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Abstract: Mangrove forests are highly productive ecosystems and play an important role in the
global carbon cycle. We used Shuttle Radar Topography Mission (SRTM) elevation data to estimate
mangrove above-ground biomass (AGB) in Sabah, Malaysian northern Borneo. We developed a
tree-level approach to deal with the substantial temporal discrepancy between the SRTM data and the
mangrove’s field measurements. We predicted the annual growth of diameter at breast height and
adjusted the field measurements to the SRTM data acquisition year to estimate the field AGB. A canopy
height model (CHM) was derived by correcting the SRTM data with ground elevation. Regression
analyses between the estimated AGB and SRTM CHM produced an estimation model (R%: 0.61) with
a root mean square error (RMSE) of 8.24 Mg ha~! (RMSE%: 5.47). We then quantified the mangrove
forest loss based on supervised classification of multitemporal Landsat images. More than 25,000 ha
of mangrove forest had disappeared between 2000 and 2015. This has resulted in a significant decrease
of about 3.96 million Mg of mangrove AGB in Sabah during the study period. As SRTM elevation
data has a near-global coverage, this approach can be used to map the historical AGB of mangroves,
especially in Southeast Asia, to promote mangrove carbon stock conservation.

Keywords: historical mangrove AGB; deforestation; SRTM; canopy height; Borneo

1. Introduction

Globally, deforestation and forest degradation have resulted in a substantial release of greenhouse
gases (GHGs) to the atmosphere, constituting approximately 10% of global emissions [1]. The Reducing
Emissions from Deforestation and Forest Degradation (REDD+) program has been negotiated under
the United Nations Framework Convention on Climate Change (UNFCCC) as a viable option for
reducing greenhouse-gas emissions from the land-use sector [2]. REDD+ provides financial incentives
to assist in the reduction of national carbon emission rates due to deforestation and forest degradation
in developing countries [3,4]. While most of the nations have focused on inland forest ecosystems
especially tropical forests, the role of mangroves in climate change mitigation has gained considerable
interest in recent years [5].
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Mangrove forest is one of the most productive forest ecosystems in terms of its efficiency of carbon
cycling and storage, as well as carbon sequestering [6-8]. Mangrove forests store five times more carbon
per unit area than other forest ecosystems [7], and can store up to three times more carbon per unit
area than other tropical forests [9,10]. However, increasing demand for mangrove products, such as
materials for buildings and fuel, as well as urbanization, has led to the destruction and degradation of
mangrove forests throughout the world [11]. Almost 20% of the world’s mangrove areas disappeared
between 1980 and 2005 [12]. Recently, the global mangrove loss rate has been estimated to range
between 0.16% and 0.39% annually [13]. The deforestation of mangroves causes the release of large
amounts of carbon emissions into the atmosphere [14]. Mangrove forest is one of the three natural
forest classes to be monitored for REDD in Malaysia [15]. About 58.6% of the nation’s mangrove
forests are found in Sabah [16], making this state particularly important in the REDD implementation.
The state’s mangrove forest was estimated at 327,678 ha around early 2000s [17], but changes since
then are not known.

In order to better understand carbon emissions and the ecosystem structure of mangroves, we need
to accurately quantify the ecosystem biomass, extent and change of mangroves by measuring their
horizontal and vertical heterogeneity. Horizontal heterogeneity refers to the aspect of land cover and
its change, whereas vertical heterogeneity is considered in terms of forest height, which is one of the
main determinants of its above-ground biomass (AGB) [18]. Forest cover loss due to land use change
can be monitored using multitemporal land-cover change analyses (e.g., [19,20]). For mangrove’s AGB
or carbon stock estimations, only very few comprehensive assessments of mangrove’s carbon inventory
have been performed to date [9,21]. Field measurements are the most accurate method for estimating
AGB. However, it is expensive, time consuming and difficult to apply to a large area for mangroves,
which often grow in an inter-tidal zone that is extremely difficult to access. Not only overcoming the
problem of accessibility, remote sensing coupling with field measurements is a recommended AGB
estimation approach for REDD+ [22].

Remote sensing has been used to retrieve forest structure and AGB information using large-spatial
scale satellite images over a long-term basis and at a much lower cost [11]. Active remote sensing
systems, such as synthetic aperture radar (SAR) and airborne light detection and ranging (LiDAR),
can penetrate the forest canopy at different depths. These systems are relatively sensitive to forest
component arrangements and can be used to estimate forest structures such as height [23]. SAR has
limited success in estimating AGB, especially for tropical forests with high AGB [24]. Airborne LiDAR
is accurate [25,26] but too expensive to use for a large-area survey. The Shuttle Radar Topography
Mission (SRTM) mission, implemented in 2000, offers free and high-resolution (1-arc second or 30 m)
digital elevation data that cover 80% of the Earth’s land surface between 56° S and 60° N. However,
the C band radar signal that scatters with all forest components may not reach the ground. The SRTM
data correlates well with the canopy heights of mangrove forests [27,28]. Therefore, the SRTM data is,
in effect, a digital surface model (DSM). Assuming a flat coastal topography, SRTM DSM has been used
to estimate AGB of mangroves in the Everglades National Park [29], Colombia [30], Mozambique [31],
Africa [27], the French Guiana [32] and Indonesia’s Papua province [33]. Mangrove carbon stock was
recently analyzed at a global scale using a combination of SRTM DEM, ICEsat/GLAS and field data [34].
The main sources of regression residuals between the remotely sensed height values and field height
measurement or AGB include the timing of measurements, discrepancies in the spatial scale and
several additional sources of uncertainty [27,30,31,34]. However, none of these studies has dealt with
the large discrepancy between the dates of field measurement and the SRTM data acquisition.

In this study, we examined the estimation of mangrove AGB in Sabah, Malaysia using SRTM DSM
with and without ground elevation correction. We addressed the time gap between the SRTM and
field data by developing a tree-level diameter at breast height (DBH) prediction model to adjust the
DBH measurements to the SRTM data acquisition year and estimated the field AGB. We quantified
the mangrove AGB loss in Sabah between 2000 and 2015 using Landsat images and the predicted
mangrove AGB map of 2000.
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2. Materials and Methods

2.1. Study Area

Sabah, located in the northern part of Borneo Island, is the second-largest state of Malaysia
(73,904 km?) (Figure 1). It has an annual mean temperature of 27 °C and an annual mean rainfall of
2788 mm. Sabah has a long coastline of about 4328 km, mainly covered by mangrove forests, many of
which are legally gazetted as ‘Class I Protection Forest Reserve, Class V Mangrove Forest Reserves
or Class VI Amenity Forest Reserve’ under the Sabah Forest Enactment (1968) [17]. Including water
bodies, the total area of these reserves was about 340,000 ha in 2015 [35].
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Figure 1. Location of the study area (top part). Field plot locations are plotted as cross (+) in yellow on
a Landsat7 image of 2015.
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2.2. Field Inventory and AGB Data

Field measurements of mangrove forests focused on the West Coast of Sabah. Twenty-eight square
plots (20 m x 20 m) were randomly sampled in 2018. We measured the diameter at breast height
(DBH) and height (H) of trees larger than 5 cm DBH using a DBH tape and the TruPulse 360 Laser
Rangefinder (Laser Technology Inc., Centennial, CO, USA), respectively. Measuring the height of
mangrove trees inside the forest is difficult. We took three measurements from different directions
and averaged them to obtain the height value. The plot coordinates were determined by a Differential
Global Navigation Satellite System (GNSS) (JAVAD GNSS Triumph-1) (JAVAD GNSS Inc., San Jose, CA,
USA). In addition, we obtained forty-two plots (10 m X 10 m) that were established using a transect
line method in 2016 from another research project. We used the first and last plots in a transect line
if the plots are separated more than 3 pixels or 90 m apart. Otherwise, plots from the same transect
were averaged and treated as a single plot. Two of the 2016 plots that overlapped with the 2018 plots
were excluded. In total, forty plots were available to this study for calculate field AGB. While both
DBH and H were measured for the 2018 plots, these were measured in eighteen out of the 2016 plots.
Only DBH was measured in the remaining plots. The plot locations were recorded using a handheld
GNSS receiver (GARMIN GPSMAP 60 CSx) (Garmin Ltd., Olathe, KS, USA), averaged for two hours
(up to 5 m horizontal accuracy). These field plots covered a distance of 235 km in the West Coast of
Sabah in four districts i.e., Tuaran, Kota Marudu, Kota Belud and Kudat districts (Figure 1).

Overall, 3222 trees were measured in these forty plots. The dominant mangrove species were
Rhizophora apiculata and Avicennia alba. Nonetheless, species information was only collected for some
plots. AGB is generally predicted by DBH and/or height in an allometry and can be improved by
including wood density information [36]. Without complete species information, the choice of AGB
allometry was limited in this study. We used the allometric equation of Saenger and Snedaker [15]
because it is a global stand height-AGB allometric equation that was calculated using 43 field data
sets distributed globally. It has been widely applied with the SRTM data to estimate mangrove AGB
(e.g., [28-31,34]) (Equation (2)).

AGB =10.8H + 34.9 1)

where AGB is the above-ground biomass in Mg ha=! and H is the tree height in meters. Equation (2)
was used to estimate the field AGB in 2000. The field AGB 2000 was regressed against variables derived
from the SRTM data in a least-squares regression analysis to develop an AGB estimation model for the
mangroves of Sabah.

Since the SRTM data was acquired in year 2000, and the field data were collected in 2016 and 2018,
we adjusted the tree measurements to year 2000 for their intermediate growth by using the method
proposed by Clark et al. [37]. We collected two additional plots of DBH data measured in 2004 and
2006 by the Sabah Forestry Department. This data was used together with our DBH data from 2016 and
2018 to derive a model for relating annual DBH increase and DBH at tree level for mangroves of Sabah
(Table 1 and Figure 2). DBH value of each tree was iteratively adjusted using the following model:

DBH yeqr—1 = DBHyear — [0.787 % ln(DBHyem) —1.404] )

where DBHyear is the DBH of the actual measurement year and DBH eqr-1 is the DBH of the previous
year in cm. The DBH values were adjusted from the year in which it was measured until 2000,
when the SRTM data was acquired. With the adjusted DBH values, we then estimated the tree height
by establishing a DBH-height relationship based on mangrove trees that had both DBH and height
measurements. Table 2 and Figure 3 show the regression between DBH and height for the mangrove
trees, which had a coefficient of determination of 0.58 (1 = 2760).
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Table 1. Regression Statistics of Diameter at Breast Height (DBH) Increment Estimation Model.

Model DBH Increment = 0.787In(DBH) — 1.404
No of Samples (1)
R
R2
Constant Variable Coefficients

B -1.404 0.787

SE 0.228 0.090
t -6.159 8.723

Sig. 0.000 * 0.000 *

Notes: B, regression coefficient; SE, standard error; , Student’s ¢ statistic; Sig., significance value. * Significant at the

0.001 level.

2:5

DBH Increment (em/yr)

y = 0.787In(x) - 1.404
R2 = 0.44

DBH (cm)

Figure 2. Relationship between DBH and annual DBH increment at tree level in Sabah (n = 347).
Compared to the plot-level approach in [37], considerable variations in DBH increment can be observed
at tree level, but the annual rate is clearly dependent on the tree DBH.

Table 2. Regression Statistics of the Height Estimation Model.

Model Height = 3.100(DBH)"623
No of Samples (1) 2760
R 0.76
R? 0.58
Constant Variable Coefficients

B 3.100 0.623

SE 0.075 0.010

t 41.176 61.991

Sig. 0.000 * 0.000 *

Notes: B, regression coefficient; SE, standard error; £, Student’s ¢ statistic; Sig., significance value. * Significant at the

0.001 level.



Forests 2020, 11, 1018 6 of 15

35
vy =3.100x%62}
_ o
30 R2=058 o o %
25
g‘ 20
=
o)
5 15
==
10
5
0
0 5 10 15 20 25 30 35
DBH (cm)

Figure 3. DBH and height relationship of mangrove trees in Sabah (1 = 2760).

2.3. Land Cover Classification of Multi-Temporal Landsat Images

A supervised classification approach was used to map the mangrove forests of Sabah in years
2000 and 2015. The coastlines of Sabah are covered by eight Landsat scenes (Scene’s path/row no:
116/56; 116/57; 117/55; 117/56; 117/57; 118/55; 118/56; 118/57). However, we had to download more
than thirty images from the United States Geological Survey website [38] for the same year to identify
additional images with low cloud cover. For each scene, cloud-covered pixels in the best-quality image
were masked out and filled with pixel values of other images within the same year. This was followed
by converting the pixel’s digital numbers to top-of-atmosphere reflectance and atmospheric correction,
using the dark object subtraction method. Supervised classification was conducted using the maximum
likelihood algorithm, which classifies each pixel to a land cover class based on the class’s probability.
Training areas for the classification were randomly collected on the high-resolution images in Google
Earth and also with the help of a handheld Global Navigation Satellite System receiver during the
field works. The classification resulted in seven land cover classes (water, mangrove, forest, plantation,
agriculture, grassland and bare land). These classes were grouped to mangrove and non-mangrove
to assess the classification accuracy in the error matrix and reported as percentage of correctness.
The accuracy measures included the producer’s accuracy, user’s accuracy, overall accuracy and the
kappa coefficient. The mangrove areas were extracted from the land cover classifications for further
analysis of AGB changes.

2.4. Canopy Height Models from the SRTM Data

A total of 13 tiles of SRTM DSM (30 m resolution) that cover the entire state of Sabah were
downloaded from the USGS website [39] and merged to form a raster mosaic. The SRTM DSM
of the mangroves was extracted using the mangrove cover from the land cover classification 2000.
These SRTM DSM values were used as a canopy height model for the coastal mangroves (CHMyg),
because the topographic elevation values right below the mangrove forests are very close to the sea
level and the radar height estimate is roughly the canopy height of mangroves [29,31]. We then
examined whether correction of the CHM with a simulated digital terrain model (DTM) can improve
the AGB estimation model for mangroves. The corrected CHM for mangroves (Corrected CHMy,,g) was
derived as follows:

Corrected CHMyg = SRTM DSMyg — DTMyg 3)
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As the elevation of coastal areas typically increases from the coastline towards inland areas,
the DTM,,¢ was generated by establishing the relationship between distance from the coastline and
elevation above mean sea level (Table 3 and Figure 4). The linear regression model thus derived was
based on six coastal profiles obtained from the Sabah Shoreline Management Plan [40] as follows:

DTM,g = 0.019D + 0.343 4)

where DTMmg is the ground elevation in meters a.s.l. for mangrove cover and D is the distance from
coastline in meters. D was generated as a raster (30 m X 30 m) by calculating the Euclidian distance
from the Sabah coastline vector. We only generated the DTM,,¢ for pixels less than 200 m from the
coastline based on the coastal profiles. Beyond 200 m from the coastline, the SRTM DSM values were
subtracted with the maximum value of DTM, i.e., 4.1627 m based on Equation (4).

Table 3. Regression Statistics of the Digital Terrain Model (DTM) Estimation Model.

Model DTM,ug = 0.019 (D) + 0.343
No of Samples (1) 362
R 0.73
R? 0.54
Constant Variable Coefficients
B 0.343 0.019
SE 0.089 0.001
t 3.870 20.482
Sig. 0.000 * 0.000 *
Notes: B, regression coefficient; SE, standard error; t, Student’s ¢ statistic; Sig., significance value. * Significant at the

0.001 level.

y=0.019x +0.343
R>=0.54 M 4

Elevation (m)

0 50 100 150 200 250
Distance from Coastline (m)

Figure 4. Relationship between distance from coastline and elevation above mean sea level (1 = 362).

2.5. AGB Prediction Models

We extracted the pixel values from both CHM;,q and Corrected CHM;,q and calculated the average
for each plot. The estimated field AGB was linearly regressed against the CHM,; and Corrected
CHM,g. Natural-log transformation was also applied to the independent or dependent variable
because height is known to have nonlinear relationship with AGB [41,42]. The best estimation models
were selected based on R-Squared (R?), the root mean square error (RMSE) and the relative RMSE
(RMSE%). RMSE was calculated with leave-one-out cross-validation to avoid overfitting of the model.
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3. Results

3.1. Mangrove Forest Distribution

The land cover classification had an overall accuracy of 96.98% and 93.92% with kappa coefficients
of 0.94 and 0.87 for years 2000 and 2015, respectively (Table 4). Reference data was obtained from
Google Earth historical images to compare with the classified land cover classes (331 points for year
2000 and 329 points for year 2015). The overall mangrove area based on both classifications (2000 and
2015) generated mangrove areas of 294,207.75 ha and 268,631.91 ha, respectively. The changes of
mangrove areas in Sabah were determined by subtracting the classified mangrove areas of 2000 and
2015. Figure 5 shows the increase, decrease and unchanged mangrove areas between 2000 and 2015.
Although 58,262.85 ha of mangrove had disappeared, there was an increase of the forest cover of
32,687.01 ha in that fifteen years. About 235,944.9 ha of mangrove area remained unchanged.

Table 4. Classification Accuracy for Mangrove 2000 and 2015.

(@ 2000 Groundtruths
Line Total User’s Accuracy (%)
Mangrove Non Mangrove
Classificati Mangrove 136 1 137 99.27
assthication Non Mangrove 9 185 194 95.36
Column Total 145 186 331
Producer’s Accuracy (%) 93.79 99.46
Overall Accuracy = 96.98%; Overall Kappa = 0.94
(b) 2015 Groundtruths
Line Total User’s Accuracy (%)
Mangrove Non Mangrove
Classificati Mangrove 114 4 118 96.61
asstucation Non Mangrove 16 195 211 92.42
Column Total 130 199 329
Producer’s Accuracy (%) 87.69 97.99

Overall Accuracy = 93.92%; Overall Kappa = 0.87
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Figure 5. Changes in mangrove forest cover in Sabah between 2000 and 2015.
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3.2. AGB Estimation

Table 5 shows the descriptive statistics of the field measurements of mangrove forest variables
at plot-level and their estimated values in year 2000. The field measurements had average DBH
and height of 11.89 cm and 14.30 m, respectively. Estimation of the mangrove forest variables using
the adjustment approach produced average DBH and height of 7.08 cm and 10.45 m, respectively.
The AGB of individual trees within the plot was aggregated to generate the plot-level AGB (Mg ha™1).
The measured field AGB had an average of 196.88 Mg ha~!, whereas the estimated field AGB in 2000
was 150.63 Mg ha™!.

Table 5. Summary of the Observed and Estimated Field Variables Mangrove Forest in the Study Area.

DBH (cm) Height (m) AGB (Mg ha™1)
Observed 11.89 14.30 196.88
Average

Estimated 7.08 10.45 150.63

Observed 5.0 2.65 135.61
Minimum

Estimated 5.95 941 138.52

Observed 49 30.95 291.31
Maximum

Estimated 25.98 23.58 204.54

Observed 5.44 443 32.58

Standard Deviation
Estimated 1.55 1.28 11.66

All forty plots were used in the regression analyses between the CHMs and the field AGB 2000.
The results (Table 6) showed that the models with Ln AGB as the dependent variable and CHM
as the independent variable had the highest R? (0.60) for corrected and R? (0.61) for uncorrected
CHMs. The model with the uncorrected CHM as predictor had a RMSE of 8.24 Mg ha™!, or 5.47%
of the average AGB (relative RMSE or RMSE%), and was slightly lower than the corrected CHM
(RMSE = 8.39 Mg ha~!; RMSE% = 5.56%). Figure 6 shows the scatter-plot of AGB estimated from field
data versus AGB predicted using the corrected CHM for the year 2000. The model was employed
to produce a mangrove AGB map of Sabah for 2000. Sabah’s mangrove forest was estimated at
294,207.75 ha in 2000 with a total of 43,615,501.35 Mg of AGB. A total of 25,575.84 ha of mangrove
forest had disappeared between 2000 and 2015 (1705.56 ha year~!). By multiplying the mangrove 2015
map with the AGB 2000 map, the mangrove AGB of 2015 was estimated at 39,652,659.26 Mg. This has
translated into a significant decrease of more than 3.96 million Mg of mangrove AGB (or 1.98 million Mg
of carbon with 0.5 conversion) in Sabah during the study period.

Table 6. Summary of Above-Ground Biomass (AGB) Estimation Models Using Corrected and
Uncorrected Shuttle Radar Topography Mission (SRTM) Canopy Height Models (CHMs).

Variables R R? Model Equation RMSE Mg ha~! % RMSE
AGB - CHM 0.76 0.57 AGB = 2.51(CHM) + 128.28 8.59 5.70
Corrected AGB - Ln CHM 0.68 0.46 AGB = 20.07(Ln CHM) + 108.24 9.36 6.21
Ln AGB - CHM 0.77 0.60 Ln AGB = 0.02(CHM) + 4.87 8.38 5.56
AGB - CHM 0.77 0.59 AGB = 2.38(CHM) + 123.92 8.47 5.62
Uncorrected ~ AGB -Ln CHM 0.69 0.47 AGB =23.78(Ln CHM) + 94.47 9.26 6.15

Ln AGB - CHM 0.78 0.61 Ln AGB = 0.01(CHM) + 4.85 8.24 5.47
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Figure 6. Estimated field AGB vs. predicted AGB. Only one plot was considerably underestimated.

4. Discussion

4.1. Mangrove AGB Estimation Using Remotely Sensed Data

Mangrove AGB is conventionally examined based on field inventory despite the difficulties of
accessing mangrove forests. We estimated AGB of mangrove forests of Sabah using field data and a
published allometric equation. The observed AGB was about 196.88 Mg ha~! while the estimated AGB
was lower at 150.63 ha™!. These values fall within the range of average mangrove AGB in Malaysia.
A study in Matang area, Peninsular Malaysia reported that the average AGB in Matang, which is
dominated by Rhizophora apiculata species, was 185.30 Mg ha~! [43]. In Sabah, the mangrove average
AGB can be as low as 98.40 Mg ha! in the Kota Marudu district [44] and as high as 319 Mg ha~!
for the mangrove’s average AGB in the Sandakan district [45]. In the Lawas district of Sarawak,
the neighboring state of Sabah, the mangrove average AGB is 116.79 Mg ha~! [46]. The differences of
AGB values in these different studies might be attributed to various factors, such as stem density and
growth rate, as well as the disturbance history [46].

In recent years, mangrove AGB estimation over a spatially large area has focused on the correlation
between mangrove canopy heights and remotely sensed height measurements, especially when using
SRTM DSM or GLAS data. The approach generally involves the calibration of SRTM DSM values into
canopy heights (e.g., [31,33]) or ICESat/GLAS generated heights (e.g., [27,34]), which are then used in
AGB allometry. By calibrating SRTM DSM into tree height measurements using field data collected
in 2005, mangrove AGB in Mozambique was estimated with a RMSE of 44 Mg ha~! [31]. Aslan et
al. [33] used the same approach to calibrate SRTM DSM to tree height measurements taken in 2013 but
the RMSE, at 147.98 Mg ha™!, was considerably higher. In Colombia, mangrove AGB was estimated
based on the linear relationship between ICEsat height estimates and SRTM elevation. The regression
residual calculated using field data collected in 2005 was 17.3 Mg ha=! [30]. In the case of Africa,
applying the relative height of GLAS height measurements as canopy height to estimate mangrove
AGB resulted in an RMSE of 65.4 Mg ha™!. It was calculated indirectly based on the RMSE of canopy
height estimated with SRTM DSM [27]. This approach was later improved and used to estimate the
global mangrove above-ground carbon stock with field data collected within 15 years after the SRTM
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data were obtained [34]. The time gap between field data and SRTM DSM data is one of the main
error sources of AGB estimation using SRTM DSM [34]. The AGB growth during the gap could be
substantial, even for mangroves that have a relatively slow growth rate.

There is a predictive relationship between annual AGB increment and AGB for tropical forest
ecosystems [42]. A similar approach was employed to adjust the field AGB of different years
to year 2000 and successfully estimate AGB of lowland mixed dipterocarp forests in Northern
Borneo [47]. The iterative adjustment reduced the DBH and thus the number of trees in our field
data. Nevertheless, only 250 trees or 7.6% of the total measured trees (3222 trees) were reduced after
applying the adjustment. Based on our data, the mangrove AGB growth rate in Sabah was averagely
2.2Mgha~! year™!. The AGB in 2000 might be underestimated as we did not consider any tree
mortality that might have occurred before the field data collection. Without taking into consideration
the time gap between the field measurements and SRTM CHM, the RMSE of mangrove AGB estimation
in Sabah was 19.70 Mg ha™! [48]. In this study, uncorrected SRTM DSM using a simulated DTM
produced the best model for the AGB estimation in Sabah (RMSE 8.24 Mg ha™!). It is clearly shown
that accounting for time gaps between field survey and digital elevation data leads to significant
improvement in AGB prediction accuracy. The time-gap issue should therefore be addressed in future
AGB studies. Nevertheless, the difference between corrected and uncorrected SRTM data is relatively
small in comparison to the elevation errors reported for the global SRTM data, it is sufficient to assume
a flat topography for mangrove AGB estimation using SRTM DSM as CHM [34].

With the recent advancement in remote sensing technology, digital elevation datasets have become
increasingly available. These datasets have similar or higher spatial resolution, such as the ALOS
PALSAR, and TanDEM-X data can be used as CHM for mangroves. Digital elevation data can also be
generated using digital aerial photographs with the structure from motion technique. The use of these
datasets for estimating AGB should be further examined in future.

4.2. Mangrove AGB Loss and Its Implications for REDD+ in Sabah, Malaysia

To map the mangrove forest changes between 2000 and 2015, we derived the mangrove forest
areas based on supervised classification of Landsat image. Comparison of the classified mangrove
forest area with existing statistics is not straightforward. Based on our classification, Sabah’s mangrove
forest was estimated at 294,207.75 ha in 2000, compared to the estimate of 327,678 ha around the early
2000s given by Jakobsen et al. [17]. The overall accuracy (96.98%) and kappa coefficient (0.94) of our
classification were high, while no accuracy was reported in Jakobsen et al. [17]. Based on the global
mangrove dataset of the USGS, there were 284,952.27 ha of mangroves in Sabah in 2011. Our study
found that the mangrove forest cover was 268,631.91 ha in 2015. Apart from mangrove deforestation,
the differences in the mangrove area between other studies and our results could be due to the use of
different satellite images and different cloud cover percentage, which needs to be removed. Gap filling
can be conducted to fill in the removed areas, but is limited to available images. Moreover, the detection
of mangrove areas that are partially submerged in the coastal waters may be restricted by the spatial
resolution of the Landsat image [49].

The changes in mangrove forest cover reported in this study were based on the available Landsat
images with low cloud and haze conditions. Most of the mangroves are found along the North to East
coasts of Sabah (Figure 2). Overall, the mangrove area had decreased more than 25,000 ha within the
15-year study period. At a rate of 1705.56 ha per year (0.58% per year), losses are notably higher than
the recent estimated global rate of mangrove loss, which ranges between 0.16% and 0.39% annually [13].
The deforestation rate might have been off-set by natural mangrove AGB colonization and small-scale
mangrove replanting projects between 2011 and 2014 in the districts of Sandakan, Beluran, Beaufort
and Kunak [50]. This study only considered the AGB changes due to deforestation, so the mangrove
AGB changes were based on the estimated AGB and mangrove cover changes between 2000 and 2015.
Overall, the mangrove AGB had decreased from 43,615,501.35 Mg in 2000 to 39,652,659.26 Mg in 2015.
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This means a significant decrease of more than 3.96 million Mg of mangrove AGB (or 1.98 million Mg
Carbon with 0.5 conversion) at an annual rate of 264,189.47 Mg per year.

As the amendment of Sabah’s Forest Enactment 1968 to include REDD+ was passed in the state’s
assembly and came into force in January 2019, the state government of Sabah clearly needs to adopt an
effective strategy to conserve mangroves of Sabah. Recently, capacity building activities supported by
a European Union fund have improved the Measurement, Reporting and Verification capacity of the
state government. In addition, an above-ground carbon density map at 30 m resolution was developed
for the forests except mangrove [51]. Mangrove is one of the five forest classes in the national forest
reference emission level for REDD+ [15]. The AGB map of this study provides a baseline on the spatial
distribution of mangrove AGB at sub-national level in 2000. Moreover, the mangrove AGB change
map can be used to guide management decisions at policy or state level. For example, establishing
new protection forest reserves or reclassifying existing reserves to protection forest reserves (Class I)
at the threatened areas are an immediate and effective solution. Alternatively, the intensification of
mangrove forest rehabilitation should also be carried out.

5. Conclusions

As mangrove areas in Sabah comprises of more than half of the total area of mangrove in Malaysia,
baseline information on the mangrove area and its AGB is important to the mechanism of Reduce
Emissions from Deforestation and Forest Degradation-Plus (REDD+) at sub-national, as well as
national levels. In this study, we developed a predictive model to adjust field DBH measurements for
determining the field AGB in 2000, when SRTM data was acquired. The historical mangrove AGB map
in 2000 was produced by developing an AGB estimation model using the predicted field AGB and
SRTM DSM corrected for ground elevation. Mangrove deforestation in Sabah between 2000 and 2015
was also quantified using multitemporal Landsat images. Although the mangrove deforestation rate
was lower than the global rate, the total reduction of mangrove AGB or carbon stock was significant.
The adjustment approach developed in this study can be applied to other regions covered by SRTM
DSM to map the historical mangrove AGB in 2000.
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