are significant differences in the producer
accuracy of the mangrove datasets in the GBA during the four
periods. Among the six datasets evaluated during 2018-2020,
ZCP had the highest producer accuracy of 97.1%, while GMW

(a) (b)

Fig. 13.  Producer accuracy (a) and user accuracy (b) of the eight mangrove
datasets for the four periods in the GBA.

had the lowest producer accuracy of only 34.6%. In 2015, the
producer accuracy of the three datasets ranged between 80.6%
and 99.1%. In 2010, the producer accuracy of the three datasets
ranged between 88.3% and 96.2%. In addition, in 2000, the
producer accuracy of the three datasets ranged between 82.5%
and 97.7%. For user accuracy, mangrove datasets for the four
periods in the GBA all had accuracies of over 85%. During
2018-2020, the user accuracy of the six datasets ranged between
87.4% and 99%. In 2015, the user accuracy of the three datasets
ranged between 86.7% and 92.4%. In 2010, the user accuracy of
the three datasets ranged between 87.4% and 95.1%. In addition,
in 2000, the user accuracy of the three datasets ranged between
90.8% and 99.0%.

Comparing the accuracy evaluation results of the mangrove
datasets in the GBG and the GBA, the accuracy of the same
mangrove product in the GBG is higher than that in the GBA.
Taking the period 2018-2020 as an example, in the GBG,
the overall accuracy is higher than 4.5% on average, and the
kappa coefficient is 2.8% higher on average, indicating that the
heterogeneity of mangrove distribution in different regions can
have a clear impact on the mangrove classification accuracy.
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3) Accuracy Evaluation at Different Distances From the
Coastline: Based on mangrove sample points at different dis-
tances from the coastline (as shown in Table III), the classifi-
cation accuracy of the lowest accuracy mangrove products in
the four periods in the GBG was evaluated, attempting to find
the reasons for the low accuracy of these mangrove products.
To highlight the contrast effect, the accuracy scores obtained by
subtracting the producer accuracy of mangrove data products in
each buffer area from the producer accuracy of the product in
the overall area are shown in Fig. 14. The accuracy scores of the
four data products in the inland area and the 0-200 m coastal
buffer zone were all lower than 0, and the accuracy scores of
GMW2020 and GMW2015 were nearly —25% in the inland
area, indicating that the classification accuracy of mangroves
is poor in near land areas. However, in areas more than 200 m
off the coastline, most of the accuracy scores of the mangrove
products were higher than 0, indicating that the overall accuracy
of the mangrove classification is better in offshore areas. The
reason for this may be that other evergreen vegetation growing
in nearshore areas is easily confused with mangroves, which
brings challenges to the accuracy of mangrove mapping.

IV. DISCUSSION

A. Comprehensive Evaluation

This study systematically evaluated the available mangrove
datasets from 2000 to 2020 in the GBG and the GBA in terms
of area comparison, spatial agreement, and absolute accuracy.
For the area comparison, global-scale mangrove datasets such
as GMW and GMD have obvious differences in area from the
other mangrove data products for the same period.Regarding
spatial agreement, among the evaluated mangrove products
for 2018-2020, TW, ZCP, and MChina showed higher spatial
agreement with other mangrove data products, while GMW
and LREIS showed lower spatial agreement. For the accuracy
evaluation, the differences in producer accuracy among the four
periods of mangrove data products were significant, while the
differences in user accuracy were relatively low. This indicates
that misclassifying nonmangrove areas as mangrove areas was
rare in all mangrove datasets, and the differences in classification
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accuracy were reflected in the completeness of the extracted
mangrove distribution ranges. During the period 2018-2020, the
overall accuracy of ZCP and MChina was the highest, at 95.6%
and 95.1%, respectively, while the overall accuracy of GMW
was the lowest, at only 56.2%. In 2015, the overall accuracy
of CAS was the highest, at 91%, while that of GMW was the
lowest, at only 82.2%. In 2010, the overall accuracy of PKF
was the highest, at 90.6%, while that of CAS was the lowest,
at only 81.4%. In 2000, the overall accuracy of MChina was
the highest, at 94.9%, while that of GMD was the lowest, at
only 78.8%. Based on the above evaluation analysis, for further
research on mangroves in the GBG and GBA, the MChina and
ZCP datasets should be preferentially selected as the basic data
for mangrove distribution. For specific years, the use of CAS
datasets is recommended for 2015, and the use of PKF datasets
is recommended as a supplement for 2010.

In conclusion, different mangrove datasets have their own
advantages and disadvantages. Among them, GMD, GMW, and
LREIS, as global mangrove datasets, are of great significance for
understanding the distribution of global mangroves, but there is
still room for improvement in accuracy. In particular, GMD, as
an early mangrove dataset, provides ideas and method guidance
for subsequent mangrove mapping research. The time range of
the GMW dataset covers 1996-2020, which has a good reference
value for understanding the dynamic changes of mangroves
around the world. As a global mangrove dataset, LREIS’s overall
accuracy in the GBG and the GBA is close to that of small-scale
mangrove datasets of the same period, and has great application
potential. The PKF dataset covers a wide time range, but its
spatial range only includes GBG and GBA. MChina, ZCP, and
CAS, as three China-wide mangrove datasets, provide valuable
data for mangrove-related research in China. Among them, the
MChina dataset used GF images as the data source in 2013
and 2018 to achieve remote sensing monitoring of mangroves
with a resolution of 2 m, and obtained a precise and accurate
distribution of mangroves in China. The ZCP dataset uses free
Sentinel images as the data source to achieve methodological
and theoretical innovation, and the classification obtains the
distribution of mangroves in China with a high-precision 10m
resolution. The CAS dataset is an earlier China-wide mangrove
dataset with 30m resolution. It also has good data accuracy and
fills the gaps in China’s mangrove distribution data in 2010
and 2015. The TW dataset covers the entire East Asia region
and has high spatial resolution and data accuracy. The dataset
not only includes mangrove categories but also salt marsh and
tidal flat categories, and is of unique value for studying mangrove
wetland ecosystems.

B. Factors of Differences Among the Mangrove Products

The analysis of the agreement and accuracy of various man-
grove datasets from 2000 to 2020 shows certain differences
among different mangrove datasets. This study suggests that the
main reasons for the differences are as follows.

1) The difference in the classification spatial scale directly

affects the consistency among the datasets. The GMW,
GMD, and LREIS mangrove datasets at the global scale
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3)
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have lower agreement and classification accuracy than
other mangrove datasets at the national and regional
scales. This is related to the difficulty of mangrove clas-
sification at the global scale, such as the selection of
accurate samples and the differences in mangrove species
and characteristics in different regions, which easily lead
to deviations between global mangrove datasets and the
actual distribution of mangroves in specific locations [2].
In contrast, global mangrove mapping requires significant
time and cost, and thus, to avoid redundant classification
processes, some long-term mangrove datasets will use the
mangrove distribution of a specific year as a baseline, and
the mangrove distribution of other years will be corrected
accordingly. However, mangrove ecosystems are signif-
icantly affected by human activities and tidal changes,
and their distribution ranges change over time, leading
to a decrease in accuracy for nonbaseline year mangrove
products [49]. For example, the GMW dataset used the
product for 2010 as the baseline, and its classification
accuracy of the mangrove map for 2010 was significantly
higher than that for other years.

The difference in data sources is also the main factor lead-
ing to inconsistencies. The resolution of the data source
directly affects the accuracy of classification, especially
in the mangrove boundary areas, where inconsistencies
are particularly evident. Data source with higher reso-
lution can extract mangrove boundaries more precisely
and effectively reduce interference from mixed pixels
[50], [51]. For example, PKF2020 uses Landsat 30 m
resolution remote sensing images as its data source, and its
classification accuracy is significantly lower than that of
MChina2018 using 2 m high-resolution images from the
GF satellite as the data source and ZCP using Sentinel-2
10-m resolution remote sensing images as the data source.
Different classification methods and strategies can also af-
fect the consistency between different datasets. At present,
most mangrove products are classified using machine
learning methods such as random forest classifiers and
support vector machines, but there are also differences
in classification strategies such as feature selection, im-
age selection and processing, sample point selection, and
postclassification processing. For example, ZCP uses mul-
tisource and multitemporal classification features [52],
TW integrates tidal and phenological features [33], CAS
adopts object-oriented methods [23], and MChina uses
meticulous manual editing and strict on-site verification of
classification results in postprocessing [28]. These meth-
ods and strategies have improved the accuracy of man-
grove classification to varying degrees, but also caused
differences between mangrove datasets.

Tidal inundation affects consistency between mangrove
datasets. Mangroves grow in the intertidal zone of the
coast, and some mangrove areas are regularly submerged
by tides. Therefore, only when the remote sensing image
is captured at the lowest tide level and the mangrove is
completely exposed on the mudflat, a complete mangrove
mapping result can be obtained. However, in most cases,

5)

the images available for mapping are not recorded at
the lowest tide level, and may even be obtained at high
tide level, leading to an underestimation of the spatial
distribution of mangroves. So even for mangrove datasets
of the same year, differences in the acquisition time of
the original images used can lead to variations in the
degree of tidal inundation affecting the mangroves, ul-
timately resulting in inconsistency among the mangrove
datasets [53], [54], [55]. This study only compares the
consistency of mangrove spatial distribution from vari-
ous mangrove datasets to identify more applicable man-
grove products. Subsequent research will quantitatively
explore the impact of tidal inundation on mangrove spatial
distribution.

Moreover, the number and quality of validation samples
can also impact the results of the consistency evaluation.
The validation sample points used in this study were
mainly selected through visual interpretation of Google
Earth images and may be conservative due to personal
subjective factors in the selection of sample points. In
particular, for nonmangrove sample points, only points
determined not to be mangrove areas were selected, which
may be the reason for the high user accuracy of various
mangrove data products. Therefore, it is essential to es-
tablish a shared and updated mangrove sample library for
the production of mangrove products and analysis of their
results [56].

C. Implications for Future Mangrove Mapping

For future research on mangrove mapping, the results of this
study primarily suggest the following three points.

1)

2)

First, mangroves should be mapped at fine resolution.
The European Sentinel-2A and Sentinel-2B satellites,
launched by the European Space Agency in June 2015
and March 2016, respectively, can provide global cov-
erage with 5 day repeat and 10 m spatial resolution
imagery. Their data are publicly available and can be
used to conduct high-temporal and spatial monitoring
of mangroves [57]. In addition, the analysis results of
this study show that the use of high-resolution remote
sensing images can enhance the identification of small
and fragmented mangrove areas, thereby improving the
accuracy of mangrove classification results. Therefore,
the use of high-resolution remote sensing imagery for
fine-resolution mangrove mapping is recommended.
Second, mangroves should be mapped on a global scale.
According to the results of this study, the existing global-
scale mangrove products, such as GMW and GMD, still
have room for improvement in accuracy. Meanwhile,
the new cloud computing platform Google Earth Engine
(GEE) can access large amounts of remote sensing data,
and its powerful processing capabilities also provide great
convenience for the production of global-scale data prod-
ucts [58], [59]. Therefore, the use of the GEE cloud
platform to perform global-scale mangrove mapping in
the future is recommended.
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3) Finally, conducting mangrove mapping research by
integrating multisource data is recommended [60], [61].
Based on the research results, the classification accuracy
of mangrove data products in inland areas is lower than
the overall level. This may be due to the high spectral
similarity between mangroves and terrestrial vegetation,
which can easily lead to confusion and misclassification
[62]. Therefore, the use of multispectral and hyperspectral
data fusion and multisensor data fusion shows enormous
potential for future mangrove mapping. For example, dur-
ing the production process of the ZCP product, Sentinel-1
SAR images, Sentinel-2 optical images, and digital terrain
data were used to classify mangroves, effectively improv-
ing the accuracy of mangrove classification.

V. CONCLUSION

This article takes the GBG and GBA as the study areas
and uses methods such as area comparison, spatial agreement,
and accuracy assessment to analyze the consistency of vari-
ous mangrove distribution datasets in four periods, 2018-2020,
2015, 2010, and 2000. Eight mangrove datasets were evaluated:
MChina, ZCP, TW, GMW, LREIS, PKF, CAS, and GMD. The
main conclusions of the study are as follows.

1) From the results of the area comparison and spatial agree-
ment analysis, significant differences exist in mangrove
area and spatial distribution among the different mangrove
datasets in the study area. The percentage of high agree-
ment areas in the four periods is between 10% and 42%.

2) From the results of the accuracy evaluation, the over-
all accuracy of the evaluated mangrove datasets is be-
tween 56.2% and 95.6%. The ZCP and MChina datasets
have the highest accuracy at approximately 95%, and the
GMW dataset has the lowest accuracy, between 56.2%
and 85.1%. In addition, due to the influence of other land-
based evergreen vegetation, the classification accuracy of
mangrove datasets in inland areas is lower than the overall
level.

3) From the perspective of regional comparison, the agree-
ment and accuracy of mangrove datasets in the GBG are
better than those in the GBA. The percentage of high
agreement areas is higher by 10%—-20%, the overall accu-
racy in the 2018-2020 period is on average 4.5% higher,
and the kappa coefficient is on average 2.8% higher. The
mangroves in the GBA are more closely related to human
activities. They are scattered and fragmented, which poses
greater challenges to mangrove mapping.

4) For future mangrove mapping, from the perspective of
spatial resolution, the 30-m resolution mangrove dataset
has a more complete time range, but its accuracy is lim-
ited. The higher resolution mangrove datasets produced
based on Sentinel, GF, and other satellite images have
sufficient accuracy, but they are only single-period data
for each year. Therefore, long-time sequence fine-scale
mangrove mapping should be based on high-resolution
remote sensing satellite images such as Sentinel to meet
the needs of precise and continuous mangrove monitoring
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in the future. From the classification scale perspective,
the accuracy of the global mangrove dataset still has
room for improvement. The rise of the computer cloud
platform GEE has brought great convenience for global
mangrove mapping. Utilizing the GEE cloud platform to
carry out global-scale mangrove mapping has tremendous
application potential.

In general, the findings of this study not only provide guidance
for data users to select appropriate mangrove datasets but also
provide some reference for future mangrove mapping research.
At the same time, this study also provides necessary information
for remote sensing monitoring and conservation management of
mangroves in the GBG and GBA.
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