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Abstract: Blue carbon ecosystems in the Karimunjawa Islands may play a vital role in absorbing
and storing the releasing carbon from the Java Sea. The present study investigated mangrove
above-ground biomass (AGB) and carbon stock in the Karimunjawa-Kemujan Islands, the largest
mangrove area in the Karimunjawa Islands. Taking the aerial photos from an Unmanned Aerial

icle combined with Global Navigation Satellite System (GNSS) measurements, we generated
Digital Surface Model (DSM) and Digital Terrain Model (DTM) with high accuracy. We calculated
mangrove canopy height by subtracting DSM from DTM and then converted it into Lorey’s height.
The highest mangrove canopy is located along the coastline facing the sea, ranging from 8 m to 15 m.
Stunted mangroves 1 m to 8 m in height are detected mainly in the inner areas. AGBs were calculated
using an allometric equation destined for the Southeast and East Asia region. Above-ground carbon
biomass is half of AGB. GB and carbon biomass of mangroves in the Karimunjawa-Kemujan
Islands range from 8 Mg/ha to 328 Mg /ha, and from 4 MgC/ha to 164 MgC/ha, respectively. With a
total area of 238.98 ha, the potential above-ground carbon stored in the study area is estimated as
16,555.46 Mg.

Keywords: above-ground biomass; carbon stock; mangrove; Karimunjawa Islands; aerial photo

1. Introduction

It has been widely known that anthropogenic carbon dioxide emissions (CO») become
the main contributor to climate change. Friedlingstein et al. [1] reported the rapid increase
of fossil fuel use, land-use change, and cement manufacture increased the (CO») in the at-
mosphere over the last decade. From the observations from NOAA-ESRL, the atmospheric
CO; concentrations in 2000, 2010, and 2018 were 369.55 ppm, 389.90 ppm, and 409.68 ppm,
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respectively [2]. Thus, reducing the CO, concentration in the atmosphere is one of the
critical measures for combating climate change.

On the other hand, coastal ecosystems, i.e., mangroves, seagrass, and salt marshes,
play impurtantms as the blue carbon ecosystems, referring to their abilities to sequester
the amounts of carbon per unit area more significantly than the terrestrial forest [3]. In the
tropics, mangrove and seagrass ecosystems have become the major blue carbon ecosys-
tem [4]. Thus, conserving the blue carbon ecosystems has become one of the strategies for
mitigating anthropogenic carbon emissions.

Among the three blue carbon ecosystems, mangroves have the greatest above-ground
biomass due to their larger and woody growth forms. They can store greater carbon than
the other blue carbon ecosystems [5]. Furthermore, Kau.ff'na‘l etal. [6] found that mangrove
carbon stock is much higher than that of terrestrial forest due to their ability to store more
carbon in their above-ground biomass and below ground as root and sediment, e.g., [3,7-9].
Mangroves” biomass can store 10% of total atmospheric CO;, but only 0.7% is kept by the
global forest [8].

The Karimunjawa Islands are located in the center of the Jav§Ea and have been
under the authority of the Karimunjawa National Park since 1999, based on the Decree
of The Minister of Forestry (SK Menhut) No.78/Kpts-11/1999. Therefore, mangroves in
Karimunjawa are well conserved. On the other hand, the Java Sea is known as the carbon
source area as investigated by in-situ measurements using a pCO; analyzer over a 4-year
period (2010-2013) [10]. Generally, Indonesian seas act as a CO, source since the seawater
pCO; is supersaturated relatively to the atmosphere by 15.9 &+ 8.6 patm. Furthermore,
taking the benefit of satellite measurements that are spatially and teffporally continuous
and wide coverage monitoring, Wirasatriya et al. [11] revealed the seasonal variation of
carbon flux in the Java Sea. The releasing carbon to the atmosphere occurs at maximum
during the first transition season (April—Mayucusing on the seas of the Karimunjawa
Islands, which was left blank by Kartadikaria et al. [10] and Wirasatriya et al. [11], Latifah
et al. [12] also found that the seas of the Karimunjawa Island act as a carbon source by
conducting in-situ CO» measurement. Thus, it is crucial to investigate the role of the
mangrove ecosystems in the Karimunjawa Islands as a contra role of the Java Sea in
releasing carbon for a future possibility of the calculating carbon budget in the region.
As the largest mangrove area in the Karimunjawa Islands, the mangrove forest on the
Karimunjawa-Kemujan Islands is the focus of the present study’s investigation.

The traditional measurement of mangrove bioma@E} conducted by direct tree mea-
surements in the field, including height, canopy/crown area, and diameter at breast height
(DBH) within the designated plots, which are then applied the allometric equations to
obtain tree above-ground biomass (AGB) [13,14]. However, these in situ measurements
are sometimes difficult to conduct in dense mangrove stands or remote areas with limited
access. These issues lead to poor survey coverage and measurement errors, which in the
end, can cause the underestimation of measured mangrove biomass [15].

Due to its extensive observational coverage and continuous monitoring, satellite
remote sensing answers the limitation of traditional mangrove survefffjor investigating
mangroves” distribution and structure [16]. The application of satellite remote sensing has
been established to map the tree height and mangrove biomass worldwide, e.g., [17-25].
These satellite-based mangrove biomass measurements give the optimum advantages for
monitoring change at a broad scale [26]. However, at least two issues should be sol £ to
map the local scale’s mangrove biomass and carbon stock. The first issue is related to the
spatial resolution of the data. The satellite data mentioned above have a spatial resolution
of more than 10 m which are not intended to capture fine-scale heterogeneity related to the
mangrove biomass and carbon stock assessment [27].

In the present study, we used Unmanned A€ffdl Vehicle (UAV) imagery to solve the
coarse spatial resolution issue posed by satellite remote sensing methods to investigate
the mangrove AGB and carbon stock in the Karimunjawa-Kemujan Islands. Since the
last decade, the application of UAV for research in ecology has rapidly developed [28],
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mainly for forestry [29] and agriculture [30] to collect the structural measurements of plants.
For mangrove applications, UAV-imagery was utilized by Jones et al. [15] to generate
high-resolution three-dimensional canopy models, site-based assessments of mangrove
AGB and carbon stocks over hundn:ls of hectares. Furthermore, Navarro et al. [31] also
succeffully used the structure of Motion and Multi-View Stereo reconstructions from
UAV data to estimate the height, canopy diameter and AGB of natural and rehabilitated
mangrove forests across two regions of the southeastern coast of Australia.

@ The second issueis related to the allometric equation for calculating mangrove AGB.
As an analogy to an allomfiic equation for estimating individual tree AGB, the Lorey's
mean canopy height (Hy, }-AGB relationships showed distinct regional differences in man-
groves on the basis of field research [32], i.e., the H,,~AGB relationship from East Africa
and Bangladesh are different to that from America. In contrast, thffinvestigation of Saatchi
et al. [33] found that this regional difference is less pronounced in the terrestrial tropical
forests based on the extensive global dataset. This indicateffJthat mangroves have their
own local characteristic of the Hn—AGB relationship driven by the other forest structural
parameters such as cumulative basal area, mean wood density (py,), and environmental
parameters [34]. Thus, applying the allometric equation cannot be generalized and should
consider the local characteristic of the H,—AGB relationship. Fortunately, Suwa et al. [34]
have developed an allometric equation designated for the Southeast and East Asia region,
including the Karimunjawa area, for estimating mangrove AGB. For developing the equa-
tion, they have considered the different species distribution in their study area. Thus, this
allometric equation is only applifible for the area of the Southeast and East A{ffi region.
Testing the canopy height (H,, basal area weighted mean wood density (py,) and their
combination as explanatory variables to estimate ACEJfor mangroves, they found that the
difference of the Hy~AGB relationship among theifJptudy sites is partly explained by the
differences of py,. Thus, they encourage using Hy, as a proxy to estimate mangrove AGB
using remote sensing data in the Southeast and East Asia region.

In the present study, we built a high-resolution three-dimensional model of man-
grove forest using UAV-imageries, corrected using GNSS and in-situ tree height measure-
ments and then adopted Suwa et al [34],’s equation for estimating mangrove AGB in the
Karimunjawa-Kemujan Islands. This is the first high-resolution UAV-based mangrove AGB
map which considers the Hm—AGB relationship developed from local characteristics.

18
?Materials and Methods
2.1. Study Area

Qur study area is located on the Karimunajawa and Kemujan Islands, the two main
islands of the Karimunjawa Islands, precisely on the strait between the Karimunjawa and
Kemujan islands, where the densest mangroves in Karimunjawa exist (Figure 1a). This
dense mangrove condition makes the two islands look connected, as seen from the satellite
image (Figure 1a). Based on our field observation, mangroves in the KarinEfijawa-Kemujan
Islands have strong zoning with the dominant species in each zone. Suwa etal. [34] reported
that the dominant mangrove species in the Karimu§va-Kemujan Islands are Rhizophora
stylosa, Lunnitzerafgfjorea, and Rhizophora apiculata. There are 45 mangrove species in this
area, consisting of 27 true mangroves and 18 mangrove associates. Rhizophora stylosa is the
most dominant species in the study site. Mangrovftructural zonations can be divided
into three formations from land to seaward margin. Low multi-stem stands of Ceriops tagal
and Lumnitzera ra@nosa dominates the outermost landward margin. The middle part is
dominated by the single and multi-stem low-closed forest of highly mixed formations of
Ceriops tagf) Lumnitzera sp., Rhizophora sp. and Bruguiera gymnorhiza. The formation of a
multistem closed forest of Rhizophora mucronata and some individual Bruguiera gymnorhiza
and Xylocarpus granatum dominate the shoreline area [35-37].
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Figure 1. Study area. (a) Orthophoto of the study area. The red boxes are the study areas of Salim
et al. [38]. The high resolution orthophoto is provided in the supplementary file. (b) Digital Terrain
Model of the study area.
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2.2. UAV Photogrammetry

We used UAV photogrammetry taken from drone DJI Phantom 4 Pro subsequently
processed using the Structure from Motion (SfM) Photogrammetry method to generate
orthophoto, and Digital Surface Model (DSM) [39—42] for the Karimunjawa-Kemujan
Islands. Orthophoto is the final seamless merging of true-color images of aerial photos,
while DSM explains the elevation of earth surface from the mean sea level. We flew
the drone above the study area with a 200-m altitude and 80% overlapping images on
3-10 September 2019 and captured 2129 snapshots of aerial photos. The orthophoto, and
DSM were generated through the mosaic process on these raw aerial photos, starting
with aligning photos, then inputting Ground Control Point (GCP), building dense cloud,
mesh, texture, and the last one is generating tile model of orthophoto and DSM (Figure 2).
Aligning photos was conducted for producing early three dimensions (3D) model with
GCPs as the reference. The dense point cloud contains millions of spot heights generated
from the early 3D model. This dense point cloud was stitched into mesh then plotted
into texture to obtain the physical 3D model of the study area. Noise filtering and surface
smoothing were applied in the DSM generation with inverse distance weighting. The final
spatial resolution of DSM and orthophoto is 5.38 cm. This fine resolution of the orthophoto
made it easily to delineate the mangrove area, as shown by the red dashed line in Figure 1a.
Since the study area resembles the bird-shape anatomy, we divided the study area into three
sub-area, ie., the southwestern wing, northeastern wing, and tail areas, to simplify the
spatial analysis. The tail area is located in the southeastern part of the study area bordered
by the road. The southeastern and northwestern wing areas are connected by the narrow
strait that separates Kemujan Island and Karimunjawa Island (Figure 1a).

Flight Ptaning acquisition data Field observati
/ || ield observation

|
v

Align Photos |—3 Input GCP —Optimize Cameras —3 Build Dense Cloud

i

Build Orthomosaic e— Build DEM —— Buid Texture je— Build Mesh

Data p E = l l

Export
Orthomosaic DEM Export

Figure 2. Workflow of SfM photogrammetry to produce orthophoto and DSM.

Regarding DSM, Shum and Kuo [43] stated that the accuracy of the 3D model from
the aerial photos depends on the availability and distribution of GCP. In this study, 7 GCP
were set and spatially distributed in the study area (Figure 1b) using GNSS Comnav T300
receiver with a static method. These GCPs represented the ground surface and were then
also used for validating DSM. The RMSE of DSM is (.17 m. Another GNSS Comnav T300
receiver was also operated for a topographic survey with real-time kinematic (RTK) method
for 60 spots in the study area. (Figure 1b). In addition, we conducted a water pass survey
in 227 spots, as shown in Figure 1b. The combination of RTK spots was used to generate
the Digital Terrain Model (DTM). The DTM explains the elevation of ground surface from
the mean sea level. Technically, DTM can also be generated from aerial photos, e.g., [43,44].
However, this technique cannot be applied in the Karimunjawa-Kemujan Islands since the
dense mangroves in this area prevent the visible sensor of a drone camera to penetrate
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through the ground surface. Since the study area is flat, the DTM was generated from the
interpolation of RTK spots. Then, DTM was validated with the elevation data obtained
from the water pass survey. The RMSE of DTM is 0.08 m. Kung et al. [44] stated that
the accuracy of drone photogrammetry with GCPs ranges from 0.056 m to 1.25 m. This
indicates the high accuracy of the generated DSM and DTM in the present study.

Canopy height refers to the tree height above ground level. The distribution of
mangrove canopy height in Kemujan-Karimunjawa Islands was estimated by simply
subtracting the DSM with DTM.

2.3. Mangrove Survey

We conducted a mangrove survey on 27-30 September 2020 at 22 spots, as shown by
the red dots in Figure 1a. We measured the arithmetic height and DBH, i.e. 1.3 m for 10 to
15 mangrove trees randomly selected within a radius of 10 m in each spot. In this study,
spot selection for mangrove survey is crucial. Since the accuracy of the handheld Global
Positioning System (GPS) for mangrove survey is much lower than the GNSS used for
UAV photogrammetry reference, we selected the trees with similar height in each spot to
reduce the possibility of the point mismatch between handheld GPS and GNSS. Next, the
arithmetic heighffflas converted into Lorey’s height to estimate the mangrove biomass from
the tree height. Lorey’s height describes the weighted mean height whereby individual
trees are weighted in proportion to their basal area. The calculation of Lorey’s height was
as follows:

N'BA,; x H;
m = ? (])
Y BA;
2
BA=mx (D;;H) (2)

where H,,, H, and BA denote Lorey’s height, arithmetic height, basal area, respectively.
Then, Lorey’s heights obtained from the red dots were used for generating an algorithm
to calculate the canopy height from aerial photography. In addition, we used 17 spots of
Lorey’s height data from Suwa et al. [34] for validation, as shown by the green dots in
Figure la.

2.4. Calculation of Mangrove Above-Ground Biomass

For estimating mangrove AGB, we used the H;,—AGB relationship developed by Suwa
etal. [34] which is generated for the region of Southeast and East Asia as follows:

In AGB = 0.81 +1.81 InH,, (3)

The index of height used in the presentstudy is Lorey’s height, the basal area weighted
height of all trees. Basal area weighting of tree heights increases the importance of the
largest trees in a stand and represents the height of the stand’s tallest trees [45,46]. The stand
biomass (Mg/ha) depends mainly on large canopy trees having taller trees and Lorey’s
height can be good proxy for estimating the stand biomass. Therefore, many previous
studies applied Lorey’s height for estimating biomass e.g., [32-34]. Suwa et al. [34] also
confirmed that Lorey’s height showed a better fit to biomass data instead of arithmetic
mean tree height (unpublished data). Thus, in the estimation of canopy height, Lorey’s
height has been known as one of the best indices.

Furthermore, the previous studies have suggested that the difference of Lorey's height—
biomass relationship among species is mainly explained by differences in DBH, wood den-
sity and tree height [47,48]. In the case of the stand biomass estimation method in mangrove,
Suwa et al. [34] tested if the Lorey’s height-biomass relationships differ among different
mangroves and found that the Lorey’s height-biomass relationships differed significantly
between canopy-closed and canopy-open mangroves, but the Lorey’s height-biomass rela-
tionships did not differ among different types of mangroves within closed canopy forest
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types. Thus, Equation (3) is applicable since the mangroves in the Karimunjawa-Kemujan
Islands is a closed canopy forest.

3. Results
3.1. Canopy Height and Lorey's Height

Based on the distribution of DSM, the elevation of surface mangrove area ranges from
2 m to 24 m (Figure 3a). Since the mangrove area of Karimunjawa-Kemujan Islands can
be categorized as a flat plain, as denoted by the distribution of DTM which only varies
from 0 m to 1.25 m (Figure 1b), calculated canopy height varies from 1 to 23 m (Figure 3b).
The highest canopies are observed along the northwest edge of the southwestern wing
area and the tail area near the seaside. A high canopy appearance is also observed in the
middle of the northeastern wing, bordering the land vegetation area at its southeastern
part. Comparing Figures 3b and 1a, it is also clear that the higher canopy is associated with
a higher mangrove density, and vice versa.
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Figure 3. (a) Digital Surface Model (DSM) and (b) Calculated canopy height of mangroves in
Karimunjawa-Kemujan Islands. The red and black lines are road and narrow strait, respectively.




Sustainability 2022, 14, 706

Sof15

The relationship between the calculated canopy height and the observed Lorey’s
height is presented in Figure 4a. Mainly, calculated canopy heights are higher than observed
Lorey's heights following the exponential pattern with a high determination coefficient
(R?), i.e., 0.83. Thus, the conversion of the calculated canopy height into the calculated
Lorey’s height of aerial photography can be performed using the following equation:

y = 1.5614¢0115% (4)

where i is the calculated Lorey’s height, and x is the calculated canopy height.

20
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Figure 4. m:;cattcr plot of calculated canopy height and observed Lorey’s height. (b) Scatter plot of

observed L(mee height and calculated Lorey’s height. The position of observed Lorey’s heights in
(a) and (b) are denoted by red and green dots in Figure 1a, respectively.

To examine the accuracy of this equation, we validate the calculated Lorey’s height
with the observed Lorey’s height from Suwa et al. [34] (Figure 4b). The bias and RMSE
are 0.04 m and 1.28 m, respectively. This error indicates that the accuracy of the calculated
Lorey’s height in the present study is lower than the previous studies which can show
the vertical accuracy by less than 0.1 m, e.g., [1549,50]. The high error emerged in this
study may come from the low accuracy@ifjthe handheld GPS used for mangrove sampling
which caused the mismatched positions between the estimated Lorey’s height and observed
Lorey’s height. However, this error is still much smaller than the RMSE obtained by Aslan
etal. [, who calculated the mangrove canopy height in Mimika District, Papua using a
DEM ttle Radar Topographic Mission. With a spatial resolution of 30 m, their RMSE
is only 3.7 m. Furthermore, since the maximum of Lorey’s height in the present study is
~15 m, the RMSE of 1.28 m is still acceptable.

By applying Equation (4) to the distribution of canopy height (Figure 3b), we can
obtain the spaf@f@distribution of Lorey’s height as shown in Figure 5. The distribution of
Lorey’s height in the study area ranges from 1 m to 15 m. The maximum Lorey’s height is
observed at the Southwestern tip of the southeastern wing. Almost along the southwestern
and northeastern wings coastline, the Lorey’s height reaches more than 8 m. Atthe tail area,
which is also bordered by the sea, the Lorey’s height also reaches more than 8 m. Overall,
we can see the clear border forming the narrow band of high Lorey’s height facing the
seaside. These heights are comparable with mangroves found in most areas in Indonesia,
such as Bali [51], Porong Delta, East Java [52], Mahakam Delta [25], etc. But they are too
short compared to the mangrove height in Papua, which can reach more than 40 m high,
e.g, [25,53,54].
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Figure 5. Calculated Lorey’s height of mangroves in Karimunjawa-Kemujan Islands. The red and
black lines are road and narrow strait, respectively.

On the other hand, stunted mangrove areas denoted by the lower Lorey’s heights by
less than 7.5 m are observed mostly in the inner areas that are not facing the sea directly.
The lowest Lorey’s height areas are found in the northeastern tip of the northeastern wing
area and in the western side of the road in the southwestern wing area. The Lorey’s height
in these areas is only 1 m. In the northwestern part of the narrow strait facing the sea, the
Lorey's height all) drops to less than 5 m.

3.2. Above Ground Biomass and Carbon Stock

For estimating mangrove AGB, Equation (3) was simply applied to the distribution of
Lorey’s height (Figure 5), and the result can be seen in Figure 6. The AGB of mangroves in
the Karimunjawa-Kemujan Islands ranges from 8 Mg/ha to 328 Mg/ha. Suwa etal. [34]
stated that the anlicati{m of Equation (3) can produce a systematic error that suggests
underestimating AGB for old mangroves whose AGB > 400 Mg/ha. Since the distribution
of AGB shown in Figure 6 is less than 400 Mg/ha, Equation (3) is still applicable for
estimating mangrove AGB in Karimunjawa-Kemujan Islands. The area with high Lorey's
height has a high AGB biomass. Meanwhile, a low AGB biomass is observed in the stunted
mangrove area.

Kauffman and Donato [13] stated that the carbon concentration of mangrove wood
is usually a little less than 50%. Thus, it is a common practice to convert AGB to carbon
biomass by multiplying by 0.46-0.5. In the present study, we used the multiplication of
0.5 to convert AGB to carbon biomass, as also implemented by Mudiyarso et al. [55]. The
distribution of above-ground carbon biomass is also presented in Figure 6 with the half
value of mangrove A@F) The carbon biomass of mangroves in the Karimunjawa-Kemujan
Islandgfnges from 4 Mg C/ha to 164 Mg C/ha with a mean value of 69.27 Mg C/ha. This
value is higher than the mangrove AGB in other areas of Java Island such as Kaliwli
Brebes; Labuhan Lamongan; §ftuh; and Segara Anakan, Cilacap which are only 6.49 Mg
C/ha, 53.89 Mg C/ha, 31.78 Mg C/ha, 0.13 Mg C/ha, respectively [56-59]. With a total
area of 238.98 ha, the potential above-ground carbon stored in the study area is estimated
as 16,555.46 Mg. This result shows that mangroves in the Karimunjawa-Kemujan Islands
store a huge amount of carbon.
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4. Discussion

The previous study of carbon stock estimation in Karimunjawa was conducted by
Wicaksono et al. [22] using ALOS AVNIR2. Their analysis was based on the remote-sensing,
reflectance represented by leaf area index (LAI) and its correlation with the actual tree
or root biomass carbon stock. Their result shows that the estimation of above-ground
carbon in the Karimunjawa Islands is 216.4 MgC/ha with a total value of 96,482 MgC
which is higher than the result of present study. The pattern of their spatial distribution of
above-ground carbon biomass is similar to the present study. The higher carbon biomass is
located in the area facing the sea. However, we provide a much higher resolution than their
map due to the application of UAV imagery. The relation between the stunted mangrove
with the low carbon biomass is clearly seen in the present study. Moreover, Wicaksono
etal. [22] noted that the accuracy of the carbon stock estimations contains errors with one
possible cause is related to the relationship between mangrove reflectance represented
by LAl and mangrove AGB and carbon stock. In other words, there are uncertainties in
converting the LAl into biomass. In the present study, the formula to convert Lorey's
height to AGB has been tffi:d and validated for the Karimunjawa-Kemujan Islands by
Suwa et al. [34]. Thus, we provide the most accurate estimation of AGB for the area of the
Karimunjawa-Kemujan Islands.

Anattempt of UAV-imagery application for estimating mangrove biomass on Karimun-
jawa Island was conducted by Salim et al. [38]. They estimated mangrove AGB in 2
small areas of the Karimunjawa-Kemujan Islands (Figure 1a). They used Saenger and
Snedaker [58]'s formula to convert mangrove height to mangrove AGB without any vali-
dation, resulting in their model’s unknown bias and error. Their results also tm'estimate
the present study. In the northern red box of Figure 1a, the tree height varies from 1 m to
15.5 m with an average of 4.4 m, resulting in the estimated biomass of 82.154 Mg/ha. In
the southern red box of Figure 1a, the average tree height is 14.6, resulting in the estimated
biomass of 192.674 Mg /ha. Applying Equations (3) and (4), for the canopy height of
14.6 m, the Lorey’s height becomes 6.22 m, and mangrove AGB is only 61.53 Mg/ha.
Thus, the conversion formula of Saenger and Snedaker [60] may not be suitable for the
characteristics of mangroves in the Karimunjawa-Kemujan Islands.

Section 3.1 explains that there are the areas witfgfghe lowest Lorey’s height, in the
northeastern tip of the northeastern wing area and in the western side of the road in
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the southwestern wing area. Numerous aspects may cause stunted mangroves, such as
sediment characteristics [61], nitrogen limitation [62], hypersaline soil [63,64], pollution [65],
etc. Preliminary investigation of the substrate condition in the Karimunjawa-Kemujan
Islands has been conducted by Hudoyo et al. [66]. Using the geoelectricity measurements,
they indicated the thin sediments lying over the bedrock are the mangrove substrate in the
Karimunjawa-Kemujan Islands. Bed rocks are found at less than 10-m depth. Furthermore,
they also found the indication of hypersaline soil as denoted by the salinity larger than
40%so. Thus, the thin sediment and hypersaline soil may become the limiting factors for the
mangrove growth in the Karimunjawa-Kemujan Islands. HoweverffElrther investigation of
these aspects is beyond the scope of the present study. These ks are left for future works.

Next, it is also important to find the relation between the distribution of above ground
carbon biomass and the distribution of mangrove species. Based on Karimunjawa National
Park Office (BTNK]) [35,36], mangroves in the Karimunjawa-Kemujan Islands consist of
24 species. BTNK] [35] reported that the most dominant species of mangroves more than
10 em in diameter at the Southwestern wing is Rhizophora sp. This may refer to the tall
mangroves along the coastal line of the southeastern wing presented in this study. Near
the narrow strait, the number of Rhizophora sp. decreases replaced with Lumnitzera sp.,
Ceriops tagal and Excoecaria agallocha. For the mangroves 5 cm to 10 cm in diameter, the
most dominant species is Bruguiera sp. followed by Rhizophora apiculata, Ceriops tagal and
Excoecaria agallocha which may refer to the stunted mangrove in the inner area of the
southwestern wing. At the tail area, the tall mangroves are dominated by Scyphiphora
hydrophyllacea and Rhizophora apiculata. However, short Scyphiphora hydrophyllacea also
dominates in the tail area. At the northeastern wing, Lumnitzera sp. dominates the tall
mangroves followed by Ceriops tagal, Excoecaria agallocha, and Rhizophora apiculata [36].
Furthermore, Ceriops tagal and Lumnitzera sp. are the dominant species for short mangroves.
Itis important to note that the inventory conducted by BTNK] [35,36] was based on the
line transect in the mangrove area which may not describe the whole distribution of
mangrove species. For future study, it is very important to generate an accurate map for
the distribution of mangrove species to achieve a more reliable relationship between the
distribution of height and species. The high-resolution orthophoto presented in this study
(Figure 1a) will be helpful to identify mangrove species in Karimunjawa-Kemujan Islands
and produce accurate species distribution §#p. This is left for future study.

As explained by Mudiyarso et al. [67], conservation of carbon-rich mangroves in the In-
donesian archipelago should be a high-priority component of strategies for climate change
mitigation. The calculated above-ground carbon stored in the Karimunjawa-Kemujan
Islands is higher than other areas in Java Island, i.e.gnut 16,55546 MgC in total and
69.72 MgC/ha or 6,972 MgC/m? in average. This huge 8Mount of carbon stored in the man-
grove above ground biomass indicates the role of mangrove ecosystem in the Karimunjawa-
Kemujan Islands in absorbing the atmospheric CO; which is naturally released by the
Java Sea. As an illustration, Latifah et al. [12] stated that the CO; release by the seas
surrounding Karimunjawa Islands ranges from 8.549 to 13.272 mmol/m? /day with a mean
value of about 10 mmul/mZ/day. This mean value is equal to 3.2 g C/mz/day. This
indicates that with the mean value of above-ground carbon biomass of 6.972 MgC/ m2,
each meter square of mangrove in the Karimunjawa-Kemujan Islands has absorbed and
kept the carbon release from the seas surrounding Karimunjawa Islands for 2178 days ~
almost 6 years. Noting that this illustration is only the simplification, further analysis by
involving numerous biogeochemical factors including the complexity of anthropogenic
factors is needed to obtain the accurate carbon cycle in the Karimunjawa Islands and their
surrounding seas.

On the other hand, mangroves in Karimunjawa-Kemujan Islands have been under
threats of conversion into intensive shrimp ponds, e.g., [65,69]. The reduction of the
mangrove ecosystem will potentially cause a massive amount of CO; to be released into
the atmosphere, which increases the concentration of greenhouse gases [7,70,71]. Thus,
mangrove forest protection in the Karimunjawa-Kemujan Islands and other blue carbon
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ecosystems such as seagrass, which can also store 4901.91 g C/m?2, e.g.@], will play an
important role in sequestering parts of carbon release from the Java Sea for the mitigation
of climate change. At a larger scale, Mudiyarso et al. [67] explained that massive aquacul-
ture development in three decades has eliminated 40% of mangroves in Indonesia which
resulted in an annual carbon emission of 0.07-0.21 Pg CO,. Thus, aggressive strategies
from government, and stake holders are needed to protect and conserve the remaining
mangroves as one of the key successes for mitigating climate change.

5. Conclusions

The Java Sea is known as a carbon source area that contributes to releasing carbon
EfPxide into the atmosphere. The blue carbon ecosystems in Karimunjawa Islands may
play a vital role in absorbing and storing the released carbon emission. Karimunjawa
Islands are located in the center of the Java Sea, which have been under the authority of
the Karimunjawa National Park since 1999. The present study investigated the mangrove
AGB and carbon stock in the Karimunjawa-Kemujan Islands, the largest mangrove area in
the Karimunjawa Islands. Taking the aerial photos from an Unmanned Aerial Vehicle com-
bined with GNSS measurements, we generated DSM and DTM with a high accuracy. The
mangrove canopy height was calculated by subtracting DSM with DTM. Then, mangrove
canopy height was converted into Lorey’s height using exponential regression with our
mangrove survey data. AGBs were calculated using an allometric equation destined for
the Southeast and East Asia region. Above-ground carbon biomass is the multiplication
of AGB by 0.5. Our regression model shows good accuracy to estimaffnangrove Lorey’s
height in Karimunjawa-Kemujan Islands as denoted by the bias and RMSE of 0.04 m and
1.28 m, respectively. The highest mangrove canopy is located along the coastline facing
the sea, ranging from 8 m to 15 m. Stunted mangroves 1 m to 8 m in height are detected
mainly in the inner areas that are not facing the sea directly. AGB an rbon biomass
of mangroves in the Karimunjawa-Kemujan Islands range from § Mg /ha to 328 Mg/ha,
and from 4 Mg/ha to 164 Mg/ha, respectively. With a total area of 238.98 ha, the potential
above-ground carbon stored in the study area is estimated as 16,555.46 Mg. This shows that
mangroves in the Karimunjawa-Kemujan Islands store a huge amount of carbon. However,
the massive development of shrimp ponds has been threatening the mangrove ecosystem
in the Karimunjawa-Kemujan Islands. Thus, the government and stake holders should pay
more attention to preserving the remaining mangrove in Karimunjawa-Kemujan Islands
and implementing rehabilitation actions.
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