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ABSTRACT. Mangroves are one of the most productive forest ecosystems and play an important role in
carbon storage. We examined the use of Shuttle Radar Topography Mission (SRTM) data to estimate mangrove
Above-ground Biomass (AGB) in Sabah, Malaysia. SRTM-DEM can be considered as Canopy Height Model
(CHM) because of the flat coastal topography. Nevertheless, we also introduced ground elevation correction
using a Digital Terrain Model (DTM) generated with GIS and coastal profile data. We mapped the mangrove
forest cover using Landsat imagery acquired in 2015 with the supervised classification method (Kappa
coefficient of 0.81). Regression analyses of field AGB and the CHMSs resulted in an estimation model with the
corrected CHM as the best predictor (R% 0.73) and cross-validated Root Mean Square Error (RMSE) was
19.70 Mg ha! (RMSE%: 11.60). Our study showed Sabah has amangrove cover of 268,631.91 ha with atotal
AGB of 44,163,207.07 Mg in 2015. This substantial amount of carbon storage should be monitored over time
and managed as part of the climate change mitigation strategy.
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INTRODUCTION

Mangrove forest & ore of the most productive forest ecosystems in tems of iis carbon cycling and storage
(Pram and Brabyn, 2017). Howewer, corsistently high demand for natural resources, such as timber and fuel,
and coastal bnd develbpment have kd to the destruction and degradation of mangroves (Kamiah et al., 2015).
Estimating and monitoring forest carbon stock are increasingly important in the context of climate change
mitigation. Mangroves have geat potertial in both above and below ground carbon pook; storing up to five
times more carbon per unit area than other forest ecosystems (Kauffman et al., 2011; Stringer et al., 2015). For
the pupose of mangrove carbon stock nonitoring, the estimation focuses more on the aboveground carbon or
biomass (AGC/AGB) of mangroves (Shepro et al, 2015). The AGB stock estimation & dore through an
established allometry with field measurements. Alhough corsidered as accurate, it 5 impractical on a large
spatial scake (Kauffman et al., 2011) especilly n areas with harsh conditions and difficult to access.

Renote sersing technology provides high-quality and consistent data over a bong term at low cost per
wnit area (Kamiah et al,, 2015). It has been widely used to retreve nformation of forests located n remote or
naccessible areas at a krge-spatial scake. The Landsat Program provides free medium-resolution satellite
imaceries gobally and has become the main data source of numerous studies rebted to tropical forest cover
change monitoring (Gri etal., 2011; Kirui et al,, 2013). On the other hand, Shuttle Radar Topographic Mssion
(SRTM) Duital Ekvation Model (DEM) provides free and high-resolution digital elevation data that cover
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80% of the Earth’s lbind surfaice with 16 m absolute vertical height accuracy. Sihce SRTM-DEM correlates well
with mangrove forest heghts (Lagomasino et al., 2016), it was used to estimate AGB of mangrove forests in
various areas around the world (Fatoyinbo et al., 2008; Fatoyinbo and Simard, 2013; Fayad et al., 2016; Aslan
et al., 2016).

Sabah occupies more than half (58.6%) of Mahysia’s mangrove forests (FAO, 2007), signifying the
nportance to evalate the curent dstribution of mangrove cover and its curent carbon storage potertial. This
study wsed medium-resolution satellite data to analyse mangrove forest cover for the year 2015 and to provide
an AGB estimation model of mangrove forests in Sabah wsing SRTM-DEM.

MATERIALS AND METHODS

Feld data collection

Location of fed data colection was n the Northern part of Bomeo Ishnd especially West Coast of Sabah
(5°25°13.45” N, 116°47°48.42”E) (Figure 1). Feld nventory was conducted between August and October
2016. A total of 18 pbts with square plot design (10 m x 10 m) and 24 plbts with crrcular plots design (7 m
radus) were established. A GARMIN GPSMAP 60 CSx was used to record the plot coordinates. The diameter
at breast height (DBH) and tree height were measured for all trees with DBH >5cm AGB was cakulated from
the feld data using the allometric equation model developed by Saenger and Sredakar (1993):

AGB = 10.8H + 34.9 @
Where AGB & aboveground biomass in Mg ha! and Hs the tree height in meters.
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Figure 1: Location of study area
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Landsat data acquisition and processing

Landsat mageries from Landsat 7 ETM+ and Landsat 8 OLI for year 2015 were downlbaded from the United
States Geobgical Suney (USGS) Center for Earth Resources Observation and Scence (EROS) website
(www.glovis.usgs.oov). To produce afull image mosaic of Sabah, muitiple Landsat imageries from year 2014
to 2016 with different frames (PattVRow: 116/56; 116/57; 117/55; 117/56; 117/57, 118/55; 118/56; 118/57)
were wsed. All mages were reflectance (digital number to top-of atmosphere) and atmospherically (dark object
subtraction) corrected. Removal of cluds and cloud shadows were dore wsihg Fresk sofiware (Zhu and
Woodcock, 2012).

The mages were chssified wsing supervised (Maximum Likelihood) chssification. A total of 7 land
cover chsses were defined based on wsual nterpretation (water, mangrove, forest agiculture, plntation,
gassland and bare bnd). The chssification accuracy was assessed using eror metrix that includes producer
accuracy, user accuracy, owerall accuracy and Kappa coefficient. Google hstorical imageries from year 2014
to 2016 were wsed as reference data for ‘ground-truthing’ of the chssification (301 ponts).

The Frmesk software was only able to detect approximately 90% of cluds and cloud shadows. Thus,
futher chssification of cloud and cloud shadow were dore and removed during post-processing. Majority
filtering (3 x 3) was then applied to the chssified images to reduce the ‘sat and pepper’ effects. Pels that were
easily recognised were excluded (e.g mangroves only grow near coastal area and nter-tidal zores and do not
gow far nland and on highlands (Giri et al., 2011)) to reduce misclassification. All mages were mosaicked to
gererate asingle raster of lnd cover chsses and mangrove chss was extracted for further analysis of AGB.

Shuttle Radar Topographic Mission digital elevation model (SRTM-DEM)

The SRTM-DEM data can be corsidered as Canopy Height Model for coastal mangroves (CHMmg) becawse of
the flat coastal topography and height estimation by radar & roughly the mangrove canopy heights (Simard et
al, 2006; Fatoyinbo et al., 2008). The CHM was corrected wsing a Digital Terrain Model (DTM) to inprove
the mangrove AGB estimation model (equation 2).

Corrected CHM,,,, = SRTM DEM,,,, — DTM,,, @

As coastal elevation increases towards inbnd areas, the reltionship between distance from coastline and
ekvation above mean sea kwvel was established to gererate the DTMmg. A lirear model was derved from six
coastal profiles (obtained from the Sabah Shoreline Management Pln) (DHI Water and Environment, 2005)
as follows;

DTM,,, = 0.0191D + 0.3427 (€))

DTMmg B gound ekvation in meter (asl) for mangrove and D & the dstance from coastline in meters. The
coastal profiles showed that ground elevation was corstant after 200 mfrom the coastline. Thus, piels kss than
200 m from the coastline were used to gererate the DTMmg and the SRTM-DEM values were subtracted  with
the meximum value of DTMmg for piels more than 200 m from the coastline according to equation (2).

Statistical Analysis

Awerage \ales of piels owerbpping the plots for both CHMs were extracted and depicted as independent
varables. The dependent varable (mangrove feld AGB) wes lirearly regressed against both CHMSs. Tree
heght & known to have nonlinear (ie. multiplicative) rebtionship wih AGB (Basuki et al., 2009), thus, the
varables were ratural-log trarsformed. The estimation modek were evaluated wsing R squared (R?), root mean
square eror (RMSE) and rebtive RMSE (RMSE26) from the cross validation of esimated AGB and field-
measured AGB. Leave-one-out cross-validation was used to cakulate RMSE to prevent owerfitting of the
model.
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RESULT

Land Cover Classification and Mangrove Forest Distribution

The brd cower chssification had an owerall accuracy of 83.72 with kappa coefficient of 0.81 (Tabke 1).
Reference data (301 ponts) were nterpreted on Google Earth historical images to compare with the chssified
bd cower chsses. The mangrove chss wes extracted from the lnd cower chssification. Based on the
chssification, mangrove area n Sabah was 268,631.91 ha n 2015.

Table 1: Error matrix of land cover classification.

Gran User's

Groundtruth Point d Accura
Total cy, %
Wate Mangro Fore Agricult  Plantati  Grassl Barela
r ve st ure on and nd
Water 42 5 1 1 49 85.71
M
angro g 57 1 63  90.48
ve
. [Forest 1 1 45 1 7 55 81.82
2 Agricul
g 1 1 9 1 1 13 69.23
= ture
-
e Pl i
z Planat 2 43 3 1 51 8431
< on
C
Grassl
fassia 1 1 16 18 88.89
nd
Barel
arotlaan 5 2 3 1 1 0 52 76.92
Grand ¢ 67 47 16 51 21 43 301
Total
Producer
> ™0 ge07 BT 5e25 8431 7610 93.02
Accuracy, 0 4
%

Overall Accuracy = 83.72; Overall Kappa = 0.81

Aboveground Biomass Estimation

Tabk 2shows the plot-Evel descriptive statistics of the mangrove forests characteristics. The average DBH and
height was 10.82 cm and 11.38 m respectively. The shortest tree was found at Tuaran area (4.00 m) while the
tallest tree was found in the northern part of Sabah (27.60 m). Forest stand height measured for individual trees
within the plot were agyegated to gererate plot-level AGB for all plots. The mangrove AGB ranged between
135.98 Mg hal to 289.78 Mg ha'l, with an average of 169.83 Mg ha'.
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Table 2: Summary of field measurements.

Average Maximum Minimum Standard Deviation
DBH (cm) 10.82 49.00 5.00 5.59
Height (m) 11.38 27.60 4.00 3.19
AGB (Mg hat) 169.83 289.78 135.98 33.83

Al 42 pots were used n the regression analyses between the CHMs and feld AGB. The resuits (Table
3) showed that the model with Ln AGB as the dependant variable and corrected CHMmg as the independent
varable had the highest R? (0.73) with cross-validated Root Mean Square Emor (RMSE) of 19.70 Mg ha'l,
which was only 11.60% of the average AGB. Figure 2shows the scatter plot of feld AGB and estimated AGB.
Ths model was then used to produce estimated AGB of Sabah for the year 2015 (44,163,207.07 Mg).

Table 3: AGB estimation model using CHMs of SRTM.

. . RMSE %
2

Variables R R Model Equation Mghal RMSE

CHM-AGB 083 069 AGB= 7.09(CHM)+108.45 20.35 11.98

Corrected LnCHM-AGB 0.77 059 AGB= 56.08(Ln CHM)+54.62  23.43 13.80
CHMmg CHM - Ln AGB= Exp (0.04 (CHM) +

AGB 085 0.73 4.79) 19.70 11.60

CHM - AGB 0.83 0.68 AGB= 5.64(CHM)+114.31 20.56 12.10

AGB= 48.43 (Ln

CHMmg Ln CHM-AGB 0.75 0.56 CHM)+65.38 24.13 14.21
CHM - Ln AGB= Exp (0.03 (CHM) +

AGB 085 0.72 4.82) 19.76 11.63

Note: Model in bold was the best model with lowest RMSE or RMSE%
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Figure 2: Field AGB VS estimated AGB. Only 1 plot (solid circle) had considerably underestimated
the AGB
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DISCUSSION

Ths study wsed supervised chssification of Landsat imageries to obtain each bnd cower information for the
year 2015. Although the chssification accuracy showed good owerall results, we were uneblke to chssify the
entire state of Sabah which afiected the total areas of the classes assessed. Furthermore, comparison of each
chss area with exsting literature was difficult due to the imited number of past studies. Ths study discusses
primarily on mangrove forest covers. Mangrove areas obtained from ths study was lower then reported by the
Sabah Forestry Department in 2016 at 340,000 ha and the 2011 USGS Global mangrove dataset (Gri et al.,
2011) (http://data.unep-wemc.org/datasets/4) at 284,952.27 ha. The lower values of mangrove areas estimated
n ths study could be due to higher percentage of cloud cowering the mangrove area on the satellite images,
especally n the coastal areas. In addition, the medium spatial resolution of Landsat imageries can imit the
detection of mangrove areas thet are partally submerged i coastal waters (Kirui et al., 2013).

Studies n Kota Marudu (Sabah) and n Lawas (Sarawak) reported lower values of mangrove awerage
feld AGB (98.40 Mg hat and 116.79 Mg ha! respectively) (Faridah-Hanum etal., 2012; Chandra et al., 2011)
conpared to owr stdy. The variation in values may be due to the type of sanpling technique, sekction of
alometric equation and ervironmental factors (plnt dersity and plnt growth rate) (Chandra et al., 2011). Both
past studies icluded trees with DBH > 1 cm while our study measured trees wih DBH >5 cm Sihce we
focused on AGB estimation ower a large spatial scake, our sanpling was sufficient enough for AGB estimation.
Newertheless, the average AGB in ths study falls within the average AGB in Mahysia (1729 Mg hat) (Simard
et al, 2019).

Tree DBH has aways been used n studies rekting to AGB since it 5 easier to measure than tree height.
Howewer, preliminary tests using DBH-based equations resulted n higher RMSE. Since this study focuses on
gererating AGB from CHM, the height-based equation was used as & & the most common equation relting
canopy height and mangrove AGB (Fatoyinbo et al., 2018). The outlier plot in ths study may be due to SRTM
data error or changes during the 15-year gap between the feld and SRTM data. Futhermore, rebtively weak
GPS signals (especially hand-held GPS) meke i difficult to determine plot location accurately, which may
ncrease the AGB estimation emors (Simard et al., 2006; Fatoyinbo and Amstrong, 2010).

Alhough mangrove AGB estimation wsing renote sersing have been widely studied, very few have been
dore n Mahysia. The estimation of mangrove AGB n Peninsular Mabysia usng ALOS PALSAR was done
n Matang Mangrove Forest Reserve though ther RMSE was higher than our study. It 5 possble that
backscattering saturation occured due to the imited peretration of synthetic aperture radar n derse forest
canopy (Kugler et al., 2014). To the best of our knowkedge, there 5 no other study n Makysia that estimates
mangrove AGB wihg SRTM-DEM. This study showed that corrected CHM was the best predictor of
mangrove AGB n Sabah, which slightly improved the mangrove AGB estimation compared to te CHM
without correction wsng DTM.

CONCLUSION

Ths study successfully determined mangrove areas for the year 2015 wsing chssification of medium
resolution satellite images, and can be futher investigated with multiple years to study the changes of mangrove
areas. The AGB estimated in this study used correction of CHM together with feld data. Since s acquiition
n te year 2000, various satellite data otrer than SRTM-DEM are available and can be used to esimate
mangrove canopy height more accurately. This study shows the potential of renote sersing data to estimate
mangrove area and AGB and can be further used for monitoring the rate of changes of mangroves not only in
the state but ako at the national kewel.
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