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Abstract: This study aimed to map the status of mangrove forests over the coasts of Hai Ha District and
Mong Cai City in Quang Ninh Province by using 2019 Landsat-8 imagery. It then developed the AGB
estimation model of mangrove forests based on the AGB estimation-derived plots inventory and vegetation
indices-derived from Landsat-8 data. As results, there were five land covers identified, including mangrove
forests, other vegetation, wetlands, built-up, and water, with the overall accuracy assessments of 80.0% and
Kappa coefficient of 0.74. The total extent of mangrove forests was estimated at 4291.2 ha. The best AGB
estimation model that was selected to estimate the AGB and AGC of mangrove forests for the whole coasts
of Hai Ha District and Mong Cai City is AGB= 30.38 + 911.95*SAVI (R?=0.924, Pyaiue <0.001). The model
validation assessment has confirmed that the selected AGB model can be applied to Hai Ha and Mong Cai
coasts with the mean difference between AGB observed and AGB predicted at 16.0 %. This satisfactory AGB
model also suggests a good potential for AGB and AGC mapping, which offer the carbon trading market in
the study site. As the AGB model selected, the total AGB and AGC of mangrove forests were estimated at
about 14,600,000 tons and 6,868,076 tons with a range of from 94.0 - 432.0 tons ha, from 44.2 - 203.02
tons ha, respectively. It also suggests that the newly-developed AGB model of mangrove forests can be
used to estimate AGC stocks and carbon sequestration of mangrove forests for C-PFES in over the coasts of
Hai Ha District and Mong Cai City, which is a very importantly financial source for mangrove forest managers,
in particular for local mangrove protectors.

Keywords: Above-ground biomass; Carbon stocks; Coastal zones; Landsat-8; Mangrove forests; Model;
Remote sensing; Vegetation indices.

1. Introduction

Mangrove forests are salt-tolerant evergreen species found along sheltered coastlines, shallow-
water lagoons, estuaries, and rivers or deltas (Thom, 1984; Blasco et al.,1998; Huong et al., 2021).
They grow as trees or shrubs according to the climate, salinity of the water, topography, and edaphic
features of the area (Lugo and Snedaker, 1975; Tomlinson, 1986; Aksornkoae, 1993; Huong et al.,
2021). Mangrove forests are geographically distributed in the tropical and subtropical areas of the
world between approximately 30° N and 30° S, and mangrove ecosystem is the bridge between the
land and sea (Alongi, 2009). Mangrove forests are also well-known as important coastal resources
in the tropics due to their provision of wood for construction and fuel, habitats of coastal marine
organisms, carbon storage in biomass and soil, protection of coastal habitants from strong wind
actions during typhoons, prevention of coastal erosion (Alongi, 2009; Donato et al., 2011). However,
there is a large reduction of the global mangrove cover due to continuous conversion to non-
mangrove land uses, such as aquaculture and shrimp farm expansion, agricultural development, and
mangrove clearance for coastal human settlements (FAO, 2007; Hai-Hoa et al., 2013; Hai- Hoa, 2014;
Hai-Hoa et al., 2020a; Hai-Hoa et al., 2020b). Therefore, it is very important to monitor mangrove
forests against land-use change and detect mangrove deforestation and degradation.

Empirical quantification of the carbon stocks of mangrove forests and land uses are very crucial
to provide emission estimates based on actual measures of carbon stocks and reduce the
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uncertainty of the estimate (Hyyppa et al., 2000; Steininger, 2000; Pham et al., 2020). Above-ground
biomass (AGB) is one of the important carbon pools in mangrove forests (Kauffman and Donato,
2012; Howard et al., 2014). In addition, there has been an increasing number of literature on
mangrove biomass and their carbon stocks recently (Tue et al., 2014; Stringer et al., 2015; Vien et
al., 2016). However, a few studies have quantified mangrove biomass and carbon stocks using a
combination of remote sensing and field-based data (Lu et al., 2010; Jachowski et al., 2013; Dube et
al., 2016). Remote sensing technology offers scientists and major planners to have alternative
options of strategies in the management of talent natural resources and environment (Kuenzer et
al., 2011; Hu et al., 2020). The use of remote sensing techniques offers the cost and time
effectiveness in conducting large-scale mangrove biomass assessments (Kovacs et al., 2010; Giri,
2016; Castillo et al., 2017; Cissell et al., 2018; Giri, 2021). For this reason, the relationships between
field-measured biomass data and remote sensing data are assessed and used to develop a model
that allows predicting mangrove biomass of different locations of the study sites. The outcome of
remote sensing-based mangrove biomass estimation is spatially explicit patterns of the total AGB
mangrove forests and its variations over the studied areas (Castillo et al., 2017).

Remarkable studies on estimating biomass and carbon stocks have summarized and listed a
number of general equations that can be used to estimate the biomass of living trees in the
mangrove forests over the world (e.g. Li et al., 2007; Kauffman and Donato, 2012; Sinha et al., 2015,
Timothy et al., 2016). A recent study by Hamdan et al. (2013) has shown that carbon stocks of
Matang mangroves, Malaysia ranged from 1.03 to 263.65 tons ha™ and 1.01 to 259.68 tons ha! in
1991 and 2011, respectively.

In Vietnam, Pham et al. (2017) used SPOT-4 and 5 images in combination with machine learning
algorithms to estimate and analyze the change of AGB between 2010 and 2011 in Can Gio mangrove
forests. The total AGB was calculated at 9,391,515 ha in 2011, increased by 820,136 tons in
comparison with 2010. Pham and Yoshino (2018) used ALOS-2 PALSAR data to estimate the AGB of
mangrove forests in Hai Phong City, Vietnam. This study found that the average AGB was
approximately 39 tons ha for Sonneratia caseolaris, and 100 tons ha™ for Kandelia obovata. Bao
and Hoa (2018) used Sentinel-1 and Sentinel-2 satellite data to estimate the biomass of mangrove
forests in Tien Lang District, Hai Phong Province. Their study showed that Sentinel-1 backscatters
were unable to generate a reliable regression model to estimate biomass due to relatively low R2.
However, using vegetation indices (NDVI, SAVI) has offered a good regression model to estimate
biomass (R? for NDVI is 0.719, and R? for SAVI is 0.705). Similarly, Long et al. (2019) developed the
linear regression model to estimate the AGB of mangrove forests in Thai Binh Province, Vietnam.
The relationship between field biomass and vegetation indices was defined with RMSE + 12.08 tons
ha. In general, all previous studies conducted are located in Hai Phong City, Thai Binh, and Nam
Dinh Provinces. Information about biomass and carbon stocks in Quang Ninh Province, especially in
Hai Ha District and Mong Cai City remains unanswered. Allometric equations for both above-ground
biomass (AGB) and below-ground biomass (BGB) estimation of mangrove forests still remain limited
and unclear in Quang Ninh Province. Therefore, the AGB estimation based on remote sensing data
and vegetation indices offers the potential cost reduction and improves estimation accuracy in
Quang Ninh Province (Heumann, 2011, Hamdan et al., 2014; Kumar and Mutanga, 2017; Hu et al.,
2020). In this study, we evaluated the ability of Landsat-8 for the retrieval and predictive mapping
of AGB of mangrove forests in Quang Ninh Province. The specific objectives of the study included
the following: (1) to map the status of coastal land use and land covers, including mangrove forests
based on Landsat-8 imagery, (2) to determine and model the relationship between field-measured
AGB and Landsat-8- derived vegetation indices from mangrove forests, (3) to evaluate the accuracy
of the predictive models of AGB and to create the AGB and AGC maps based on the selected AGB
model. We developed and evaluated the AGB model of mangrove forests and predictive AGB maps
from Landsat-8- derived vegetation indices. This study attempted to develop remote sensing-based
AGB predictive mapping techniques for mangrove forests, thus contributing to the development of
C-PFES in Vietnam.
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2. Materials and Methods

2.1 Study site

Quang Ninh geographically locates in the North-eastern Vietnam. It borders China in the north.
The total area is 6177.7 km?, with a coastline of 250 km long. The total population is estimated at
approximately 1.2 million people. Mangrove forests mainly grow along the shoreline of Quang Ninh
Province. This study has focused on mangrove forests along the coasts of Hai Ha District and Mong
Cai City, Quang Ninh Province (Fig. 1).
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Figure 1. Study site: (a) The geographical location of Quang Ninh Province in Vietnam, (b)
Geographical location of Hai Ha District and Mong Cai City, (c) Coastal study sites with mangrove
forests extracted from Landsat-8 15" August 2019.

According to the recent report of Quang Ninh Forest Protection Department (2018), the total
areas of mangrove forests in Hai Ha District are estimated at approximately 1392.5 ha, while Mong
Cai City has around 2687.1 ha (Table 2). The main mangrove species in these areas include Kandelia
obovata, Rhizophora stylosa, Avicennia marina, Sonneratia caseolaris, Bruguiera gymnorrhiza, and
Aegiceras coniculatum.

Table 1. Mangrove extents in Hai Ha District and Mong Cai city in 2018.

Study site Communes | Area (ha) Study site Communes Area (ha)

Duong Hoa 184.6 Hai Dong 309.6

Tien Toi 52.5 Binh Ngoc 50.8
Hai Ha Quang Phong 832.7 Hai Hoa 586.0
District Quang Minh 167.9 Hai Tien 318.2
Quang Thang 115.3 Hai Xuan 30.3

Mong Cai ]

Quang Thanh 39.6 City Hai Yen 405.7

Ninh Duong 5.9
Source: Quang Ninh FPD (2018). A part of the mangrove | Quang Nghia 526.6
extents in Quang Dien commune, belonged to Hai Ha | Tra Co 69.2
District was not included in Table 1. Van Ninh 383.1

Vinh Trung 1.7
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2.2 Methods

The details of Landsat-8 classification method used for mapping the extent of mangrove forests
are schematically presented in Fig. 2.
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Figure 2. The flowchart of study methods used for mapping and calculating the AGB of mangrove
forests.
2.2.1. Data collection

This study used the Landsat-8 image captured on 15" August 2019, which covering over the
coasts of Hai Ha District and Mong Cai City, Quang Ninh Province (Table 2). The details of Landsat-8
in 2019 and other remote sensing and GIS data, such as PlanetScope in 2019 and land use and land
cover map in 2010 were used to map land use and land cover, including mangrove forests as
presented in Table 2.

Table 2. Remote sensing data collected and used in this study.

ID Image codes Date Resolution (m) Remarks
1° LC08125045 2019081571 15/08/2019 30 Landsat-8
2® 20190807_031733_105c_3B_AnalyticMS  07/08/2019 3 PLanetScope
20190807_031735_105c_3B_AnalyticMS  07/08/2019 3 PlanetScope
20190815_030220_0f3f_3B_AnalyticMS 15/08/2019 3 PlanetScope
20190810_031713_1061_3B_AnalyticMS  10/08/2019 3 PlanetScope
20190820_021002_0f2b_3B_AnalyticMS 20/08/2019 3 PlanetScope
3¢ Land use and land cover map 2010 1:50,000 Qu;rnglnh

Sources: 1°http://earthexplorer.usgs.gov; 2° these scenes have covered over Mong Cai coast fully
and Hai Ha coast partially, https://www.planet.com; 3°Quang Ninh DARD- Quang Ninh Department
of Agriculture and Rural Development (2010)

2.2.2. Field data collection

The field survey was conducted in the late October 2019. Ten sampling plots were set up each
Hai Ha District and Mong Cai City (a total of 20 plots) with a dimension of 30 m x 30 m (equivalent
to 900 m?) (Fig. 3). In 20 plots, five plots were selected and kept for the model validation (Plots 4, 8,
12, 16, and 20). Within each plot, there were three sub-plots (A, B, C) with a dimension of 10 m x 10
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m (equivalent 100 m?2) set up to measure main mangrove structures, including species, tree height
(H), and diameter at the breast height (DBH, 1.3m), tree density.

10m
<4+—>

10m A

B 30m

A
v

30m
Figure 3. Layouts of sampling plots and subplots (100 m?) in the coasts of Hai Ha and Mong Cai.
2.2.3. Data pre-processing

In this study, 2019 Landsat-8 image was required to radiometric calibration. Gain bias
correction scattering effects and corrections of the sun angle are necessary and mangrove cover
analysis is conducted (Norjamaki and Tokola, 2007; Gupta et al., 2018; Hai-Hoa et al., 2020a).
Radiometric calibration of Landsat-8 bands was applied to convert digital number values into top of
the atmosphere spectral radiance (TOA), then bands were converted to TOA planetary reflectance
(Chander et al., 2009; Gupta et al., 2018; Hai-Hoa et al., 2020b). Atmospheric and radiometric
corrections were all employed to remove errors and increase accuracies by using the Spatial Analyst
Tools in ArcGIS 10.6. (Hai-Hoa and Binh, 2016, Hai-Hoa et al., 2020a). In addition, five Landsat-8
bands (BLUE, GREEN, RED, NIR and SWIR) were used for classification and visual interpretation
approaches (Table 2). Therefore, these bands were staked into composite image, then were masked
to both include areas where mangrove forests are more likely to be found, such as intertidal and
low-lying areas, exclude areas where mangrove forests are not naturally present, like far inland,
highlands and open ocean (Long and Giri, 2011; Hai-Hoa et al., 2020a). In this study, the aim of
masking possible mangrove areas was to reduce unnecessary data volume and increase overall
classification accuracy (Hai-Hoa et al., 2020b). To mask the possible mangrove areas accurately,
2019 PlanetScope (3mx3m) and Google Earth were used to delineate the boundary of possible
mangrove areas from other coastal land use and land cover (Hai-Hoa et al., 2020a). The delineated
boundary was then checked with the field survey to ensure every possible mangrove areas included
within the boundary. Additionally, the 30-m SRTM DEM data, DEM-derived slope and elevation were
used to mask out the areas of high elevation and step slope where mangrove forests are not likely
to be present (Chen et al., 2017; Hai-Hoa et al., 2020a).

2.2.4. Remotely sensed data processing and image classification

Image classification was processed to map the extent of mangrove forests in 2019 by using the
unsupervised classification. The study applied the k-means clustering algorithm to produce 36 user-
defined classes with the iteration number of 5 (Hai-Hoa et al., 2020a). The generated classes were
then compared with the field survey data and finally merged them into 5 main classes, namely
mangrove forests, other vegetation (terrestrial trees and rice paddy field), mudflats and wetlands,
built-up and infrastructure areas, and water.

2.2.5. Calculation of vegetation indices

In this study, 4 vegetation indices were calculated and used for the AGB model development
(Table 3). Vegetation indices (VIs) were extracted and combined with calculated AGB values from
the allometric equation (15 plots) to generate estimated AGB models.
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Table 3. Equations of vegetation indices used for estimating mangrove forests and the AGB model
development.

ID Vegetation Indices Equations References
SR SR = PNIR Kongwongjan et al., (2012); Pham
(Simple Ratio) PRED et al., (2018)
NDVI PNIR — PRED
5 (Normalised NDVI = P Ramdani et al., (2018); Pham et
Difference PNIR T PRED al.,, (2018); Saleh (2007)
Vegetation Index)
PNIR — PRed
32 (SOI'/iAd\j{lllSted SAVI PNir + Prea + L x(+1D) Kongwongjan et al., (2012); Pham
Vegetation Index) etal, (2018)
EVI EVI
45 (Enhanced s PNIR — PRed Huete et al., (2002); Pham et al.,
Pnir T C1 X Prea — C2 X Ppiye + L (2018)

Vegetation Index) =1 C1=6. C2=7.5 G=25

In this study: 3%: L= 0.5 was used; 4°: L=1, C1=6,C2 = 7.5, and G = 2.5 were used.
2.2.6. Accuracy assessments

To evaluate the accuracy of Landsat-8 image classified and assess the accuracy of land use and
land cover map in 2019, user’s, producer’s and overall accuracy with Kappa coefficient were derived
from the error matrix. Kappa value is categorized into different groups where kappa value is less
than zero, it then indicates no agreement; from 0 - 0.20 refers to a slight agreement; 0.21 - 0.40
represents as a fair agreement, from 0.41 - 0.60 is considered as a moderate agreement, whereas
0.61 - 0.80 is regarded as substantial, and 0.81 - 1.00 refers to an almost perfect agreement
(Malarvizhi et al., 2016; Dan et al., 2016). The validation GCPs were derived from the field survey in
2020; and PlanetScope and Google Earth images in 2019 (Table 2). A total of 300 ground- control
points (GCPs) was randomly selected and collected by Garmin GPS map78s, which randomly
distributed over the coasts of Mong Cai and Hai Ha for three main land use/cover classes. These
GCPS were then used to perform accuracy assessments and estimate the Kappa coefficient. A
number of 200 GPS points (equivalent to 70% of total field GPS points) were used for classification
purposes and 30 % of GPS points (equivalent to 100 GPS points) were used for the accuracy
assessments and the Kappa coefficient generation.

2.2.7. Estimation of Above-ground biomass (AGB)

In this study, AGB was estimated by using the below allometric equation. This equation has
been developed by Komiyama et al. (2005) and an experimental coefficient is suitable for South-
East Asian mangrove forests with a high correlation (R? = 0.98).

B =0.251*p*(D)**®

Where B refers to AGB (kg), while D is the diameter at the breast height (cm), and p is wood
density (gram/cm3). Wood density is provided by the Agroforestry center website
(http://db.worldagroforestry.org//wd).

The total AGB of each plot was the sum of AGB in 3 sub-plots and converted into tons ha™.

2.2.8. AGB model development

Linear regression model with the stepwise approach has been developed to predict the variable
for estimating AGB with the help of R (Statistics Package for Social Science). Here, the AGB was taken
as a dependent variable. SR, NDVI, SAVI and EVI were taken as independent variables for predicting
the AGB over the coasts of Mong Cai and Hai Ha. R is multiple correlation coefficients, which are
considered as a measure of the worth of the prediction of the dependent variables. The values are
statistically analyzed for the creation of a model using the linear regression with the stepwise
approach in R where Y is the dependent variable (AGB), a is the intercept, Bi23,.n are regression
coefficients of the independent variables, and x1,,,3..n are independent variables (SR, NDVI, SAVI,
EVI), which would be the predictor of the dependent variable.
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In this study, the linear regression model between AGB and VIs was analyzed by using R-studio
version 1.2.5042. The best model that has the highest coefficient determination (R?) and a statistical
significance of Pyaie would be finally selected and validated with 5 validation plots. Five validation
plots were used to evaluate the accuracies of the generated model (Plots 4, 8, 12, 16, and 20).

2.2.9. AGC (Aboveground carbon stocks) estimation

To convert the AGB of mangrove forests into AGC stocks, a conversion ratio of 0.47 was applied
as AGC = AGB*0.47 (Howard et al., 2014). To propose for C-PFES, this study calculated the total CO,
absorbed by mangrove forests using the formula: CO, = carbon stocks (ton ha™) x 44/12 (Eggleston
et al., 2006).

3. Results and Discussions

3.1 Results
3.1.1. Accuracy assessments of land use and land cover mapping:

This study used 100 GPS validation points collected from the ground reference data over the
coast of Hai Ha and Mong Cai (Table 3). As shown in Table 4, the most classes had the levels of
producer’s and user’s accuracies quite high (>77.8%). Especially, the overall map accuracy was 80.0%
(Table 4) with the Kappa coefficient of 0.74. This coefficient indicates that there is a substantial
agreement between data collected from the field survey and the results-derived Landsat-8 image
classification (Malarvizhi et al., 2016; Dan et al., 2016). During accuracy assessments, mapping
accuracy might be affected by possible mixed-pixel issues, tidal regime and cloud cover percentage
(Hai-Hoa et al., 2020b). However, the overall accuracy assessment with 80.0% has confirmed that
the land use and land cover mapping by Landsat-8 are applicable over the coasts of Hai Ha and Mong
Cai, Quang Ninh Province (Hai-Hoa et al., 2020a, 2020b).

Table 4. Accuracy assessments of land use and land cover classified by unsupervised classification
method in 2019.

GPS- based Reference data User’s
fleld Man Othef Wetlands | Built-up | Water Total acc(l.:/r)acy
Image classified vegetation samples °

Man 22 3 2 0 1 28 78.6
Other vegetation 1 14 0 3 0 18 77.8
Wetlands 0 0 19 2 0 21 90.5
Built-up 1 0 5 21 0 27 77.8
Water 0 0 2 0 4 6 66.7
Total samples 24 17 29 26 4 100
Producer’s accuracy (%) 917 82.4 67.9 80.8 80'(.) .
Overall accuracy: 80.0%, Kappa coefficient: 0.74

Man (mangrove forests); Other vegetation (banana trees, grass, bushes,...); Wetlands (Wet and bare
soils, mudflats,...); Built-up (residential areas, infrastructure,...); and Water (open water areas,
shrimps and ponds,..).

3.1.2. Image classification and extraction of mangrove forests

This study focused on the mangrove forests over the coasts of Hai Ha District and Mong Cai
City, Quang Ninh Province, Vietnam. Mangrove forests were separated from other coastal land use
and land covers (LULC) for estimating the AGB of mangrove forests (Fig. 4). As results, the LULC map
and the extent of mangrove forests are created and shown in Fig. 4 and Fig. 5, respectively.
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Figure 4. Land use and land cover distribution in 2019 (Landsat-8 15 August 2019).
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Figure 5. The extent of mangrove forests generated from Landsat-8 15 August 2019 over the coasts
of Hai Ha and Mong Cai, Quang Ninh Province.

3.1.3. Estimated AGB from vegetation indices (VIs)

This survey found that mangrove forests had a relatively high density, ranging from 7000 to
9000 trees hal. There are 4 dominant species identified in these sampling plots, namely Rhizophora
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stylosa, Avicennia marina, Aegiceras coniculatum, and Kandelia obovata. Mangrove forests
distribute along the coasts of Hai Ha District and Mong Cai City (Fig. 5). The total extent of the
mangrove forests in the study sites (Hai Hai and Mong Cai) was estimated at 4191.2 ha (Fig. 5). As
indicated in Table 5, the largest mangrove extent was experienced in Van Ninh Commune (1411.2
ha), followed by Hai Hoa, Quang Nghia and Hai Yen communes in Mong Cai coast with 522.4 ha,
470.1 ha, and 326.3 ha, respectively (Table 5). In Hai Ha coast, the largest mangrove areas were
recorded in Quang Phong commune (356.9 ha), followed by Duong Hoa and Quang Minh communes
with 147.6 ha and 126.6 ha, respectively.

Table 5. The extent of mangrove forests in Mong Cai and Hai Ha in 2019 (Landsat-8 15" August
2019).

Communes Mangrove areas (ha) Communes Mangrove areas (ha)
Binh Ngoc 45.0 Cai Chien 0.8
Hai Dong 261.7 Duong Hoa 147.6
Hai Hoa 522.4 Phu Hai 1.7
= Hai Tien 202.4 + | Quang Minh 126.6
§ Hai Xuan 45.5 § Quang Phong 356.9
‘5 | HaiYen 326.3 ke Quang Thang 62.3
(;)D Ninh Duong 24.1 ‘5 | Quang Thanh 59.1
5 Quang Nghia 470.1 T | Tien Toi 66.4
= MraCo 51.3 Total 821.4
Van Ninh 1411.2
Vinh Thuc 2.97 Total mangrove extent of study sites:
Vinh Trung 6.8 4191.2 ha
Total 3369.77

The areas of mangrove forests illustrated in Fig. 5 were extracted to calculate vegetation indices
(VIs) from Landsat-8 data. An average of AGB and VIs values in corresponding plots is presented in
Table 6.

Table 6. An average of plot-derived AGB and Landsat-8-derived values of Vls.

Plots | Longitude | Latitude | AGB (tons ha™) NDVI EVI SAVI SR
1 107.6608 | 21.4014 264.21 0.378 0.375 0.219 2.214
2 107.6704 | 21.4015 276.01 0.464 0.480 0.273 2.733
3 107.6808 | 21.4069 273.39 0.440 0.456 0.257 2.572
4 107.6850 | 21.4029 331.80 0.528 0.562 0.326 3.240
5 107.6814 | 21.4034 266.35 0.418 0.409 0.243 2.434
6 107.6891 | 21.4055 310.27 0.502 0.530 0.309 3.018
7 107.6865 | 21.4092 291.38 0.487 0.522 0.300 2.899
8 107.7586 | 21.5053 272.30 0.441 0.445 0.267 2.575
9 107.7769 | 21.5049 191.88 0.342 0.328 0.192 2.039
10 107.7706 | 21.4492 303.91 0.477 0.529 0.287 2.827
11 107.8355 | 21.5007 166.24 0.330 0.328 0.189 1.983
12 107.8369 | 21.4996 143.59 0.277 0.263 0.165 1.766
13 107.8652 | 21.5188 264.60 0.397 0.414 0.243 2.318
14 107.8516 | 21.5170 123.52 0.150 0.132 0.084 1.352
15 107.9021 | 21.5190 266.94 0.428 0.440 0.251 2.494
16 107.9011 | 21.5187 207.31 0.360 0.348 0.212 2.127
17 107.9294 | 21.4629 134.86 0.250 0.225 0.139 1.667
18 107.9281 | 21.4622 285.87 0.479 0.480 0.283 2.841
19 108.0131 | 21.4952 335.59 0.567 0.606 0.347 3.618
20 108.0118 | 21.4953 137.19 0.304 0.289 0.187 1.875
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The AGB of each sampling plot was calculated by taking an average AGB of 3 sub-plots, then
scaling in tons ha™. Four VIs were selected to develop the model of AGB calculation, including NDVI,
EVI, SAVI, and SR. To construct the predictive models for mangrove AGB, R-studio software was used
to develop biomass model estimation from different variables (SR, NDVI, SAVI and EVI). The result
is shown in Table 7.

Table 7. The best models for the AGB estimation-based on Landsat-8 data and the plots inventory.

Models Variables Equation for AGB (tons ha) R? p-value
1 SR AGB=-12.12 + 106.38*SR 0.869 <0.001
2 NDVI AGB=12.89 + 583.06*NDVI 0.916 <0.001
3 EVI AGB=42.51 + 498.42*EVI 0.922 <0.001
4 SAVI AGB=30.38 + 911.95*SAVI 0.924 <0.001

The best model selected to estimate AGB from Vs is Model 4, which has the highest coefficient
of determination (R?) (Table 7). This model was therefore used to estimate the AGB of mangrove
forests for the whole study site. This AGB model was then evaluated based on 5 validation plots.
The validation of selected AGB model is summarized in Table 8.

Table 8. Validation of selected AGB estimation model over the coasts of the study site.

Field-based AGB-derived Difference between
Plots | Longitude | Latitude | AGB estimation | model estimation | AGB estimation-derived

(tons ha'l) (tons ha?) plots and model (%)
4 107.6850 | 21.4029 331.8 327.6 1.3
8 107.7586 | 21.5053 272.3 274.1 0.7
12 107.8369 | 21.4996 143.6 181.1 26.1
16 107.9011 | 21.5187 207.3 224.0 8.0
20 108.0118 | 21.4953 137.2 201.1 46.6
Mean 218.4 241.6 16.0
Min 137.2 181.1 0.7
Max 331.8 327.6 46.6

As indicated in Table 8, five validation plots, namely plots 4, 8, 12, 16, and 20, were selected for
the model validation. They were used to compare the AGB estimation-based plot measurements
and developed AGB models (Table 8). As a result, the difference between two model estimation
approaches ranges from 0.7 % to 46.6 %, with an average of 16.0 %. Therefore, it assumes that the
selected model for AGB estimation is relatively appropriate and can be applicable over the coasts of
Hai Ha District and Mong Cai City, Quang Ninh Province.

Based on the selected Model 4, the distribution of the AGB of mangrove forests was then
estimated and presented in Fig. 6.
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The total amount of the AGB of mangrove forests is estimated at 14,612,928 tons in the study
site. The lowest AGB is 94.0 tons ha?l, and the highest AGB is about 432.0 tons hal. The
concentration of AGB in Mong Cai City is higher than in Hai Ha District (Fig. 6 and Fig. 7). As shown
in Fig. 7, Hai Hoa commune has the highest AGB concentration more than 300 tons ha™, followed
by Van Ninh and Quang Nghia communes in Mong Cai coast (Fig. 7).

3.1.4. Estimated AGC over the coasts of Hai Ha and Mong Cai

To calculate the AGC of mangrove forests over the coasts of Hai Ha District and Mong Cai City,
the study used the AGB of mangrove forests multiplied with a conversion ratio of 0.47 (Howard, et
al., 2014). As a result, the overall AGC estimation of mangrove forests across all coastal mangrove
communes is presented in Fig. 8.
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ha, 125 - 150 tons ha?, 150 - 175 tons ha, and 175 - 200 tons ha?, and greater than 200 tons ha
1

The total amount of the AGC of mangrove forests is estimated at 6,868,076 tons in the study
site. The lowest AGC is 44.19 tons ha™, and the highest AGC is about 203.02 tons ha™. Similar to the
AGB estimation, Hai Hoa commune has the highest AGC concentration more than 150 tons ha?,
followed by Van Ninh and Quang Nghia communes in Mong Cai coast, while the low amount of AGC
is recorded in most of the mangrove communes of Hai Ha District.

3.2 Discussion

Mangrove forests have a significant role in stabilizing the livelihoods of coastal people and
protecting the coastal adjacent land uses from extreme events like storms and wave attacks. Using
the remote sensing data, in particular freely downloaded sensing data as Landsat-8 and Sentinel
images can save time, budget and labor forces in monitoring changes of coastal land use and land
covers (e.g. Hai-Hoa et al., 2013; Thuyet et al., 2014; Hai-Hoa et al., 2020a) and estimating AGB and
AGC of mangrove forests (e.g. Pham et al., 2018; Wang et al., 2020; Hashim et al., 2020). This study
surveyed the status of coastal land use and land covers, including mangrove forests along the
coastline of Hai Ha District and Mong Cai City, Quang Ninh Province. The AGB models were
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developed and the most suitable AGB model was selected to estimate the overall AGB of the study
site.

There were five types of land use and land covers identified, including mangrove forests, other
vegetation, wetlands, built-up and water classes. The land use and land cover map in 2019 was
constructed with an overall accuracy (80.0% and Kappa coefficient of 0.74), and classified mangrove
forests reached at 78.6% of User’s accuracy assessment. The classification result in this study is
acceptable to compare with other previous studies (e.g. Dan et al., 2016; Tieng et al., 2019; Hai-Hoa
et al., 2020b). A similar ISODATA clustering method was applied to classify mangrove forests in
Philippines and the classification accuracy reached 96.6%, with a Kappa coefficient of 0.926 (Long
and Giri, 2011). Several factors that were affected the classification accuracy have been identified
in this study site, including the mixed pixel issues, cloud coverage, spatial resolution issues like
Landsat data, and tidal matters. Some areas of mangrove forests and rice-paddy fields possibly had
led to the misclassification of land use and land cover due to the mixed pixel issues including pixels
of soil, vegetation, and water in Landsat-8 image. This misclassification has been confirmed by many
previous studies (e.g. Manandhar et al., 2009; Ai et al., 2020). In addition, some areas of wetlands
had been classified as the wet and bare soil due to the low tidal effects (Zhang et al., 2019). In these
20 plots, there were 4 species have been identified, including Rhizophora stylosa, Avicennia marina,
Aegiceras coniculatum, and Kandelia obovata. However, some other mangrove species were not
included in the whole study site due to a small number of plots set up. According to the local forest
rangers, other mangrove species might be found over the coasts of Hai Ha District and Mong Cai
City, namely Sonneratia caseolaris and Bruguiera gymnorrhiza.

In this study, the total extent of mangrove forests was estimated at 4191.2 ha over the coasts
of Hai Ha District and Mong Cai City . According to the report of local Forest Ranger, the entire extent
of mangrove forests was 4079.6 ha in 2018. The difference in the extent of mangrove forests
between 2018 and 2019 is about 111.6 ha. In fact, there were some mangrove plantation programs
under the international and national initiatives projects, including Provincial and Vietnam
Government Project and Red Cross and Japan International Cooperation Agency (JICA) programs
during 2018-2019 (Pham et al., 2019). Another factor may lead to the difference in mangrove extent
between two years. Misclassification might be claimed as the difference, while other reasons might
be due to the mangrove areas in Quang Dien Commune, belonged to Hai Ha District had not been
included in a forest inventory of Forest Ranger since 2018.

The AGB models of mangrove forests were developed based on a combination of field
investigation and Vls analysis from Landsat-8 image over the coasts of Hai Ha District and Mong Cai
City. As results, four AGB models were generated based on four separated vegetation indices,
including SR, NDVI, EVI and SAVI with R? = 0.869, 0.916, 0.622, and 0.924, respectively (Table 6). In
general, four AGB models are all very good levels of prediction with a high and very high coefficient
of determination (R?), indicating the proportion of variance in the dependent variable (AGB) that
can be explained by the independent variable (SR, NDVI, EVI or SAVI) (Nguyen et at., 2021). In
addition, all models have the statistically significant values (Pvaie < 0.001), which show the
independent variable is statistically significant for the prediction of the dependent variable and this
means the adopted AGB model is a good fit of the data (Nguyen et al., 2021). In this study, the best
model selected is AGB = 30.38 + 911.95*SAVI with the highest coefficient of determination (R? =
0.924). As a result, the difference in the amount of AGB estimation-based field survey and the
selected AGB model was acceptable, ranging from 0.7 % to 46.6% of the AGB of mangrove forests,
with an average of 16.0 %. Each type of mangrove forests has different characteristics in terms of
species composition, density, and soil characteristics (e.g. Tinh et al., 2020; Sharma et al., 2020;
Kauffman et al., 2020). Therefore, the predictive model selected should be applied only in this study
or other similar coastal characteristics and mangrove composition. Other studies also have
developed different models to predict the AGB and AGC of mangrove forests in their study areas.
Therefore, it is suggested that different areas would apply the specific model with specific
coefficients and parameters when estimate the AGB and AGC of mangrove forest from Vls. A general
model cannot be accurate for a large scale. NDVI-derived from Landsat and SPOT-5 data was used
to generate a model for estimating mangrove biomass in Malaysia (Hamdan et al., 2013). Bao and
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Hoa (2018) also selected NDVI, but from Sentinel-2, to estimate mangrove biomass in Hai Phong,
Vietnam.

3.2.1. Implication of C-PFES development in Quang Ninh Province:

As the AGB model selected, the total AGB and AGC of mangrove forests were estimated at
approximately 14,600,000 tons and 6,868,076 tons with a range of from 94.0 —432.0 tons ha?, from
44.2 - 203.02 tons ha’, respectively. This estimate is supported by previous studies at local and
regional scale, including the total AGB from 211.8 — 460.0 tons ha in Malaysia (Ong et al., 1982;
Putz and Chan, 1986; Goessens et al., 2014); 40.7 — 356 tons ha? in Indonesia (Kusmana and
Sabiham, 1992); 62.2 — 298.5 tons ha in Thailand (Komiyama et al., 1987; Kristensen et al., 1995);
the mean highest AGB in Southeast Asia and Pacific Islands with 230.9 and 233.3 tons ha?,
respectively, while the mean global AGB with 184.4 tons ha (Hutchison et al., 2014); the AGB of
mangrove forest in Vietnam with a range of 38.8 — 523.6 tons ha (e.g. Pham et al., 2017; Vinh et
al., 2019; Thuy et al., 2020). Therefore, it is noted that the AGB model selected is applicable to
estimate the AGC of mangrove forest for the coasts of Hai Ha District and Mong Cai City, Quang Ninh
Province. The additional field plots should be provided to test whether the selected AGB model can
be applied the remaining coastal areas of Quang Ninh Province.

The carbon market has been seen as the effective tool to reduce the CO;, emissions, one of the
largest contributors of greenhouse gases. The carbon market mechanism is supported by four main
mechanisms, clearly stated in the Kyoto Protocol, namely emissions trading mechanism, CDM (Clear
Development Mechanism), JI (Joint Implementation) and REDD (Reducing Emissions from
Deforestation and Forest Degradation, now is REDD+) (Hohne et al., 2015; Thuy et al., 2020). This
study also suggests that the newly-developed AGB model of mangrove forests can be used to
estimate AGC stocks and carbon sequestration of mangrove forests for C-PFES in over the coasts of
Hai Ha District and Mong Cai City. From the AGB model selected, the study calculated the amount
of absorbed carbon dioxide and the commercial values of mangrove forests in Hai Ha Coast and
Mong Cai Coast as shown in Table 9.

Table 9. Absorbed carbon dioxide by mangrove forests and commercial values in the study site.
Absorbed CO;

Total absorbed CO; 250,205,838.92 (tons)

Price at the carbon market $11 ton? (Thuy et al., 2020)
Conversion (up to 08/07/2021) 1USD = 22,900.00 VND*
$277,264,228.12 USD
6,349,350,823,948.00 (VND)
* https://portal.vietcombank.com.vn/Pages/Home.aspx

Total proceeds

In Vietnam, five the CO, price varies from $5 USD ton to $10 USD ton depending on different
type of forests. However, this study suggests the price of CO, should be $11 USD ton’, which is
based on the lowest CO; price in the carbon market price (Thuy et al., 2020). The total CO; of
mangrove forests over the coasts of Hai Ha and Mong Cai was estimated around 250,205,838.92
tons (Table 8), only accumulated CO; in the mangrove tree biomass, which have provided a strong
evidence for Quang Ninh Province to enroll in the Payments for Environmental Forest Services and
Carbon Credit Mechanism (C-PFES). The higher carbon stocks values are, the larger commercial
values that mangrove forests are more likely to provide local people, which is the basis for the
application of -PFES policy in study site (Phuong, 2006). This is a very importantly financial source
for mangrove forest managers, in particular for local mangrove protectors over the coasts of Hai Ha
District and Mong Cai City, Quang Ninh Province.

4. Conclusion

Remote sensing data, including Landsat-8 data can be used for the AGB and AGC estimation of
mangrove forests over the larger coastal areas compared to the conventional and traditional plot
inventory only. The study used Landsat-8 data for coastal land use and land cover mapping, including
mangrove forests over the coasts of Hai Ha District and Mong Cai City, Quang Ninh Province. There
were five land covers identified, including mangrove forests, other vegetation, wetlands, built-up,
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and water, with the overall accuracy assessments of 80.0% and Kappa coefficient of 0.74. This
assessment has confirmed that using a moderate spatial resolution data like Landsat- 8 image is
reliable for mapping coastal land use and land cover. Based on the AGB estimation-based plots
inventory and vegetation indices- derived from Landsat-8 data, there were four suitable AGB
estimation models shortlisted, which were based on the coefficient of determination (R?) and Pvae
obtained, the best AGB estimation model of AGB=30.38 + 911.95*SAVI (R?=0.924, Pyaiue<0.001) was
selected to estimate the AGB and AGC of mangrove forests for the whole coasts of Hai Ha District
and Mong Cai City. The model validation assessment has shown that the selected AGB model can
be applied to Hai Ha and Mong Cai coasts. In addition, the satisfactory AGB model also suggests a
good potential for AGB and AGC mapping, which offer the carbon trading market in the study site.
Besides, the selected AGB model is suggested to be tested with other similarly coastal areas of
Quang Ninh Province with more additional provision of the field plots inventory to answer the
guestion of whether the selected AGB model can be applied to other coastal areas or similar coastal
conditions in Quang Ninh Province.
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