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Abstract. Mangrove forests are found along shallow shorelines with modest slopes where they
receive freshwater runoff and nutrients from rainfall. They have been globally recognised as
having a vital function in preventing coastal erosion, mitigating wave actions, and protecting
coastal habitats and adjacent shoreline land-uses from extreme coastal events. Using Sentinel-
2A, the spatial distribution of mangrove forests was constructed over three years. The accuracy
assessment showed that the overall accuracy of the 2019 Sentinel-2A classification was 93.6 %
with a Kappa coefficient of 0.90, and the accuracy of the Sentinel-2A in 2015 and 2017 was also
more than 90.0 % with a Kappa coefficient of 0.87. There were 2327.9 ha of mangrove forests in
2019; 2007.9 ha in 2017; and 1881.3 ha in 2015. The AGB of mangrove forests in Thai Thuy
has increased over time. In 2015, the area of mangrove forests with AGB higher than 7.3 tons
ha’ and AGC more than 3.42 tons ha™ was estimated at about 877.2 ha, the area of mangrove
forests with AGB and AGC greater than 7.3 and 3.42 tons ha™, respectively, increased to 1067.6
ha in 2017, and there were 1241.1 ha with AGB over 7.3 tons ha™ and AGC greater than 3.42
ton ha™ in 2019. There were small variations of AGB and AGC of mangrove forests between
field measurements and Sentinel-based estimation in 2019. Therefore, using Sentinel-2A to
estimate AGB and AGC of mangrove forests is reliable and applicable to the Thai Binh coast
and it needs to be tested in other similar coastal areas in Viet Nam.
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1. INTRODUCTION

Mangroves or tide-dominated mangroves are found along shallow shorelines with modest
slopes where they receive freshwater runoff and nutrients from rainfall and have a high salinity
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concentration [1, 2, 3, 4, 5, 6]. They are also subjected to wave actions and storm surges [7], and
are flushed by regular tides [5]. Significantly, mangrove forests have been globally recognised as
having a vital function in preventing coastal erosion, mitigating effects of wave actions, currents
and storm surges, and protecting coastal habitats and adjacent shoreline land-uses from extreme
coastal events [8, 9, 10, 11]. Although their significantly functional values are well-recognised,
they are still being deforested and degraded for coastal settlement, and aquaculture, resulting in a
loss of ecosystem services and associated economic benefits [12, 13]. Consequently, a rapid
reduction of mangrove extents together with the associated impacts of increased severity of
storms has the potential to impact catastrophically on coastal communities.

In Viet Nam, mangrove forests are recently recognised as a highly valuable resource [14,
15]. These unique coastal forests provide multiple ecosystem services, including carbon storage,
wood production for building, fish trap construction and firewood, habitat for aquatic food
resources, and most importantly shoreline stability and erosion control [8, 16]. However, the
area of mangrove forests has rapidly declined over time; from an estimated 408,500 ha in 1943
to 290,000 ha in 1962, to 252,000 ha in 1982; and to 155,290 ha in 2000 [17, 18]. Remarkably,
recent evidence has shown that the area of mangrove forests increased to 210,000 ha in 2008
thanks to a National Action Plan for Mangrove Protection and Development, and other
international mangrove restoration and rehabilitation programs [17, 18, 19]. Despite this national
increase, some areas are now still experiencing a decline of mangrove covers [19]. In Thai Binh
province, increased fragmentation of mangroves has reduced their capacity to withstand coastal
processes, such as coastal currents, wave actions, semi-exposed coastline locations [2, 20, 21]. In
addition, the underestimation of the value of mangrove forests and weak management and
protection have also led to severe degradation of mangroves over the years. This is resulting in
the loss of key mangrove resources and associated ecosystem services, also threatening the local
livelihoods by increased vulnerability of coastal communities to storm surges with large storms
and typhoons. Therefore, an integrated approaches, including payments for carbon sequestration
of mangrove forests should be adopted to restore and re-establish mangroves in Thai Binh
province.

Currently, climate change has been affecting negatively the world-wide environment and
Viet Nam is one of the most severely affected countries, including Thai Binh province [22, 23,
24]. Therefore, to reduce carbon emissions by enhancing mangrove restoration and rehabilitation
activities, and monitoring mangrove emissions is extremely essential due to main carbon storage
sources in the world from mangrove forests [25, 26].

In order to estimate mangrove ecosystem services, including carbon sequestration and
storage, it is necessary to first assess trends of mangrove dynamics associated with biomass and
carbon stocks in Thai Binh province. Various remote sensing technologies and techniques have
extensively applied to monitor mangrove forest dynamics and estimate carbon stocks due to their
large spatial-temporal coverage, cost effectiveness, ready availability and applicability [1, 27,
28, 29, 30, 31, 32, 33, 34]. Despite the global extensive application of remote sensing and GIS
technologies and techniques to monitor the spatial-temporal dynamics of mangrove forests, such
as mangrove extents, biomass and carbon stocks, accurate and reliable information on estimates
of mangrove biomass and carbon stocks based on remote sensing data in Thai Binh and Viet
Nam is very limited.

The aim of this study was to quantify spatial-temporal extents of mangrove forests in Thai
Thuy district, Thai Binh province from 2015 to 2019 by using Sentinel-2A imageries. The AGB
and AGC of mangrove forests, and their changes in selected periods were estimated. The
findings obtained were then used to inform coastal management planning and policy
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development, particularly related to the sustainable management of mangrove forests in
connection with C-PFES, and likelihood improvements in the face of a changing climate in Viet
Nam.

2. MATERIALS AND METHODS
2.1. Study site and materials
2.1.1. Study site

Thai Thuy is a coastal district of Thai Binh province in the Red River Delta region of Viet
Nam that covers an area of 268,44 km? [35, 36]. This district has a population of 250,222 in
2019 [35, 36]. The district centre is located in Diem Dien town. This study selected Thai Thuy
district as a study site due to mainly spatial distribution of mangrove forests with dominant
species, known as Kandelia obovata, Sonneratia caseolaris, Rhizophora stylosa, and Aegiceras
corniculatum (Fig. 1).
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Figure 1. Study site: (a) Geographical location of Thai Binh province in Viet Nam;
(b) Thai Thuy district in Thai Binh province.

2.1.2. Materials

In this study, the multi-temporal Sentinel-2A imageries (2015-2019) were used to detect
mangrove covers, and then to calculate AGB (Above-ground biomass) and AGC (Above-ground
carbon stocks) of mangrove forests (Table 1). In addition, the PlanetScope images in 2017 were
used for accuracy assessments of the 2017 Sentinel-2A images in combination with the field
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survey conducted in 2019 and Google Earth data because the 2017 PlanetScope images offer a
higher spatial resolution (3 m x 3 m) than the Sentinel-2A images (10 m x 10 m), but it is only
available for 2017.

Table 1. Remotely sensed satellite imageries used in this study.

ID Image codes Date Resolution (m) Remarks
1*  S2A_MSIL1C_20190928T031650 28/9/2019 10 x 10 Sentinel 2A
3*  S2A _MSIL1C_20171217T033108 17/12/2017 10 x 10 Sentinel 2A
4*  S2A MSIL2C_20150810T0331200 10/8/2015 10 x 10 Sentinel 2A
5° 20170529 023943 1027_3B_AnalyticMS 03/6/2017 3x3 PlanetScope

20170605_062510_0c43_3B_AnalyticMS 05/6/2017 3x3 PlanetScope

20170605_062509 0c43_3B_AnalyticMS 05/6/2017 3x3 PlanetScope

20170603_023945_1006_3B_AnalyticMS 03/6/2017 3x3 PlanetScope
6° DEM 2011 30x30

Sources: ®http://earthexplorer.usgs.gov; https://www.planet.com/explorer

2.2. Methods
Field data collection

Data were gathered from three types of coastal land use and cover in 2019, including
mangrove forests (closed and open canopy), non-mangrove land use (abandoned aquaculture
pond, bare and wet land, other non-mangrove plants, and others), and water bodies. This study
intended to focus on mangrove forests for the calculation of above-ground biomass (AGB) and
above-ground carbon (AGC) rather than other land covers. Therefore, plots were set up only for
mangrove survey. Sites for plot establishment were randomly taken for biomass measurements,
which were across over the Thai Thuy coast (Fig. 1). Linear circular plots with a radius of 7 m
along the transects were set up to collect data required for the estimation of mangrove biomass
(Fig 1). Each transect has up to three circular plots, spaced 30 m apart [37, 38]. At each plot, all
measurements (mangrove diameter at the breast height, D, 3) necessary to determine the biomass
were conducted, according to Kauffman and Donato’s method of calculating mangrove biomass
stocks [38]. Within each mangrove plot, geographic coordinates were recorded using a Garmin
76cs GPS. A total of 32 plots were set up in this study, which were used for mangrove biomass
and carbon calculation. In addition, there were 250 GPS points in 2015, 250 points in 2017 and
250 points in 2019 collected for three classes (mangrove forests, waters, and others including
non-mangrove forest plants, built-up areas, bare and wet land and others) across over the Thai
Thuy coast for accuracy assessments.

Image analysis
Sentinel-2A images were already geo-referenced. In order to obtain a pixel-to-pixel match

between two images, Sentinel-2A in 2019 was used to register 2017 PlanetScope images to
improve geometric accuracies. This geometric correction was required to improve the geo-
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location to a root mean square error of less than a pixel and the accuracy of subsequent change
analysis. All images were geo-referenced to UTM WGS 1984 Zone 48N projection and datum.

Masking possible mangrove areas was conducted to reduce unnecessary data volume and
increase overall classification accuracy. In order to mask possible mangrove areas accurately,
higher spatial resolution images in this study, including PlanetScope (3 m x 3 m) and Google
Earth images were used to delineate the boundary of possible mangrove areas from other land
use and land cover types. The delineated boundary was then checked with the field survey to
ensure that every possible mangrove areas were included within the boundary. Remarkably,
mangrove forests in the study site are separated from other land use and land cover types by the
dyke system. Therefore, there was no difficulty in delineating the boundary of possible
mangrove areas at the study sites. In addition, the 30-m SRTM DEM data, their derived slope
and elevation were also employed to mask out the regions of high elevation and steep-slope
where mangrove forests are not likely to occur [39]. The mask was then used to define the
mangrove areas in the pre-processed Sentinel-2A images (2015, 2017 and 2019). These images
were clipped to extract only areas where mangrove forests were more likely to be present (e.g.
low-lying areas and inter-tidal zones), and to exclude large coastal areas where mangrove forests
did not occur (e.g. far inland, highlands and open ocean) before the image classification was
undertaken [40].

Image classification

In this study, Normalised Difference Vegetation Index (NDVI) was used for image
classification [41]. NDVI calculation is defined as follows:

NDVI=(p8 - p4)/(p8 + p4) (D)

Where p4 and p8 are known as the reflectance values from Band-4 (RED) and Band-8 (NIR) of a
Sentinel-2A image, respectively. NDVI has been extensively and intensively used to estimate
vegetation properties, despite being prone to noise from variations in atmospheric and soil
conditions, and tending to saturate with increasing vegetation density [42, 43]. NDVI values
range from —1.0 to 1.0, but are between 0 and 1.0 for vegetation because p8 is typically larger
than p4 [43].

Raster Calculator in Spatial Analyst Tools in ArcGIS (Version 10.4.1) was then used to
calculate NDVI values, AGB and AGC of mangrove forests. In this study, images were
classified according to the NDVI values with the ground truthing. These training samples were
selected as points to represent distinct sample areas of various land cover types to be classified
as mangroves (named mangrove forests), water bodies and others (non-mangrove plants, bare
and wet soil, built-up areas, and others).

Post classification and accuracy assessments

In post-classification process, the filtering process was also applied to remove isolated
pixels or noise from the classification output. The filtered classified image was then used as the
final mangrove cover map for each year. The spectral classes were visually compared with the
reference data derived from the sample plots, ground truthing, Google Earth and LULC map
sheet (1/50,000) to verity land cover classification accuracy. The 2017 PlanetScope images (3 m
x 3 m) provide a higher spatial resolution reference data set that is suitable for assessing the
classification accuracy of the Sentinel-2A in 2017. Therefore, the accuracy matrix was
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conducted based on comparison of the 2017 PlanetScope and 2017 Sentinel-2A images, while
the 2019 and 2015 Sentinel-2A images were assessed based on Google Earth images in 2015 and
field survey in 2019.

Estimation of changes in AGB and AGC of mangrove forests from remote sensing data

In order to calculate the above-ground biomass (AGB) of mangrove forests, this study used
the regression model developed from the independent variable Normalized Difference
Vegetation Index (NDVI) by Bindu et al., [44] instead of developing calculation formula for
Thai Binh mangroves. The reason is that the study aimed to test whether how applicable and
reliable the AGB’s formula of Bindu et al., [44] compared to the field-based data can be used to
Thai Binh mangrove forests. In other words, it is necessary whether to develop the AGB and
AGC calculation for Thai Binh mangrove forests. Therefore, AGB was calculated using NDVI
data from Sentinel-2A images as shown in the following formula:

AGB = 0.507*MPV"*%3)[44] )

carbon stocks were then obtained by multiplying the total AGB with a conversion factor of 0.47
(47.0 % of biomass) known as Above-ground carbon (AGC) [45]. Changes in AGB and AGC of
mangrove forests were estimated using Spatial Analyst Tools in ArcGIS 10.4.1.

AGC (Above-ground carbon) = AGB * C organic (0.47 is a conversion factor) (€))
ACS (Amount of CO, sequestration from AGB) = 3.67 * AGC [46] 4

Estimation of changes in AGB and AGC of mangrove forests from field survey data

In this study, allometric equations for Above-ground biomass (AGB) developed by
Komiyama et al., [47] were used to calculate the AGB of mangrove forests in Thai Thuy coast
as shown in the formula below:

AGB = 0.251*p*DBH**[47] (5)

where p is species-specific wood density. The AGB was calculated separately for each species
and average value was taken. AGC and ACS of field-plot survey were calculated the same as
AGC and ACS estimated from remote sensing data.

3. RESULTS AND DISCUSSION
3.1. Mangrove extents in Thai Thuy district
Accuracy assessments of Sentinel-2A classification

The accuracy evaluation showed that the overall accuracy of the 2019 Sentinel-2A
classification was 93.6 % with user accuracy of 93.2 % and producer accuracy of 95.9 % for
mangrove extents, and a Kappa coefficient of 0.90 (Appendix 1). It was therefore assumed that
the use of Sentinel-2A images was adequate for mapping temporal changes in mangrove forests
[48, 49]. The accuracy assessments of 2017 and 2015 Sentinel-2A images also indicated that
there were all more than 90.0 % of the overall accuracy with a Kappa coefficient of 0.87, while
user accuracy assessments were high for all classes (Appendix 2 and 3).
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Spatial mangrove extents in Thai Thuy district

From the classified images, it was shown that there were 1881.3 ha, 2007.9 ha, and 2327.9
ha of mangrove forests in 2015, 2017 and 2019, respectively (Fig. 2). Our study revealed that
mangrove forests in Thai Thuy have been distributing over 5 coastal communes, including Thuy
Hai, Thuy Xuan, Thuy Truong, Thai Do, and Thai Thuong. However, the field survey indicated
that mangrove forests have mostly distributed in Thuy Truong and Thuy Xuan communes with
dominant species as Sonneratia caseolaris, while most of the remaining mangroves in Thai
Thuy district are mixed plantations of Kandelia obovata, Sonneratia caseolaris and Rhizophora
stylosa.
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Figure 2. Spatial distribution of mangrove forests in Thai Thuy district, Thai Binh province
(Sentinel-2A: 28/9/2019, 17/12/2017 and 10/8/2015).

As can be seen from Fig. 2, there were 3 classes classified from 2015, 2017 and 2019
Sentinel-2A images, including mangrove forests (NDVI > 0.158); others (0.001< NDVI < 0.158,
including bare and wet soils; non-mangrove plants; built-up areas; and others); and water bodies
(NDVI < 0.001 to negative values). In this study, mangrove forests were the main object.
Therefore, from the status map of land use and covers, mangrove forests were separated from
others and water bodies for estimating mangrove AGB and AGC based on the threshold of
NDVI values and formula of Bindu et al., [44].

3.2. Estimation of mangrove AGB and AGC
3.2.1. AGB and AGC of mangrove forests

In this study, the formula of Bindu et al., [44] was adopted to estimate above-ground
biomass (AGB) of mangrove forests in 2015, 2017 and 2019 for Thai Thuy district, then above-
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ground carbon (AGC) of mangrove forests across those three years was estimated. The results
are shown in Fig. 3 and Fig. 4.
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Figure 3. Spatial distribution of AGB of mangrove forests in 2015, 2017 and 2019.

As shown in Fig. 3, AGB of mangrove forests in Thai Thuy district has been fluctuated
over time, from 2015 to 2019. In particular, a maximum value of mangrove AGB was estimated
at 340.38 kg pixel™ (equivalent to 34.04 ton ha™) with an average value of 69.8 kg pixel™ in
2015 (equal to 6.98 ton ha™), then increased to 504.02 kg pixel™ in 2017 (equivalent to 50.4 ton
ha, an average value of 106.7 kg pixel™), but decreased to 419.74 kg pixel™ in 2019 (equivalent
to 41.97 ton ha, an average value of 82.0 kg pixel™). To categorise mangrove ABG into three
classes, namely low (NDVI: 0.158 + 0.3), medium (NDVI: 0.3 + 0.5) and high values (NDVI >
0.5), the study used the threshold of mangrove NDVI values and classified them into three
groups with adaptation from Bindu et al. [44] and Hernina et al. [50].

Table 2. Changes of AGB and AGC according to mangrove areas across three years (ha).

Mangrove AGB (ton ha) AGC (ton har) Areas of mangrove forests (ha)
NDVI values 2015 2017 2019
<03 0.23+1.0 0.11+0.47 320.5 395.9 415.4
0.3+0.5 10+73 0.47 +3.42 683.7 544.1 671.4
>0.5 >7.3 >3.42 877.2 1067.6 12411
Areas (ha) 1881.4 2007.9 2327.9
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As shown in Table 2, there is a generally increasing trend of both mangrove AGB and AGC
experiencing in three groups of mangrove NDVI values. In particular, the area of mangrove
forests with AGB ranging from 2.26 to 9.98 kg pixel™ (equivalent to 0.23 + 1.0 ton ha™) was
estimated at 320.5 ha, 395.9 ha and 415.4 ha in 2015, 2017 and 2019, respectively (Table 3).
Remarkably, the mangrove area with AGB greater than 72.77 kg pixel™ (equivalent to 7.3 ton
ha™) increased by 190.7 ha during the period 2015 - 2017 and by 173.5 ha during the period
2017 - 2019, whereas there was an reduction of 139 ha of the mangrove areas observed during
the period 2015 - 2017, but increased again by 127 ha during the period 2017-2019. More
interestingly, increased mangrove areas have been mainly found in Thuy Do, Thai Truong and
Thuy Xuan communes.

Spatial distribution of AGC of mangrove forests in Thai Thuy district

The results of AGC of mangrove forests estimated in Fig. 4 showed that there were changes
in AGC of mangrove forests over three years. In particular, the mangrove AGC reached a
maximum value in 2015, estimated at 159.98 kg pixel™ (equivalent to 16.0 tons ha™, an average
value of 32.8 kg pixel™), then increased to 236.89 kg pixel™ in 2017 (equivalent to 23.7 tons ha™,
average value is 50.2 kg pixel™), but decreased to 197.28 kg pixel™ in 2019 (equal to 19.73 tons
ha™, average value is 38.5 kg pixel™).
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Figure 4. Spatial distribution of AGC of mangrove forests in 2015 (a), 2017 (b) and 2019 (c).

Similarly, Table 3 shows that the most of mangrove areas (877.2 ha) experienced with
mangrove AGC greater than 3.4 tons ha™ in 2015, but there was a significant increase in the area
of mangrove forests, up to 1037.6 ha in 2017 and 1241.1 ha in 2019. In contrast, there was a
reduction of mangrove forests with AGC of 0.47 + 3.4 tons ha™ during 2015-2017.
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Table 3. Estimation of mangrove AGB and AGC accumulation in over 3 years of study.

Year 2015 2017 2019
> AGB (tons) 1,312,339.3 2,143,196.5 1,908,841.9
> AGC (tons) 616,799.5 1,007,302.4 897,155.6
> ACS (tons) 2,263,654.2 3,696,799.7 3,292,561.1

AGB: Above-ground biomass; AGC: Above-ground carbon stocks; ACS (Amount of CO, sequestration).

Table 3 indicated that a range of AGC changed over the three years. Similarly, the total of
AGC accumulated tended to increase during this period. Specifically, in 2015 a total AGC of
616,799.5 tons were recorded, but in 2017 it nearly doubled, estimated at 1,007,302.4 tons.
Interestingly, the highest amount of AGC accumulated was found in Thai Do, Thai Thuong and
Thuy Xuan communes, while the lowest amount of AGC was identified in Thuy Truong
commune due to young mangrove forests with small trunks and diameters, and low density.

3.2.2. Variations of mangrove AGB and AGC estimated from field survey and Sentinel-2A data

To assess the variations of AGB and AGC of mangrove forests estimated between field
measurement and Sentinel-2A data, the mangrove AGB and AGC were calculated from 32
sample plots from March to May 2019 (Table 4). The study then compared the correlation
between the field-calculated AGB and AGC and the Sentinel-estimated AGB and AGC in 2019
according to the formula of Bindu et al., [44]. The results are shown in Table 4.

Table 4. Field- and Sentinel-based estimation of AGB and AGC in 2019.

Field-based Sentinel-based \\ /. iations between field
estimation estimation : S

Plots | Latitude | Longitude (tons ha™) (tons ha™) and Sentinel estimation
AGB AGC AGB AGC (toﬁsGFS; 1 %
1 20.4851 106.5986 78.1 37.1 55.6 26.4 10.7 28.8
2 20.4841 106.5990 135 6.4 16.2 7.7 1.3 19.6
3 20.4859 106.5989 353 16.8 41.3 19.6 2.8 16.9
4 20.5035 106.5827 32.8 15.6 36.1 17.1 16 10.2
5 20.5043 106.5845 74.7 35.5 50.7 24.1 11.4 32.1
6 20.5063 106.5840 18.1 8.6 19.8 9.4 0.8 9.6
7 20.5067 106.5814 6.6 3.1 8.9 4.2 11 35.1
8 20.5772 106.6067 49.5 235 53.2 25.3 1.8 7.5
9 20.5878 106.6152 40.4 19.2 46.5 22.1 2.9 15.0
10 20.5901 106.6217 15.7 7.5 18.5 8.8 1.3 17.7
11 20.5995 106.6263 80.7 38.3 55.7 26.5 11.9 31.0
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12 20.5581 106.5869 65.5 31.1 55.3 26.3 4.8 15.5
13 20.5209 106.5783 23.3 11.0 26.5 12.6 15 13.9
14 20.5191 106.5807 28.7 13.6 25.3 12.0 1.6 11.8
15 20.5186 106.5784 29.3 13.9 35.2 16.7 2.8 20.2
16 20.5158 106.5821 37.1 17.6 44.2 21.0 3.4 19.1
17 20.5159 106.5798 144 6.8 17.2 8.2 14 19.9
18 20.5112 106.5799 31.4 14.9 27.6 13.1 1.8 12.2
19 20.5122 106.5811 26.2 12.4 29.7 14.1 1.7 13.4
20 20.5127 106.5799 21.9 10.4 19.65 9.3 1.0 10.1
21 20.5701 106.5982 70.5 33.5 84.1 39.9 6.5 19.3
22 20.5848 106.6088 86.6 41.1 120 57.0 15.9 38.6
23 20.5959 106.6262 89.3 42.4 123 58.4 16.0 37.7
24 20.6039 106.6307 87.4 41.5 100 47.5 6.0 14.4
25 20.6023 106.6401 80.5 38.2 115 54.6 16.4 42.9
26 20.6110 106.6454 60.7 28.8 48.9 23.2 5.6 19.4
27 20.6206 106.6403 95.4 45.3 74.6 35.4 9.9 21.8
28 20.5365 106.5823 70.2 33.3 90.4 42.9 9.6 28.8
29 20.5249 106.5810 75.3 35.8 95.3 45.3 9.5 26.6
30 20.5134 106.5842 85.8 40.8 98.2 46.6 59 14.5
31 20.5051 106.5886 65.3 31.0 85.7 40.7 9.7 31.2
32 20.4938 106.5972 75.7 36.0 97.1 46.1 10.2 28.3

AGB (Above-ground biomass); AGC (Above-ground carbon stocks).

As can be seen from Table 4, there were variations of AGB and AGC of mangrove forests
between field measurements and Sentinel-2A data-based estimation in 2019. More specifically,
the variations of AGB and AGC of mangrove forests ranged at 1.73 + 34.5 tons ha™ and 0.8 +
16.4 tons ha™, respectively. The results of AGC estimation based on the model of Bindu et al.,
[44] in comparison with plot-based measurement also showed that the percentage of AGC
difference ranged from 7.5 to 42.9 % (Table 4). In particular, the number of plots with the
estimated difference in AGC below 30.0 % were 25 plots (equivalent to 78.2 %), whereas there
was only one plot with a difference in AGC greater than 40.0 %. This finding implied that the
formula of Bindu et al., [44] can be used to estimate AGB and AGC of mangrove forests in Thai
Binh coast with an accuracy of 78.2 %, 25 plots out of 32 plots have differences in AGB and
AGC between the plot survey and remote sensing-based data less than 30 %. This model should
be applied to other coastal sites similar to the Thai Binh coast. This finding is also confirmed by
other studies by Pham et al., [49] and Wang et al., [48].

3.4. Changes in AGB and AGC of mangrove forests
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Changes in AGB of mangrove forests

Changes in AGB of mangrove forests in the periods 2015 - 2017, 2017 - 2019 and 2015 -
2019 were summarised in Table 5.

Table 5. Mangrove areas experiencing changes in AGB in selected periods.

o Periods 2015 - 2017 2017 - 2019 2015 - 2019
anges ha % ha % ha %
Decreased (-) 515.5 27.4 891.9 44.4 437.9 18.8
Increased (+) 1195.5 63.5 1071.2 53.3 1331.9 57.2
Unchanged 1705 9.1 44.8 2.2 558.1 24.0
Total 1881.4 100 2007.9 100 2327.9 100

(+) refers to areas experiencing increased AGB, (-) refers to areas experiencing decreased AGB.
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Figure 5. Changes in AGB of mangrove forests in the periods 2015 - 2017; 2017 - 2019;
and 2015 - 2019 (kg pixel™).

It can be seen from Table 5 and Fig. 5 that there was a large fluctuation in AGB of
mangrove forests in the periods 2015 - 2017, 2017 - 2019 and 2015 - 2019. There was nearly
57.2 % of the total area of mangrove forests experiencing an increase in AGB (up to 200 kg
pixel™ or up to 2.0 tons ha), while a smaller percentage (18.8 %) of the mangrove area
experienced a decrease of up to 29.0 tons ha™ during the period 2015 - 2019. Specifically, Thuy
Truong commune experienced the largest decrease in AGB due to illegal shrimp farming
expansion and conversion of mangroves to other land uses [35] despite successful restoration
and sustainable development through mangrove ecosystem programs across coastal districts of
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Thai Binh province, including the programs of the Korean Government the Vietnamese
Government at that time [35]. As a result, there was an increase of 446.4 ha of mangrove forests
during the period 2015 - 2019.

Changes in AGC of mangrove forests
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Figure 6. Changes in AGC of mangrove forests in the periods: 2015 - 2017; 2017 - 2019;
and 2015 - 2019 (kg pixel ™).

As shown in Fig. 6, AGC of mangrove forests in Thai Thuy district has been fluctuated
with the variations of AGB. The study results showed that there was a wide range of fluctuations
in the AGC in various communes of Thai Thuy district. During the period 2015 - 2017, some
places experienced a loss of AGC of 14.3 tons ha™, an increase of AGC of more than 10.0 tons
ha™, an average increase of 22.8 tons ha™. Similarly, during the period 2017 - 2019, changes in
AGC were recorded with a loss of AGC of 16.0 tons ha™, an increase of AGC of 13.6 tons ha™,
but an average AGC during this period was -0.65 tons ha™, showing that AGC decreased over
this period. However, the overall mangrove AGC in the whole period 2015 - 2019 generally
increased by 12.9 tons ha™ (Fig. 6). This can be explained by successful mangrove restoration
and rehabilitation programs. Particularly, it is suggested that the increase in mangrove age
classes, structures, canopy and their species composition over time are the main factors affecting
the amount of AGC (above-ground carbon stocks) accumulated in mangrove forests [51].

4. CONCLUSIONS

By using Sentinel-2A images, the study has constructed the spatial distribution of
mangrove forests over three years. The accuracy evaluation showed that the overall accuracy of
the 2019 Sentinel-2A classification was 93.6 %, and other accuracy assessments of the 2015 and
2017 Sentinel-2A images also were more than 90.0 %. It was therefore assumed that the use of
Sentinel-2A images was adequate for mapping temporal changes in mangrove forests. The study
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showed that there were 2327.9 ha of mangrove forests in 2019, 2007.9 ha in 2017, and 1881.3 ha
in 2015. Most of the mangrove area (877.2 ha) had mangrove AGB and AGC greater than 7.3
and 3.4 tons ha' in 2015, respectively, but there was a significant increase in the area of
mangrove forests observed in 2017 (1037.6 ha) and in 2019 (1241.1 ha). However, there was a
reduction of mangrove forests with AGB and AGC ranging from 1.0 to 7.3 and from 0.47 to
3.42 tons ha™ during the period 2015-2017, respectively.

There was nearly 57.2 % of the total area of mangrove forests experiencing an increase of
AGB (up to 2.0 tons ha™), while 18.8 % of the mangrove forest area experienced a decrease (up
to 29.0 tons ha™) during the period 2015 - 2019. There were small variations of AGB and AGC
between field measurements and Sentinel-based estimation in 2019. Therefore, our study
suggests that the use of Sentinel-2A images to estimate AGB and AGC of mangrove forests is
reliable and applicable to the Thai Binh coast and should be tested in other similar coastal areas
in Viet Nam.
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Appendix 1. Accuracy assessments of Sentinel classification in 2019.

APPENDICES

Sentinel image classified

Reference data from the field-based survey in 2019
Man Others Waters Total User’s Accuracy
(%)

Man 70 3 2 75 93.2
Others 101 6 110 91.8
Waters 2 63 65 96.9

Total 73 106 71 250

Producer's
Accuracy (%) 95.9 95.3 88.7

Man (Mangrove forests); Waters (Water bodies); Others (including non-mangrove plants, built-up areas,
bare, wet land, and others). Overall Accuracy Assessment: 93.6 %, Kappa coefficient = 0.90.

Appendix 2. Accuracy assessments of Sentinel classification in 2017.

Sentinel image classified

Reference data from the field-based survey, Google Earth in 2017
Man Others Waters Total User's Accuracy
(%)

Man 52 4 4 60 86.7
Others 115 3 120 95.8
Waters 5 63 70 90.0

Total 56 124 70 250

Producer's
Accuracy (%) 92.9 92.7 90.0

Man (Mangrove forests); Waters (Water bodies); Others (including non-mangrove plants, built-up areas,
bare, wet land, and others). Overall Accuracy Assessment: 92.0 %, Kappa coefficient = 0.87

Appendix 3. Accuracy assessments of Sentinel classification in 2015.

Sentinel image classified

Reference data from the field-based survey, Google Earth in 2015
Man Others Waters Total User's ,g\ccuracy
(%)

Man 55 8 2 65 84.6
Others 124 4 130 95.4
Waters 3 51 55 92.7

Total 58 135 57 250

Producer's
Accuracy (%) 94.8 91.9 89.5

Man (Mangrove forests); Waters (Water bodies); Others (including non-mangrove plants, built-up
areas, bare, wet land, and others). Overall Accuracy Assessment: 92.0 %, Kappa coefficient = 0.87.
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