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Mangroves play a vital role in the environment and contribute signific aptly to the well-
being of coastal communities by providing goods and services. Unfortunately, the
degradation and deforestation of mangroves has frequently occurred. Therefore, it is
important to understand the vulnerability of mangroves and its impact on blue carbon
storage for effective mangrove management and coastal planning. This study aims to
assess the vulnerability of mangroves and its effect on blue carbon storage in the coral
triangle region of Southeast Sulawesi, Indonesia. The vulnerability assessment included
factors such as exposure, sensitivity, and adaptive capacity. Blue carbon storage was
evaluated based on carbon stock in sediment, biomass, and total carbon stock in
mangrove ecosystems in both protected and unprotected areas. The mangrove
ecosystem in the protected area of Rawa Aopa Watumohai National (RAWN) Park
showed lower vulnerability due to lower exposure, lower sensitivity, and higher
adaptive capacity. On the other hand, mangrove ecosystems in unprotected areas
such as Tinanggea (TNG), Kendari Bay (KDI), and Staring Bay (STR) exhibited moderate
to high vulnerability due to higher exposure, sensitivity, and lower adaptive capacity.
Mangroves in RAWN Park, which were less vulnerable, had higher blue carbon storage
in sediment (381.64 tons C/ha), biomass (312.65 tons C/ha), and the entire ecosystem
(706.76 tons C/ha). These values were significantly higher (p<0.05) compared to those
in TNG (306.66 tons, 144.15 tons, and 448.37 tons C/ha, respectively), KDI (262.08 tons,
22773 tons, and 470.76 tons C/ha, respectively), and STR (169.44 tons, 66.66 tons, and
253.27 tons C/ha, respectively). The high vulnerability of mangrove ecosystems
resulted in reduced carbon storage in the coastal regions of Southeast Sulawesi.
Therefore, efforts such as rehabilitation and restoration, legislation, and conservation
should be prioritized to enhance blue carbon storage, and other ecosystem services
provided by mangroves in the coral triangle region of Southeast Sulawesi.
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1 Introduction

The Coral Triangle regions are renowned for hosting diverse
coastal ecosystems containing mangroves, seagrasses, corals, and
more, all of which offer invaluable ecosystem services to both
society and the environment (Bandh et al., 2023; Gao et al,
2016). As a crucial blue carbon ecosystem, mangroves hold
significant importance in climate change mitigation and
adaptation efforts, given their remarkable ability to sequester
substantial amounts of carbon in comparison to other forest
ecosystems (Choudhary et al., 2024; Chowdhury et al., 2023,
2024; Azman et al,, 2023; Bandh et al., 2023). Mangroves have
been acknowledged as pivotal ecosystems for implementing nature-
based solutions aimed at combating climate change (Sunkur et al.,
2023; Stefanakis et al., 2021; O’Higgins et al., 2020; Seddon
et al., 2020).

The mangrove ecosystem is highly dynamic, with multifaceted
interacting processes involving terrestrial, atmospheric, coastal, and
oceanic elements. This complexity results in significant biological
activities and substantial inputs of carbon and nutrients. Playing a
crucial role in controlling biogeochemical cycles, the mangrove
ecosystem enhances the functioning of adjacent ecosystems through
habitat connectivity (Kristensen et al., 2008; Nagelkerken et al.,
2008). Numerous studies have demonstrated that mangrove
ecosystems store and contribute significant amounts of blue
carbon to coastal areas (Sharma et al. 2020; Kauffman et al. 2020;
Azman et al.,, 2023; Analuddin et al.,, 2020; Bouillon, 2011;
Breithaupt et al., 2012; Maher et al, 2013a). Globally, the
deposition of organic matter in coastal sediments is a well-known
process driven by the mineralization of organic carbon (Borges
et al., 2003; Bouillon et al., 2007a).

Mangrove ecosystems in Southeast Asia are renowned for their
significant carbon storage capacity, such as the mangroves of
Malaysia (Lee et al., 2024), Vietnam (Mackenzie et al.,, 2016; Nam
etal., 2016) and Ubi Island in Singapore (Phang et al., 2015). Several
studies on mangrove blue carbon have been conducted in
Indonesia, covering regions such as Kalimantan, Papua, Java, and
Sumatera Islands (Kusumaningtyas et al., 2019; Murdiyarso et al,,
2015), as well as Sulawesi Island (Analuddin et al.,, 2016, 2020,
2023a). However, data regarding the relationship between
mangrove vulnerability and blue carbon storage remain limited.

Given the various goods and services provided by mangroves, a
large population resides in coastal zones, heavily relying on coastal
resources in unsustainable ways. Consequently, coastal ecosystems
have experienced significant declines, leading to the deterioration of
coastal and oceanic health over the course of several decades.
Despite the numerous critical roles played by mangroves - such
as acting as coastal buffers, fish spawning and nursery sites,
pollutant filters, and carbon sequesters (Analuddin et al.,, 2017,
2023b; Bouillon, 2011; Spalding et al., 2010; Mumby et al., 2004), the
rapid degradation of mangrove ecosystems and unsustainable
practices have severely impacted the remaining habitats in recent
times (Analuddin et al., 2023b; Giri et al., 2011a; Spalding et al.,
2010). Both climate change and anthropogenic activities have
exacerbated the effects of direct human pressures (Wong et al,
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2014), contributing to the degradation and loss of essential coastal
buffering systems. This loss diminishes the coastal protection they
offer during extreme events, increasing vulnerability and
significantly impacting coastal environments, economies, and
socio-ecological systems.

Previous studies have primarily focused on assessing global
ecosystem vulnerability in the context of climate change alone
(Johnson and Marshall, 2007; Nitschke and Innes, 2008; Glick and
Stein, 2010, etc.), while recent studies on mangrove ecosystem
vulnerability have been investigated not only in relation to climate
risk (Cinco-Castro and Herrera-Silveira, 2020;, Retnowati et al.,
2019), mangrove vulnerability has investigated in relation to
coastal reclamation and carbon loss (Slamet et al.,, 2020),
mangrove land conversion to aquaculture (Munana et al., 2023),
coastal vulnerability (Mondal et al., 2024) as well as intensive
anthropogenic threats (Fan et al., 2024). However, investigations
into the vulnerability of mangrove ecosystems concerning both
climate change and human stressors, and their effects on
mangrove carbon storage capacity in the Coral Triangle, remain
limited (Johnson et al., 2023; RARE Indonesia, 2020). Therefore,
evaluating the vulnerability of mangroves and its relation to the
blue carbon storage is important for understanding vulnerability
processes and their consequences for refining coastal ecosystem
development and climate change adaptation strategies. Drawing
from vulnerability interpretations (Remling and Persson, 2014),
strategies, including reducing exposure through climate change
mitigation and implementing technical and sector-specific
adaptations, are developed to minimize adverse outcomes.
Ecological resilience approaches are prominently featured in
policies advocating for nature-based solutions (Chambers et al.,
2019). The conservation of coastal ecosystems including
mangroves can be considered as an ecological resilience
approach, enabling the natural coastal environment to withstand
and adjust to sea-level rise and coastal flooding (Garmestani
et al.,, 2019).

The coastal zone of Southeast Sulawesi is a significant area
within the Coral Triangle, hosting a wealth of coastal biodiversity
that includes mangroves, seagrasses, and coral reefs. Mangroves
within Southeast Sulawesi are situated in various locations, such as
Rawa Aopa Watumohai National (RAWN) Park, Tinanggea,
Kendari Bay, Staring Bay, among others. Despite the extensive
scientific research conducted on the mangroves of Southeast
Sulawesi (Analuddin et al., 2013, 2016, 2017, 2018, 2020, 2023a,
Analuddin et al., 2023b; Rahim et al., 2024), there is a noticeable
lack of studies focusing on mangrove vulnerability and its impact on
blue carbon storage in the region.

Currently, mangrove ecosystems in Southeast Sulawesi,
Indonesia, encompassing areas like Kendari Bay, Tinanggea,
Staring Bay, among others, have faced significant negative
impacts from human activities in Kendari city and Konawe
Selatan Regency (CBSSS, 2021; Analuddin et al., 2023b). Over the
past two decades, there has been a notable decline in these
ecosystems, with the original mangrove area shrinking from 350
hectares to 146 hectares in Kendari Bay and from 4,433 hectares to
667 hectares in Tinanggea (Analuddin et al., 2023b). This decline is
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predominantly attributed to various human activities, such as the
establishment of hotels, resorts, factories, industries, marine ports,
as well as agricultural, aquaculture and mining operations, all of
which contribute to the increased vulnerability of the
mangrove ecosystems.

Given the significance of mangroves in supporting the
livelihoods of numerous coastal communities through the
provision of goods and services, it is important to understand the
vulnerability status of mangroves and their impact on blue carbon
storage in this region. This understanding is crucial for effective
mangrove management and coastal planning, especially in the areas
of climate change mitigation, adaptation, and coastal development.
Hence, the insights from this study are important for the sustainable
management of the coastal area in Southeast Sulawesi. The primary
objectives of this study are as follows: (1) to ascertain the
vulnerability status (exposure, sensitivity, and adaptive capacity
components) of mangrove ecosystems in the coastal areas of
Southeast Sulawesi, (2) to determine carbon storage within
mangrove ecosystems, and (3) to elucidate the relationship
between mangrove vulnerability and blue carbon storage within
the Coral Triangle areas of Southeast Sulawesi, Indonesia.

2 Methods
2.1 Study site

The study was carried out across four distinct mangrove
conditions in Southeast Sulawesi, specifically in the Rawa Aopa
Watumohai National (RAWN) Park, Tinanggea (TNG), Kendari
(KDI) Bay, and Staring (STR) Bay (Figure 1). The mangroves in
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RAWN Park were natural, exhibiting natural and well-defined
zonation. These mangroves were intersected by the Lanowulu and
Roraya rivers, which transported significant amounts of terrestrial
sediment. On the other hand, mangroves in Tinanggea were
severely impacted by land conversion for aquaculture purposes
and faced pressures from various anthropogenic and climate change
factors. The Tinanggea and Langkoawa rivers carried substantial
sediment through this area. In Kendari Bay, the condition of the
mangroves had significantly deteriorated due to land conversion for
aquaculture, urban expansion, and the construction of settlements.
The Wanggu River flowed through these mangroves, depositing
significant sediment into the bay. Local governmental and non-
governmental organizations had initiated the planting of
Rhizophora spp. seedlings in certain areas of Kendari Bay. In
contrast to the previous locations, the mangroves in Staring Bay
lacked major rivers flowing through them, relying on water from
small channels during the rainy seasons. Rhizophora spp. and
Sonneratia spp. were prevalent in Staring Bay. Notably, new
facilities, including a shipyard and a coal-fired power plant, had
been established near the mangrove area. Settlements were closely
situated to these mangroves, and some fishing ports were located
within the mangrove ecosystem.

2.2 Exposure component analysis

The parameters and criteria ranking for exposure component
analysis were adopted from Ellison (2015) and Subur et al. (2011).
Parameters for the exposure component were identified,
encompassing elevation, water depth/tidal level, substrate type,
sedimentation, and the distance of mangroves from settlements.
The elevation of the mangrove habitat was assessed at each
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FIGURE 1

Map of study site in mangrove ecosystems at Rawa Aopa Watumohai National (RAWN) Park, Tinanggea (TNG), Kendari (KDI) Bay and Staring (STR)

Bay, Southeast Sulawesi, Indonesia.
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mangrove stand in every study location by measuring the angle at a
distance of 10-20 meters using a semicircular ruler, and
subsequently calculating the slope or elevation. The results of this
assessment were then classified into different categories: very low
elevation (<20 cm, score 5), low elevation (21-40 cm, score 4),
medium elevation (41-60 c¢m, score 3), high elevation (61-80 cm,
score 2), and very high elevation (>80 cm, score 1).

The tidal level was determined during high tide using a pole
meter for each mangrove stand at the study site. The measured
results were classified as either very high (>3 m, score 1), high (2-3
m, score 2), medium (1.5-2 m, score 3), low (1-1.5 m, score 4), or
very low (<1 m, score 5). Substrate type was directly assessed on-site
and categorized as follows: soft mud (very suitable, score 1), sandy
mud (suitable, score 2), muddy sand (moderate, score 3), sand (less
suitable, score 4), and sandy with corals (unsuitable, score 5).
Sedimentation status was visually inspected on-site at the river
mouth in each location and categorized as very high (score 1), high
(score 2), medium (score 3), low (score 4), or very low (score 5). The
distance of the mangrove ecosystem from settlements was estimated
using the Google Earth application and classified as very close (<0.5
km, score 5), close (0.5-2 km, score 4), medium (2-5 km, score 3),
far (5-7.5 km, score 2), or very far (>7.5 km, score 5).

2.3 Sensitivity data

The parameters and criteria ranking for sensitivity component
analysis were adopted from Ellison (2015) and Subur et al. (2011).
Mangrove sensitivity data consisted of mangrove condition, and
mangrove composition and structure.

a. Mangrove condition

The parameters and criteria ranking for mangrove condition
including mangrove reduction area, and mortality were adopted
from Ellison (2015), while the parameters and criteria ranking other
mangrove condition parameters including vegetation thickness and
species richness were adopted from Subur et al. (2011). The
parameters of mangrove condition, encompassing aspects like
mangrove reduction area, mortality, vegetation thickness, and
species richness, was assessed in RAWN Park, TNG, KDI Bay,
and STR Bay. Data on mangrove reduction area, which included
information on land converted to aquaculture and urban
development, was collected through direct field observations from
January to July 2022. Land conversion was classified as follows: no
conversion (score 1), slight conversion (score 2), moderate
conversion (score 3), significant conversion (score 4), and
extensive conversion (score 5). Mangrove mortality was also
noted and categorized as follows: no mortality (score 1), low
mortality (score 2), moderate mortality (score 3), high mortality
(score 4), and very high mortality (score 5). Mangrove vegetation
thickness was assessed using the Google Earth application and
categorized into very thick (>2000 m, score 1), thick (1000-2000 m,
score 2), medium (500-1000 m, score 3), thin (100-500 m, score 4),
and very thin (<100 m, score 5). Lastly, species richness was
observed and classified as very rich (>15 species, score 1), rich
(11-15 species, score 2), moderate (7-10 species, score 3), low (4-6
species, score 4), and very low (<4 species, score 5).
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b. Mangrove composition and structure

The parameters and criteria ranking for sensitivity component
analysis of mangrove composition and structure were adopted from
Ellison (2015) including tree density, tree size and basal area, while
the parameters and criteria ranking for mangrove species dominant
and mangrove recruitment were adopted from Subur et al. (2011).
Mangrove composition and structure in each study location were
assessed through tree censuses using a transect method. These
censuses were conducted between January and July 2022 in
RAWN Park, TNG, KDI Bay, and STR Bay mangrove forests.
Tree density was calculated and classified as very high (>2000
individuals/ha, score 1), high (1500-2000 individuals/ha, score 2),
medium (1000-1500 individuals/ha, score 3), low (500-1000
individuals/ha, score 4), and very low (<500 individuals/ha, score
5). Basal area was determined from the diameter at breast height
(DBH) of trees in each study plot, averaged, and categorized as very
high (>25 m?*ha, score 1), high (15-25 m?*/ha, score 2), medium
(10-15 m?/ha, score 3), low (5-10 m*/ha, score 4), and very low (<5
m?/ha, score 5). The dominant species were identified as follows:
Avicennia sp. (score 1), Sonneratia sp. (score 2), Rhizophora spp.
(score 3), Bruguiera sp. (score 4), and Pallem (score 5). Finally,
mangrove recruitment was determined based on seedlings in each
study plot and classified as very high (score 1), high (score 2),
medium (score 3), low (score 4), and very low (score 5).

2.4 Adaptive capacity component

The parameters and criteria ranking for adaptive capacity
component analysis were adopted from Ellison (2015) and Subur
etal. (2011). The data regarding the adaptive capacity components
includes elevation above the mangroves, available space behind the
mangroves, community management capacity, stakeholder
involvement, and mangrove protection and legislation. The area
designated for mangrove migration, based on elevation above the
mangroves, was determined and classified as fully available for
migration (score 1), mostly available for migration (score 2),
moderately available for migration (score 3), minimally available
for migration (score 4), and not available for migration (score 5).
Community management activities, specifically the engagement of
local communities in mangrove conservation and management,
were evaluated and categorized as very good (score 1), good (score
2), moderate (score 3), poor (score 4), and very poor or non-existent
(score 5). Stakeholder involvement, which focused on the
engagement of NGOs and other groups in mangrove conservation
efforts, was also assessed and categorized as very good (score 1),
good (score 2), moderate (score 3), poor (score 4), and very poor or
non-existent (score 5). Lastly, the status of mangrove protection and
legislation was scrutinized and classified as very good (score 1),
good (score 2), moderate (score 3), poor (score 4), and very poor or
non-existent (score 5).

2.5 Vulnerability status

A mangrove vulnerability status was determined by averaging
ranking values from exposure (E), sensitivity (S), and adaptive
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capacity (A) components following the methods of Ellison (2015)
and Subur et al. (2011). Here, a score of 1 signifies very low
vulnerability, a score of 2 indicates low vulnerability, a score of 3
reflects moderate vulnerability, a score of 4 signifies high
vulnerability, and a score of 5 indicates very high vulnerability.

2.6 Blue carbon sequestration analysis

a. Sediment carbon stock sampling

Sediment sampling for estimating carbon stock was conducted
in the unprotected mangrove areas of Tinanggea, Kendari Bay, and
Staring Bay. However, data on sediment carbon stock in the
protected area of RAWN Park was obtained from Analuddin
et al. (2023a). Thirteen sediment cores were extracted from
mangroves in the unprotected areas: five cores from Tinanggea,
five from Kendari Bay, and three from Staring Bay. Sediment cores
were collected up to a depth of 100 cm using a 5.5 cm diameter
open-face peat gouge auger during low tide. These cores were
segmented into depth intervals of 0-20, 20-40, 40-60, 60-80, and
80-100 cm. The total depth of the sediment cores was noted to
represent the endpoint of each interval, and a one-centimeter
subsection of sediment was collected from each of the five depth
intervals. The sediment samples were placed in labeled plastic bags
and then transported to the Biology Laboratory at the University of
Halu Oleo, Kendari.

b. Preparation of sediment samples

The sediment samples were prepared for analyzing sediment bulk
density (SBD) and concentrations of soil organic carbon (SOC)
content at the Laboratory of Halu Oleo University. Initially, the
sediment samples were dried in an oven at 60°C until a constant
weight was reached to determine the SBD in grams per cubic
centimeter (g cm™). The SBD for each sample was calculated by
dividing the dried weight by the volume. Approximately 20 grams of
sediment from each sample was then ground using a mortar and
pestle, passed through a 0.5-mm sieve to eliminate large roots and
inorganic debris, and readied for the analysis of SOC concentrations.

c. Determination of SOC concentration

Determination of SOC concentration was done by following the
method of Suleman and Eviati (2009) and Analuddin et al. (2021)
as follows:

2.6.1 Sediment dry process

A 5.0 g sediment sample was collected and placed in an
aluminum dish with the weight noted. It was then dried in an
oven at 105°C for 3 hours. Subsequently, the dried samples were
moved to a desiccator to cool, weighed, and the loss in sample
weight was identified as the mass of water.

2.6.2 Analysis of SOC concentration

The soil organic carbon (SOC) content was determined based on
the reduction of Cr®* (orange color) to crt (green) in an acidic
environment following the method described by Suleman and Eviati
(2009), which was adopted from Walkley and Black (1934). A 100 mL
volumetric flask was filled with 0.5 g of fine sediment sample (particle
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size< 0.5 mm), to which 5 mL of 1 N K,Cr,O, was added, shaken,
followed by the addition of 7.5 mL of concentrated H,SO,. This
mixture was shaken and left to stand for 30 minutes. Subsequently, the
flask was topped up with ion-free water to reach a volume of 100 mL
and left to cool overnight at room temperature or for approximately
12 hours until a clear solution was formed. The solution was then
analyzed using a spectrophotometer at a wavelength of 561 nm and
compared with standard solutions of 0 and 250 ppm. To prepare the
standard solutions, 0 and 5 mL of a 5,000 ppm standard solution were
diluted to 100 mL using a measuring flask, following the same
procedure as the sample assessment but without the sample. The
organic carbon content (%) was calculated as described below:

Content of organic C (% )

1

= ppm curve x mL extract. 1000 ml~ ! x 100 mg . sample ! x cf

= ppm curve X 100/1000 x 100/500 x cf
= ppm curve X 10/500 X cf

Where: ppm curve = sample levels obtained from the curve of
the relationship between the grades of series standard with its
reading after corrected blank.

100 = conversion to %

cf = moisture correction factor (100/(100 — % moisture content)

d. Quantification of sediment carbon stock

Sediment C stock (Mg C ha™) was determined by multiplying
SOC (%) by SBD (g cm™) in each interval sampled following the
method of Analuddin et al. (2023a) as follows:

SCS (Mg Cha™ Y = SBD (gem™ %) x SOC (% )x interval depth (cm)

e. Estimation of biomass carbon stock

The carbon stock in mangrove biomass was determined by
considering the above and below-ground biomass of each mangrove
species present at the study site. Various allometric equations were
utilized for estimating the biomass of each mangrove species. These
included allometric models for estimating the biomass of
Rhizophora apiculata, R. mucronata, and Ceriops tagal (source:
Analuddin et al., 2018), R. stylosa (source: Analuddin et al., 2020),
Sonneratia sp (source: Kusmana et al., 2018), and Bruguiera sp
(source: Perera et al., 2013). Additionally, the above-ground carbon
(AGC) stock was calculated using the methodology outlined by the
Eggleton et al. (2006) as follows:

AGC =B x 0.47

Where; AGC is above-ground carbon stock, B is above-ground
biomass and the 0.47 is constant value of C in organic matter
(IPCC 2006).

The below-ground carbon (BGC) stock was estimated following
the method of Cairns et al. (1997) by using the following equation:

BGC = AGC x 0.216

Where BGC is below-ground C, AGC is above-ground carbon
stock, and the constant of 0.216 is the ratio of BGC to AGC (Cairns
et al., 1997).
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Biomass carbon stock (BCS) was estimated using the following
equation:

BCS = AGC + BGC

Furthermore, Total carbon stock (TCS) in mangrove ecosystem
was estimated as follows:

TCS = SCS + BCS

2.7 Statistical analysis

Statistical descriptive analysis was done to estimate the mean +
standard error of exposure, sensitivity, adaptive capacity,
vulnerability, SOC, SCS, BCS, and TCS. One-way ANOVA and a
post-hoc LSD test were performed for comparing all of these
parameters among sites. All analyses were done using statistical
software packages of KaleidaGraph 4.0 (Synergy Software, USA).

3 Results
3.1 Vulnerability components
3.1.1 Exposure

The exposure parameters (environmental factors) related to
mangroves in this study are presented in Table 1. The land

10.3389/fevo.2024.1420827

elevations of the mangrove habitats in RAWN Park, TNG, KDI
Bay, and STR Bay exhibited variation. For instance, at RAWN Park,
the mangrove habitat elevations ranged from 17 cm to 96 cm, with
the highest elevation observed at the Rhizophora mucronata (Rm)
mangrove stand and the lowest at the Ceriops tagal (Ct) mangrove
stand. Similarly, the elevations of mangrove habitats in TNG, KDI
Bay, and STR Bay ranged from 43 cm to 67 cm, 23 cm to 52 cm, and
0.18 to 0.30 m, respectively. Moreover, seawater depths during high
tide varied from 0.1 to 1.22 m in RAWN Park, 0.73 to 1.13 m in
TNG, 0.49 to 0.81 m in KDI Bay, and 0.54 to 0.75 m in STR Bay.
Significant differences (p< 0.05) were noted in land elevations and
seawater depths among mangrove stands at each research site.

The substrate in the mangrove habitats at RAWN Park, TNG,
and KDI Bay predominantly consisted of soft clay. In contrast, at
STR Bay, the substrate was a mix of sand and clay, with sand being
the dominant component in the mangrove areas populated by
Sonneratia spp. Sedimentation levels were notably high in RAWN
Park and KDI Bay, while sedimentation in TNG experienced
moderate. In contrast, sedimentation at STR Bay was rated as low
to very low.

The distance from human settlements varied significantly for
each mangrove habitat. The mangrove forests at RAWN Park and
TNG ranged 5-7.5 km away from settlements, while the distance
from of mangroves in TNG ranged 0.5-2 km a little bit far from
settlements, In contrast, the mangrove habitats in KDI and STR
Bays were notably close to settlements, ranging from 0.1 to
0.5 km.

TABLE 1 Trends of the exposure component (elevation. water deep, substrate types, sedimentation, and distance from the settlement within the
mangrove ecosystems) of the Rawa aopa Watumohai National (RAWN) Park, Tinanggea, Kendari Bay and Staring Bay, Southeast Sulawesi, Coral
Triangle areas, Indonesia.

Distance
Mangrove Elevation + Water deep + from the
stands SE (m) SE (m) Substrate types = Sedimentation = settlement (km)

Ct 0.17+0.01a 0.10+0.01a Clay >5-7.5
Ra 0.39+0.04b 0.93+0.02b Soft clay Very high
Rm 0.48+0.11bc 1.22+0.04¢ Soft clay

RAWN

Park Rm 0.96+0.07d 1.22+0.04cd Soft clay
Rm 0.43+0.09a 1.08+0.22a Soft clay >0.5-2
Rm 0.49a+0.03b 0.80+0.01ab Soft clay Moderate to high
Ra and Rm 0.61+0.16bc 1.13+0.11ac Soft clay

Tinanggea Ra and Rm 0.67+0.08bcd 0.73+0.01bd Soft clay
Bg and Sa 0.30+0.02a 0.49+0.04a Soft Clay <0.1-0.5
Ra and Sa 0.23+0.06ab 0.7440.06b Soft clay Very high
Sa 0.52+0.04ac 0.58+0.06ac Soft clay

Kendari

Bay Sa and Ra 0.33+0.06acd 0.81+0.10bd Soft clay
Ra. Rm. Sa 0.18+0.06a 0.61+0.03a Sandy and clay <0.1-0.5
Ra. Rm. Sa 0.30+0.12b 0.70+0.08ab Sandy and clay Low-to moderate

Staring Bay = Sa 0.30+0.02bc 0.54+0.09ac Sandy

Ct is Ceriops tagal; Ra is Rhizophora apiculata; Rm is Rhizophora mucronata; Sa is Sonneratia alba and Bg is Bruguiera gymnorrhiza. The similar lowercase letters indicate no significantly
different at 5% among mangrove stands in each sampling location.
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All the measured exposure parameters exhibited varying rank
values (see Figure 2A). The majority of exposure parameters in the
mangrove ecosystem of RAWN Park had rank values below 3, with
the exception of tidal levels. Conversely, most exposure parameters
in the STR mangrove ecosystem received high scores (4 and 5),
except for elevation, which fell into the medium category (score 3).
Tidal level and distance from settlements were notably ranked high
for the mangrove ecosystems in TNG, KDI Bay, and STR Bay.
When considering the average rank values of the measured
exposure parameters (see Figure 2B), RAWN Park had a
significantly lower value (1.4) compared to the other sites
(p< 0.05), suggesting lower environmental pressure in RAWN
Park. There were no significant differences in the average rank
values of exposure parameters (p > 0.05) among the mangrove
ecosystems in TNG (3.4), KDI Bay (2.8), and STR Bay (4.2).

10.3389/fevo.2024.1420827

3.1.2 Sensitivity

Mangrove sensitivity data, including (a) mangrove condition, and
(b) mangrove composition and structure, are presented in Table 2 and
Table 3,
species richness, and mortality rates of mangroves at the study sites.

respectively. Table 2 outlines the reduction area, thickness,

There was no reduction in mangrove area at RAWN Park, and the
mortality rate was low. In contrast, significant reductions in area and
high mangrove mortality rates were observed in Tinanggea and Kendari
Bay. At STR Bay, the mangrove reduction area was small, and the
mangrove mortality rate was moderate. Regarding mangrove vegetation
thickness, the thickest vegetation was in RAWN Park (nearly 5 km
wide), while much thinner mangrove vegetation was recorded in
Tinanggea and STR Bay (< 100 m). The highest species richness (18
species) of mangroves was observed in RAWN Park, with the other
research sites displaying medium species richness (10 species).

A

Distance from
setlement

Exposure parameters rank values

Tidal range

RAWN park
=-TNG

KDI Bay
STR

Elevation

Susbtrate type

Sedimentation

Exposure rank values

RAWN Park TNG

KDI Bay STR

Mangrove sites

FIGURE 2

Diagram of the exposure parameters rank values (A) and average exposure rank values (B) at RAWN Park, TNG, KDI Bay and STR Bay in Southeast
Sulawesi, Indonesia. The different lowercase letters indicate significantly different at 5% among mangrove sites
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Table 3 shows the structure of mangroves (tree density, diameter
at breast height (DBH), basal area, dominant species, and recruitment
status) across the study sites, namely RAWN Park, TNG, KDI Bay,
and STR Bay in Southeast Sulawesi. The mangrove densities ranged
from 733 to 4067 individuals per hectare in RAWN Park, 1300 to
1800 individuals per hectare in TNG, 1600 to 2000 individuals per
hectare in KDI Bay, and 1667 to 3225 individuals per hectare in STR
Bay. The average DBH of mangroves varied from 10.24 to 33.29 cm
in RAWN Park, 12.02 to 17.71 cm in TNG, 14.66 to 15.73 cm in KDI
Bay, and 10.55 to 17.66 cm in STR Bay. Basal areas of mangroves
spanned from 45.34 to 67.39 m” per hectare in RAWN Park, 26.31 to
31.16 m? per hectare in TNG, 40.60 to 54.10 m* per hectare in KDI
Bay, and 26.80 to 58.66 m” per hectare in STR Bay. The dominant
mangrove species were Rhizophora sp in RAWN Park and TNG,
while Sonneratia sp was dominant mangrove species in KDI Bay and
STR Bay. Mangrove recruitment statuses varied with high to very
high in RAWN Park, medium to high in TNG and KDI Bay, and low
to medium in STR Bay.

Figure 3A presents the rank values of sensitivity parameters for
mangrove ecosystems in RAWN Park, TNG, KDI Bay, and STR Bay
in Southeast Sulawesi. Most sensitivity parameters assessed in
RAWN Park were ranked very low, indicating lower mangrove
sensitivity at this location. In contrast, sensitivity parameters in KDI
Bay, such as mortality, spatial reduction in mangrove area, and
adjacency to coral and seagrass ecosystems, received high rankings
(score 5), signifying very high mangrove sensitivity. For sensitivity
parameters in TNG, such as mangrove thickness, spatial reduction
in mangrove area, and mortality were ranked high. Meanwhile, in
STR Bay, only mangrove thickness received a high ranking among
all assessed sensitivity parameters, with the remaining parameters
falling within the medium and low rank values. However, spatial
reduction in the mangrove area and mangrove recruitment were
rated high (score 4). The overall sensitivity (as shown in Figure 3B)
of mangrove ecosystems exhibited significant differences among the
sites (p< 0.05), with RAWN Park demonstrating significantly lower
sensitivity (1.67) compared to TNG (3.1) and KDI Bay (3.2).
Nonetheless, there were no differences (p > 0.05) in sensitivity
among mangroves in TNG, KDI Bay, and STR Bay.

3.1.3 Adaptive capacity

Table 4 shows the adaptive capacity status of mangrove
ecosystems as outlined in this study. The availability of migration
areas above the mangroves was high in RAWN Park but not present
in TNG, KDI Bay, and STR Bay. In terms of community
management capacity, RAWN Park demonstrated a strong

10.3389/fevo.2024.1420827

capacity, whereas TNG and STR Bay exhibited poor capacities.
Community management capacity in mangroves of KDI Bay
displayed a moderate level. Stakeholder involvement and
mangrove protection legislation were robust in RAWN Park but
lacking in TNG and STR Bay. However, stakeholder involvement
was relatively strong while mangrove protection legislation was at a
moderate level in KDI Bay.

Figure 4A shows the rank values of adaptive capacity parameters
for mangrove ecosystems in RAWN Park, TNG, KDI Bay, and STR
Bay, Southeast Sulawesi. All adaptive capacity parameters for the
mangrove ecosystem in RAWN Park were rated below 2, indicating a
high adaptive capacity in this location. In contrast, all measured
adaptive parameters for the mangrove ecosystem in STR Bay scored
very high (scores 4 and 5), signifying a very low adaptive capacity for
mangroves in that area. Tinanggea’s adaptive capacity parameters
were mostly high, except for elevation above the mangroves, which
was rated very high, indicating a low adaptive capacity for mangroves
in that region. KDI Bay displayed medium-ranked adaptive capacity
parameters, except for elevation above the mangroves, which was
ranked very high. The average rank values of adaptive capacity (as
shown in Figure 4B) for the mangrove ecosystem in RAWN Park
(1.17) were significantly lower (p< 0.05) than in TNG (4.25), KDI Bay
(3.25), and STR Bay (STR) (4.75). Nonetheless, there were no
differences (p > 0.05) in adaptive capacity among the mangrove
ecosystems of TNG, KDI Bay, and STR Bay.

Figure 5A presents the triangular diagrammatic rank values of
vulnerability components (exposure, sensitivity, and adaptive
capacity) for mangrove ecosystems in the present study. The
vulnerability component rank values for the mangrove ecosystem
in RAWN Park were lower, indicating lower mangrove
vulnerability in this area. Conversely, mangrove ecosystems in the
unprotected areas of TNG, KDI Bay, and STR Bay sites exhibited
high rank values, signaling raised vulnerability. These results
suggest less vulnerability of the mangrove ecosystem in the
protected area of RAWN Park, while the mangrove ecosystems in
the unprotected regions of Southeast Sulawesi displayed moderate
to high vulnerability statuses.

3.2 Carbon storage

3.2.1 Carbon stock in sediment

The sediment carbon content varied from 1.33 to 8.65% (see
Table 5). RAWN Park (8.65%) exhibited significantly higher values
(p<0.05, refer to Figure 6A) compared to KDI Bay (3.77%) and STR

TABLE 2 Sensitivity component of mangrove condition (reduction area, thickness, species richness, and mortality) in Rawa Aopa Watumohai National
(RAWN) Park, Tinanggea, Kendari Bay and Staring in Southeast Sulawesi, Coral Triangle areas. Indonesia.

Mangrove sites = Mangrove land reduction

Mortality

Mangrove vegetation thickness (m) = Species richness

RAWN park No reduction Very low 4753.53 18
Tinanggea Wide reduction Very High 87.78 10
Kendari Bay Wide reduction Very high 231.11 10
Staring Bay moderate reduction Medium 74.60 10
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TABLE 3 The sensitivity component of mangrove structure in Rawa Aopa Watumohai National (RAWN) Park, Tinanggea, Kendari Bay and Starings in
Southeast Sulawesi, Coral Triangle areas, Indonesia.

Mangrove sites Mangrove T_ree_dens_ify DBH (cm) Baszal ar_?a Mangrove Recruitment
stands (indiv. ha™) (m* ha™) dominant

Ct 4067 10.24 45.34 Ct High to very high

RAWN Park Ra 733 33.09 67.39 Ra High to very high
Rm 1333 2223 56.24 Rm High to very high

Rm 1800 12.15 26.32 Rm Medium to high

Tinanggea Ra and Rm 1400 12.02 28.53 Ra Medium to high
Ra and Rm 1300 17.71 31.16 Ra and Rm Medium to high

Bg and Sa 1600 15.51 42.20 Sa Medium to high

Kendari Bay Rm. Sa and Bg 2000 14.66 40.60 Sa Medium to high
Sa and Ra 1650 15.73 54.10 Sa Medium to high

Ra. Rm. Sa 1667 12.98 26.80 Sa Low to medium

Staring Bay Ra. Rm. Sa 3225 10.55 33.60 Sa Low to medium
Sa 1833 17.66 58.66 Sa Low to medium

Ct is Ceriops tagal; Ra is Rhizophora apiculata; Rm is Rhizophora mucronata; Sa is Sonneratia alba and Bg is Bruguiera gymnorrhiza.

Bay (1.33%), although there was no significant difference between
RAWN and TNG (7.50%). Similarly, sediment carbon stock (SCS)
ranged from 169.44 to 381.45 tons per hectare (refer to Table 5).
The SCS in the mangrove area of RAWN Park (381.45 tons/ha)
showed a significant difference (p<0.05, see Figure 6B) compared to
KDI Bay (262.02 tons/ha) and STR Bay (169.44 tons/ha), although
there was no significant difference (p>0.05) between RAWN Park
and TNG (306.67 tons/ha).

3.2.2 Carbon stock in biomass

The carbon stock in the biomass of mangroves in the current
study ranged from 66.66 to 312.65 tons per hectare (see Table 5),
showing significant differences (p<0.05, see Figure 7A) among the
sites. The carbon stock in the biomass of mangroves in RAWN Park
(312.65 tons/ha) was significantly higher (p<0.05) than in TNG
(144.15 tons/ha) and STR Bay (66.66 tons/ha), although the carbon
stock in biomass of mangroves did not differ significantly (p>0.05)
between RAWN Park and KDI Bay (227.73 tons/ha). Additionally,
the carbon stock in the biomass of mangroves in TNG did not differ
significantly (p>0.05) from KDI Bay and STR Bay. However, the
carbon stock in the biomass of mangroves in KDI Bay was
significantly higher (p<0.05) than in STR Bay.

3.2.3 Total carbon stock in mangrove ecosystem
The total carbon stock (TCS) in mangrove ecosystems ranged
from 253.27 to 706.76 tons per hectare and exhibited significant
differences (p<0.05, see Figure 7B) among the sites. The TCS in the
mangrove ecosystems of RAWN Park (706.76 tons/ha) was
significantly higher (p<0.05) than in TNG (448.37 tons/ha), KDI
Bay (470.76 tons/ha), and STR (253.27 tons/ha). Moreover, the TCS
in the mangrove ecosystem of STR Bay was notably lower than that
in TNG and KDI Bay. Nevertheless, the TCS in the mangrove

Frontiers in Ecology and Evolution

ecosystems did not show significant differences (p>0.05) between
TNG and KDI Bay.

4 Discussion

The vulnerability assessment of mangrove ecosystems in
Southeast Sulawesi involved an analysis of exposure, sensitivity,
and adaptive capacity. Variances in exposure parameters of the
mangrove ecosystems (as depicted in Figure 2A) were observed. The
proximity of mangrove ecosystems to settlements indicated very
high pressures on the mangrove ecosystems in unprotected areas
due to various human interference’s in relation to mangrove forests.
High sediment loads were noted in RAWN Park, KDI Bay, and
TNG, mainly attributed to significant rivers flowing within these
mangrove ecosystems. In contrast, STR Bay exhibited low sediment
supply as it was only fed by smaller rivers (refer to Table 1). Among
the sites, STR Bay exhibited strong exposure to environmental
factors, followed by TNG and KDI Bay, while RAWN Park
showed lower exposure levels. The raised exposure pressures in
mangrove ecosystem of STR Bay were linked to factors such as
lower tidal depths, sandy and clay substrate types, decreased
sediment input, and proximity to settlements. However, the
moderate exposure status of the mangrove ecosystems in TNG
and KDI bay might be associated by their close proximity to
settlements, indicating potential impacts from various human
activities. Amaral et al. (2023) highlighted that human factors
intensified the vulnerability of mangroves in the Bahamian sub-
region, with mangroves facing a risk of damage up to four times
higher when situated closer to human infrastructure.

The sensitivity component of mangroves also exhibited
significant variations across all study sites (refer to Figure 3).
Sensitivity components such as mangrove condition, basal area
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Diagram of the sensitivity parameters rank values (A) and average sensitivity rank values (B) at RAWN Park, TNG, KDI Bay and STR Bay in Southeast
Sulawesi, Indonesia. The different lowercase letters indicate significantly different at 5% among mangrove sites

change, and mortality received high rankings in TNG and KDI Bay.
In TNG, land conversion for aquaculture and illegal extraction led
to severe consequences like mangrove degradation and reduction,
while in KDI Bay, extensive conversion of mangrove areas for
human settlement, aquaculture, and road construction was
observed, resulting in similar impacts. Reduction in mangrove
areas and increased mortality were also noted in both TNG and
KDI Bay study areas. Conversely, there was minimal to no impact
on the mangrove ecosystem in RAWN Park due to its good
mangrove condition, higher basal area, and natural mortality
occurrences. Some sensitivity components of the mangroves in
KDI Bay, such as mangrove mortality, mangrove area reduction,
and the condition of neighboring ecosystems, were rated very high,
indicating a heightened sensitivity status. In STR Bay, mangrove
thickness alone received a very high ranking, while mangrove
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recruitment and spatial area reduction were also rated highly,
signifying a high sensitivity status. However, the sensitivity status
of mangroves was lowest in RAWN Park, followed by STR Bay and
KDI Bay, while the highest sensitivity status observed in TNG.
Thus, our study found that high sensitivity of mangroves was
happen due to mostly anthropogenic pressure.

The rank values of adaptive capacity parameters, including
elevation above the mangroves, community management
capacity, stakeholder involvement, and mangrove protection
legislation, were notably low in RAW National Park (refer to
Figure 4). In the protected mangrove area of RAWN Park, there
were lower-elevation zones behind or above the mangroves that
could potentially facilitate the growth of new mangrove seedlings
when sea levels rise to be happen. Furthermore, community
management capacity, stakeholder involvement, and mangrove
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TABLE 4 The adaptive capacity component of mangrove ecosystems in the present study of Rawa Aopa Watumohai National (RAWN) Park,

Tinanggea, Kendari Bay, and Staring Bay, Southeast Sulawesi, Indonesia.

Adaptive capacity RAWN Park

parameters

Tinanggea

Kendari Bay

Staring Bay

Migration area not available

1 Elevation above mangrove Migration area very available

2 Community management capacity | Good Poor
3 Stakeholder involvement Good Poor
4 Mangrove protection legislation Good Poor

Migration area not available =~ Migration area not available

Moderate Poor
Fairly good None
Moderate None

protection legislation were highly commendable in this area.
Conversely, the adaptive capacity of mangrove ecosystems in
TNG and STR Bay was ranked as high, indicating a lower
adaptive capacity. Kendari Bay exhibited a moderate rank in
terms of adaptive capacity. The sequence of adaptive capacity
status in the study sites followed this order: RAWN Park >

Kendari Bay > Tinanggea > Staring Bay. Unprotected areas lacked
low-elevation land behind or above the mangrove zones, or if
present, it was often in a degraded state. Additionally, STR Bay
suffered from insufficient community management capacity,
stakeholder involvement, and mangrove protection legislation.
Tinanggea displayed a significantly low adaptive capacity, while
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Diagram of the adaptive capacity parameters rank values (A) and average adaptive capacity rank values (B) at RAWN Park, TNG, KDI Bay and STR Bay
in Southeast Sulawesi, Indonesia. The different lowercase letters indicate significantly different at 5% among mangrove sites.
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5% among mangrove sites.

Kendari Bay showed some involvement of stakeholders and
presence of legislation to a certain degree.

Overall, the vulnerability status (refer to Figure 5) of mangroves
was highest in STR Bay, followed by TNG and KDI Bay, with the

lowest vulnerability observed in RAWN Park. The heightened
vulnerability in STR Bay, Southeast Sulawesi, stemmed from
significant exposure (Figure 2B) and limited adaptive capacity
(Figure 4B). Instances of mangrove degradation were noted in the

TABLE 5 Organic carbon storage in the mangrove ecosystems of Rawa Aopa Watumohai National (RAWN) Park, Tinanggea, Kendari Bay, and Staring

Bay, Southeast Sulawesi, Indonesia.

Sediment C

content (%)

Sediment C stock
(Ton/ha)

C stock in biomass Total C stock in

(Ton/ha)

ecosystem (Ton/ha)

RAWN Park 8.65+ 0.36a* 381.65+20.58a* 312.65+44.28a 706.76+41.16a
Tinanggea (TNG) 7.50% 0.35ab 306.66+ 25.77ab 144.15+27.19b 448.37+23.43b
Kendari Bay (KDI) 3.77+0.41c 262.08+ 36.53bc 227.73+31.77abc 470.76+82.74bc
Staring Bay (STR) 1.33+0.17d 169.44+28.62d 66.66+21.02bd 253.27+64.60d

*Data from Analuddin et al (2023a); Similar letter indicates no significantly different at level of 5%.
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in Southeast Sulawesi, Indonesia. The different lowercase letters indicate significantly different at 5% among mangrove sites.

mangrove ecosystems of TNG, KDI Bay, and STR Bay, rendering
these areas highly vulnerable. Conversely, the mangrove ecosystem
within the protected confines of RAWN Park exhibited lower
vulnerability (refer to Figure 5). Tinanggea and Staring Bay’s
mangroves faced high vulnerability, primarily due to a dearth of
legislation and stakeholder involvement. Additional factors
contributing to the high vulnerability of the mangrove ecosystems
in these study areas included urban development, marine ports
incorporating power infrastructure, shipyards, among others.
Previous research on mangrove vulnerability emphasized the
impact of various environmental factors such as geomorphology,
climate, forest structure, and human driving forces in determining
mangrove vulnerability status and resilience (Amaral et al., 2023),
which occurred also in Southeast Sulawesi representing a major
challenge to mangrove sustainability in this region. The conversion
of mangrove lands for aquaculture and urban development posed a
significant threat to extensive mangrove areas in various countries
like Thailand, Indonesia, Vietnam, and the Philippines (Primavera,
2000; Richards and Friess, 2016; Slamet et al., 2020; Munana et al.,
2023). Other studies have highlighted the considerable risk that
macro-tidal ranges pose to mangroves (Mumby et al., 2004; Wong
et al., 2014; Bouillon, 2011; Giri et al., 2011a; Spalding et al., 2010;
Kelly and Adger, 2000). The high vulnerability of mangroves
stemming from habitat degradation and biodiversity loss presents

a significant challenge to mangrove ecosystems (Arkema et al.,
2015). In Tinanggea and Kendari Bay, over half of the original
mangrove areas vanished due to conversion for aquaculture and
urban expansion, potentially resulting in both biodiversity loss and
reduced species diversity, ultimately leading to diminished
functional diversity within mangrove ecosystems. Some studies
mentioned that mangrove vulnerability have been associated with
exposure aspect of tidal ranges, i.e. a greater tidal range is associated
with less vulnerability, while a smaller range is associated with
greater vulnerability (Mondal et al., 2024; Gorokhovich et al., 2014;
Dwarakish et al., 2008). Bahuguna et al. (2008) found that high
mortality of mangroves in the Andaman group of islands was
happen due to prolonged inundation, while Prabakaran (2020)
has observed that high vulnerability of mangroves in Car Nicobar
Island was found due to sea level rise and land subsidence,
Moreover, Veettil et al (2020) found that mangrove forests in the
South and Middle Andaman Islands’ were susceptible to sea level
rise due to low elevation. Therefore, vulnerability status of
mangroves have been associated with multiple aspects of
anthropogenic and natural pressures.

The concentration of soil organic carbon in mangrove
ecosystems within RAWN Park and Tinanggea was notably
higher (refer to Figure 6A) compared to other sites. This
elevation could be linked to substantial organic carbon inputs
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Organic carbon stock in mangrove biomass (A) and total organic carbon stock (B) in mangrove ecosystems at RAWN Park, TNG, KDI Bay and STR
Bay in Southeast Sulawesi, Indonesia. The different lowercase letters indicate significantly different at 5% among mangrove sites.
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from mangrove leaf litter (4.68 tons of carbon per hectare per year)
in the protected environment of RAWN Park (Analuddin et al,
2021) and 12.34 tons of carbon per hectare per year in the
unprotected area of Tinanggea (Syahrir, 2021). Additionally, the
greater organic carbon stock in sediment within mangroves in
RAWN Park and Tinanggea as compared to Kendari Bay and
Staring Bay (refer to Table 5, Figure 6B), may be due to the presence
of pristine mangrove areas in protected zones, as well as ample
organic carbon inflows from terrestrial sources, which could
contribute to increased organic carbon content in the sediments
of these areas. Conversely, the lower organic carbon concentration
in Kendari Bay and Staring Bay (as shown in Figures 6A, B) might
be linked to diminished mangrove coverage (Analuddin et al,
2023b) and reduced organic carbon inputs from terrestrial
sources and tidal periods. Furthermore, the higher organic carbon
deposition in sediments within RAWN Park and Tinanggea might
be tied to increased organic carbon inputs from sediment materials
from nickel mining and agricultural activities on terrestrial lands in
Southeast Sulawesi, Indonesia.

Numerous prior studies have indicated that sediment carbon
storage in mangrove habitats correlates with the mineral and
physical properties of the soil (Rasmussen et al., 2007),
temperature and precipitation (McKenzie et al. 2021). Clay-rich
sediments tend to exhibit higher carbon storage levels (Schimel
et al., 1994), while Kirwan and Blum (2011) discovered a
connection between the organic carbon content in coastal habitat
sediments and the biomass of coastal plants and their productivity.
However, the process of carbon sequestration in the sediment of
mangrove habitats occurs over extended time-frames and
influences carbon stock levels (Callaway et al.,, 2012; Hansen and
Nestlerode, 2014). Other studies have indicated that carbon stock in
sediments can be rapidly affected by both natural and human-
induced processes (DeLaune and White, 2012; Macreadie et al,
2014). The sediment carbon stock in the mangrove ecosystems has
been associated with mangrove productivity, sediment fertility,
deposition of suspended materials, as well as edaphic conditions
(Sanderman et al., 2018; Twilley et al., 2018). Moreover, Analuddin
et al. (2023a) found that the high organic carbon storage in the
sediments of mangroves ecosystems at RAWN Park, Southeast
Sulawesi, Indonesia, has been associated to the high carbon input
together with the suitable physical and chemical conditions of
sediment in the coastal region. Thus, the sediment organic carbon
stock in mangroves in the present study may be linked to various
factors, including substrate type, hydrological conditions, mineral
and physical properties, as well as natural and anthropogenic
processes within the region. The carbon stock in both biomass
(refer to Figure 7A) and the entire ecosystem (refer to Figure 7B) of
mangroves in protected areas was notably higher than in
unprotected areas, possibly due to factors such as larger tree sizes,
reduced degradation, and improved soil conditions. According to
the IPCC (2006), the concentration of carbon in vegetation is
influenced by factors such as biomass, carbon absorption, soil
fertility, plant diversity, and density. The organic carbon stock in
mangrove ecosystem were correlated with the mangrove maturity
and stand age (Tang et al., 2023; Chowdhury et al.,, 2023). Sharma et
al. (2020) pointed out that deforestation reduced total ecosystem
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carbon stocks of intact mangroves by 60%, while suggested that
mangrove plantation of mangroves after 20-40 years can restore
carbon up to 75% (Bourgeois et al., 2024).

Our study revealed that the less vulnerable mangrove ecosystem in
RAWN Park exhibited higher carbon storage in comparison to the
more vulnerable mangrove ecosystems in Tinanggea and Staring Bay
(refer to Figure 7A). It appears that the less vulnerable mangroves were
able to sustain their growth and development due to lower exposure to
environmental conditions and reduced mangrove sensitivity. However,
high adaptive capacity, including effective protection and legislation,
played a crucial role in enhancing blue carbon storage in mangrove
ecosystems. Nonetheless, the degradation of mangrove ecosystems
significantly reduced blue carbon storage, particularly in unprotected
areas of Southeast Sulawesi. Slamet et al. (2020) found that low carbon
stock in Serang, Jakarta Bay was occurred due to the sand mining.
Therefore, our study provides essential insights into the importance of
conserving and protecting mangrove ecosystems to mitigate mangrove
vulnerability and maintain carbon storage in this region. The
understanding of mangrove vulnerability and carbon storage could
pave the way for a sensible ecological approach in mangrove ecosystem
investigations, closely intertwined with studies of other coastal
ecosystems. The findings of our study could be pertinent to the
reforestation of degraded mangroves to reduce vulnerability status
and enhance carbon storage, especially in the unprotected areas of
Southeast Sulawesi. The environmental conditions in Tinanggea
appear conducive for planting new mangrove seedlings (Rahim et al.,
2024). However, efforts toward mangrove restoration need to be
supported by an understanding of methodological, environmental,
and social factors influencing mangrove survival (Christensen et al.,
2003). Moreover, both natural and artificial regeneration methods
should be implemented in suitable locations as strategies to restore
degraded or lost mangroves, particularly in highly vulnerable
mangrove areas with low carbon storage in the unprotected regions
of the Coral Triangle in Southeast Sulawesi, Indonesia, recognized as a
global biodiversity hot spot. Additionally, conducting further analyses
focusing on social-ecological system aspects will be beneficial in gaining
comprehensive insights into mangrove ecosystem services for more
effective development strategies and identifying conservation priorities
to reduce mangrove vulnerability and enhance blue carbon
sequestration in this region.

5 Conclusion

The current study has presented an important analysis of
mangrove vulnerability status and blue carbon storage in the
Coral Triangle areas of Southeast Sulawesi, Indonesia. Less
vulnerable mangroves were identified in protected regions,
whereas more vulnerable mangroves were observed in the
unprotected areas of Southeast Sulawesi. The high vulnerability
status of mangroves in unprotected areas has been linked to various
anthropogenic disturbances such as land conversion for
aquaculture and urban development, alongside hydrological
considerations. Consequently, the high vulnerability of mangrove
ecosystems notably reduces blue carbon storage and diminishes
mangrove ecological services. Hence, it is imperative to develop
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adaptive strategies to protect mangroves from anthropogenic
disturbances through effective legislation and mangrove
conservation, aiming to reduce vulnerability status while
enhancing blue carbon storage in the Coral Triangle area of
Southeast Sulawesi, Indonesia. Efforts should focus on restoring
mangroves in declining areas to mitigate future vulnerability risks
and bolster their capacities for blue carbon storage, ultimately
promoting the fulfillment of the Sustainable Development Goals
(SDGs) in the Coral Triangle of Southeast Sulawesi, Indonesia.
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