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Abstract

Teluk Kimi District, a coastal location in Nabire Regency with a mangrove forest, has degraded due to many destructive
activities. The study seeks fundamental data on species diversity (H', richness, E) and carbon stock potential. Basic
random sampling is used. Square plots are used for sampling, with a 10 m x 10 m plot for tree observation,a5 m x 5 m
plot for saplings, and a 2 m x 2 m plot for seedlings, litter, and soil. Carbon stocks are assessed using allometric equations
for biomass and destructive sampling for understorey, litter, necromass, and soil. The Taman Wisata Alam (TWA)
Nabire species richness was 1.62 and 18. Pantai Pelangi has a 2.11 H’ value and 17 richness. Muara Air Mandidi has a
1.15 H' value and 8 richness. TWA Nabire and Pantai Pelangi have moderate to high biodiversity and balanced species
richness. Monodominance is shown in Muara Air Mandidi’s low species richness and H' value. Pantai Pelangi has a
community structure with an evenness above 0.6. TWA Nabire’s uniformity approaches ecological stability. Muara Air
Mandidi is moderately uneven and dominated by Rhizophora mucronata. TWA Nabire, Pantai Pelangi, and Muara Air
Mandidi have carbon stocks of 592.46, 383.47, and 331.67 tC/ha. The moderate carbon stock in TWA Nabire (>500
tC/ha) is suitable for blue carbon conservation. Pantai Pelangi and Muara Air Mandidi are low-class coastal transitions
and degraded ecosystems. The second implication concerns the eventual location of community-based rehabilitation.

Keywords: Species Diversity; Carbon Stock Potential; Allometric Equation; Destructive Sampling; Blue Carbon;
Restoration

1. Introduction

The Papuan mangrove forest is one of Indonesia’s most ecologically diverse and expansive coastal ecosystems. This
region, which comprises approximately 10% of the national mangrove forest area, is crucial for climate change
mitigation and biodiversity preservation through blue carbon sequestration [1,2,3,4]. Papua exhibits a significant
diversity of mangrove species, predominantly including Rhizophora apiculata, Rhizophora mucronata, and Bruguiera
gymnorrhiza. This diversity enhances a multifaceted community structure and elevates environmental productivity.
Research in the East Sorong District of Sorong City has identified a total biomass of 666.29 t/ha and a carbon content of
313.13 tC/ha, demonstrating significant capacity for carbon sequestration [5]. Mangrove ecosystems in Demta Bay,
Papua have been estimated to store an average above-ground biomass (AGB) of 117.6 t/ha and below-ground biomass
(BGB) of 56.6 t/ha, resulting in a total biomass of approximately 174.2 t/ha or 87.1 tC/ha [6]. However, studies in
undisturbed mangrove ecosystems in West Papua report much higher carbon stocks, reaching an average total
ecosystem carbon stock (TECS) of 1,087 + 584 tC/ha, making these areas some of the most carbon-rich mangrove
ecosystems globally [7].

Age, species composition, management practices, and growth will affect carbon sequestration in a forest type. In a
particular kind of forest, the amount of carbon stored will be affected by factors such as age, type, forest usage, growth
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rate, and substrate quality. Therefore, the carbon accumulation stored in a site needs to be calculated by calculating
carbon reserves. This is necessary to determine an ecosystem'’s capacity to absorb carbon and identify the extent to
which it contributes to lowering the concentration of greenhouse gases in the atmosphere [8,9,10].

The mangrove forests of Teluk Kimi District are biologically distinctive and significant ecosystems. The mangrove
ecosystem in this region protects against coastal erosion, mitigates the impacts of waves and storms, and reduces the
risk of flooding in coastal zones. Mangrove forests play a significant role in stabilizing coastlines and riverbanks, thereby
protecting them from erosion and abrasion. Furthermore, mangrove forests contribute to land expansion by
assimilating sediment deposits [11,12]. Mangrove trees, with their robust and salt-tolerant roots, contribute to soil
stability along the shoreline and provide a habitat for a diverse and unique array of flora and fauna. Mangrove forests
in the Teluk Kimi District offer economic and social advantages to local populations. Mangroves are a sustainable natural
resource, providing firewood, traditional construction materials, and handicraft supplies. In the Teluk Kimi District,
mangrove forests are utilized for multiple purposes, including providing firewood, harvesting mangrove crabs, catching
fish, and extracting shellfish [13,14].

In any case, the present state of Teluk Kimi District, a coastal region in Nabire Regency characterized by mangroves
along its shoreline, has declined. This region exhibits activities that result in forest degradation, including illegal
harvesting for construction materials, the development of tourist attractions, the conversion of forest land to industrial
use, and pollution from industrial operations. The collective operations in Papua would undoubtedly diminish the
density of mangrove trees, thereby reducing their capacity to absorb carbon [15,16,17].

Substantial management efforts are necessary to prevent further significant destruction of mangrove ecosystems. Data
concerning the variety of forms and the quantity of carbon that mangrove forests in the region can sequester and absorb
remains unacquired [18,19]. Consequently, it is imperative to research the assessment of carbon sequestration in
mangrove forests within the Teluk Kimi District of Nabire Regency. The objective of this study is to analyze the diversity
of mangrove varieties and evaluate the potential TECS in the mangrove areas of Teluk Kimi District, Nabire Regency.

2. Material and methods

2.1. Study area

The data inventory of biodiversity and total carbon stock was performed in the mangrove region of TWA Nabire, Pantai
Pelangi, and Muara Air Mandidi in Teluk Kimi District, Nabire Regency, Central Papua Province. The Teluk Kimi District
is situated between the coordinates 135032.29’E, 3023.05’S and 135042.43’E, 3009.93’S, with its northern boundary
next to Cendrawasih Bay, the southern boundary bordering Uwapa District, the eastern boundary neighboring Makimi
District, and the western boundary abutting Nabire District.

The information was collected by establishing a 200 m transect with two lines at the TWA Nabire. The overall area of
the plot is 40 square meters, with dimensions of 10 m x 10m. Pantai Pelangi features a transect length of 100 meters,
with 3 lines yielding 30 plots, while Muara Air Mandidi exhibits conditions analogous to those at Pantai Pelangi (Figure
1).

The selection of these locations was intended to illustrate varying levels of human disturbance within the TWA Nabire.
The first site represents an area that remains relatively undisturbed by the activities of surrounding communities,
providing an example of intact natural conditions. The second site is at Pantai Pelangi, which, in contrast to the first
location, has experienced deforestation and environmental degradation, likely due to increased human activity. The
third site is at Muara Air Mandidi, an area cleared for agricultural activities and residential development. This location
also corresponds to the area described previously, highlighting land conversion and its impacts on the natural landscape.
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Figure 1 Transect data collection map (red line)

2.2. Method of data analysis

This study employed a purposive sample strategy to assess species diversity and carbon stocks in the mangrove region
of Teluk Kimi District, Nabire Regency, Central Papua Province. The employed sample approach was simple random
sampling. Quadratic plot measurements were utilized as a sampling technique, using a 10 m x 10 m plot for tree
observation, a 5 m x 5 m plot for saplings, and a 2 m x 2 m plot for seedlings, litter, understorey, and soil [20,21] (Figure
2).
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Figure 2 Nested plot belt transect design

2.3. Species Diversity

Biodiversity analysis uses the species diversity index (H’ value) to assess the distribution  patterns of  various
abundance measurements among species [22]. The species diversity index is computed with Shannon's Wiener formula
[23]

H represents the species diversity index, ): which is the total number of species inside the community, and Pi signifies
the proportion of species i relative to the overall number of individual species in the community (N). The requirements
for the H-index value are categorized as follows: high (> 2.0), medium (1.6 < x < 2.0), low (1.0 < x < 1.6), and very low
(< 1.0) [24].

Species richness refers to the total number of species present within a community or ecosystem, regardless of the
population size of any individual species. [25] asserts that this is a crucial indicator of biodiversity, particularly in terms
of the species composition within a designated area. The discovery of additional species in a region enhances its richness
value. Assessment criteria: high category (3) for more than 100 species; medium category (2) for 30 to 100 species; and
low category (1) for less than 10 species.

Evenness relates to the extent of uniformity in the distribution of individual species within a community. The evenness
rating reflects the uniformity of individual distribution among all existing species. If all species possess approximately
equal populations, the evenness score will tend towards 1 (maximum). If one or more species exhibit considerable
dominance, the evenness value will tend towards 0 (minimum) [26,27]. The equation for Evenness (E) is presented
below.

where E represents the Evenness value, H' denotes the Shannon-Wiener diversity index, and S indicates the number of
species. The E value criteria are as follows: <0.25 is very low, 0.26-0.50 is low, 0.51-0.75 is moderate, and 0.76-1.0 is
high [28].
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2.4. Total Ecosystem Carbon Stock (TECS) Analysis

2.4.1. Aboveground Biomass (AGB)

The carbon computation from AGB was produced by combining the allometric formula for calculating leaves and stems
with the equation proposed by [29], which can be summarised as follows

W = 10(-18571+2.1072+L0G(DBH)) 3

W = p* (0.0000695DBH?*%Y ... .....4

where W describes the biomass of leaves and stems (kg), p represents the specific gravity of the plant (kg/m?*), and DBH
indicates the diameter at breast height (cm).

2.4.2. Belowground Biomass (BGB)

The allometric formula was used in conjunction with the equation provided by [29] to arrive at the following
computation for the amount of BGB carbon that was produced by this activity:

W =0.199 % p%8% « DBH??% . .. ... 5

where W measures the amount of biomass (kg), p reflects the density of the plant (kg/m?), and DBH pertains to the
diameter at breast height (cm).

2.4.3. Understorey

To conduct understorey carbon sampling, a 2 m x 2 m plot was randomly selected, with an odd number of plots on each
transect path representing each path. The following equation illustrates the calculation of carbon from understorey
plants [30]

B = B(u).A.cf........ 6

where B reflect the estimated understorey carbon (tC/ha), B(u) describe the dry weight of understorey plants (t/m?),
A refer to the area (m?/ha), and cf indicate the non-dimensional conversion factor from biomass to carbon [31], valued
at 0.5).

2.4.4. Litter

Carbon sampling for litter is conducted inside a 1 m x 1 m subplot, in conjunction with the undergrowth. The carbon
calculations for litter comprising leaves, branches, and small branchers correspond to the subsequent equation.

L = L(u).A.cf........ 7

Where L is the estimated carbon from litter, branches, and twigs (tC/ha), L(u) denotes the dry weight of litter, branches,
and twigs (t/m?), A signifies the area (m?/ha), and cf is the non-dimensional conversion factor from biomass to carbon
[31], with a value of 0.5.

In the meantime, for deceased and decomposing trees, employ the following equation:

(dp + du))Zl

Viem = 0251 (¢~

Vkm defines the volume of dead wood (m?), dp represents the diameter at the base of the dead wood (cm), du indicates
the diameter at the tip of the dead wood (cm), p represents the length of the dead wood (m), Bkm refers to the biomass
of dead wood (kg), and p is the specific gravity of dead wood (kg/m?) [31].
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2.4.5. Soil

Soil carbon sampling was conducted in a 1 m x 1 m subplot; fortunately, the generally uniform soil sample can be
reflected by the sampling plot position. The following equation represents the calculation of soil carbon:

S=Crps.100 ... 10

where S represent soil carbon (t/ha), ps denote soil density (g/cm?), cf identify the non-dimensional conversion factor
from biomass to carbon (IPCC, 2013, equivalent to 0.5), d indicate the vertical distance beneath the ground surface (cm),
and 100 serve as the conversion factor [31].

3. Results and discussion

3.1. Species Diversity

Table 1 presents the results obtained regarding the variety of mangrove species in the Teluk Kimi region. These results
were achieved by observing Shannon’s Wiener index (H'), the number of species (richness), and the evenness (E) at
three different locations.

Table 1 Species diversity in Teluk Kimi

Species Diversity | H' Richness | E

TWA Nabire
Line 1 1.62 | 18 0.56
Line 2 1.61 | 17 0.57

Pantai Pelangi

Line 1 2.17 | 15 0.80
Line 2 2.08 | 18 0.72
Line 3 2.07 | 19 0.7
Muara Air Mandidi

Line 1 094 | 8 0.45
Line 2 122 |9 0.53
Line 3 1.29 | 6 0.72

TWA Nabire along transect line 1 recorded an H’ value of 1.62, categorizing it as moderate with significant dominance,
although indicating the presence of many species; the community is beginning to diversify. The other site on transect
line 2 recorded an H’ value of 1.61, indicating a modest level of diversity with significant dominance by multiple species,
suggesting the community is beginning to diversify.

Pantai Pelangi transect line 1 has a medium-high H’ value of 2.17, indicating high variety, even species distribution, and
a stable ecosystem with the dominant species. Transect line 2 has a medium-high H' value of 2.08, indicating high
variety, even species distribution, and a stable ecosystem. Transect line 3 has a medium-high H' value of 2.07, indicating
high variety, even species distribution, and a stable ecosystem.

Transectline 1 of Muara Air Mandidi has alow H' value of 0.94, indicating a fragile ecosystem with one or a few dominant
species. The dominant species was R. mucronata. Estuaries with harsh tidal conditions, muddy soil, and high salinity
have this makeup. This community is ecologically fragile and susceptible to biotic and abiotic perturbations. Transect
line 2 had a medium-low H' value of 1.22, indicating high dominance, but more than one species and community
diversification. Additional species, including Aegiceras, Bruguiera, and Tracheophyta, raised the H’ value. Although still
dominated by R. mucronata, the community structure became more diverse. This may indicate natural regeneration or
recovery. Transect line 3 had a medium-low H' value of 1.29, indicating high dominance but more than one species and
community diversification. The community is more diverse than the preceding transects. Nypa and Acrostichum suggest
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a watery impact zone and protective habitat for understorey species. This transect has more natural recovery potential,
as shown by the higher H’ value.

An H’ index ranging from 0.62 to 1.19 is a relatively prevalent value in the coastal regions of Papua, as observed in the
research conducted by [32] on mangrove vegetation in the Mimika District. Investigations in the Raja Ampat mangrove
region revealed an H’ value ranging from 1.60 to 1.75 for communities predominantly composed of Avicennia marina,
where regenerative patterns persist without considerable human interference [33]. [34] A study was conducted in the
Sulawesi mangrove protected area, revealing an H’ of approximately 1.7 in an ecosystem increasingly subjected to
human pressures, including logging and land conversion.

The species composition of the three locations in the Teluk Kimi District is shown in Figure 3. TWA Nabire primarily
comprises Syzygium pycnanthum (50%) and Pandanus tectorius (20%). Variations persist among other species,
signifying moderate diversity circumstances. Pantai Pelangi exhibits a more balanced species composition, featuring
three predominant species, while others constitute 40% of the total. This indicates a varied and comparatively stable
community. Muara Air Mandidi has a near-monodominant composition of Rhizophora mucronata, comprising 70% of
the total. Minimal contributions from other species result in poor diversity and increased vulnerability.

TWA Nabire Pantai Pelangi Muara Air Mandidi

Bruguiera gymnorrhiza

Lainnya Lainnya

Avicennia alba Sonneratia alba

Lainnya

Pandanus tectorius TerMinalia catappa A0
Sonneratia alba 70.0%

Syzygium pycnanthum

Pongamia pinnata Rhizophora mucronata

Figure 3 Composition of mangrove species in Teluk Kimi District

Species richness is a crucial structural element of biodiversity. The richness category is not absolute; it must be
interpreted within the context of the environment. In the mangrove ecosystem, 10-15 species are deemed diverse due
to the specialized adaptations required for survival in tidal settings. Conversely, in tropical rainforests, this figure is
relatively low. Pantai Pelangi and TWA Nabire exhibit a medium-high richness classification, signifying substantial
potential for ecological stability and ecosystem functions, including carbon sequestration and coastal protection. Muara
Air Mandidi, particularly Transect 1, falls within the low-to-moderate richness group due to the predominance of
Rhizophora mucronata. This region is susceptible and is recommended for recovery treatments involving mixed species.
This pattern corroborates the assertions of [35] and [36] that mangrove ecosystems with more than 10 species can be
deemed structurally robust; however, the H' and evenness values must also be considered.

The evenness (E) value quantifies the distribution of individuals among species, specifically indicating the uniformity
of species dominance within the community. An E value approaching 1 suggests that all species have the exact
population sizes, resulting in an equitable community. E <0.6 signifies substantial dominance by one or many species,
indicating an uneven community structure. Pantai Pelangi (lines 1-3) exhibits an evenness greater than 0.6, signifying
a comparatively balanced community structure (Figure 4). TWA Nabire exhibits uniformity that approaches or
somewhat exceeds the threshold of ecological stability. Research from various locations indicates a range of E values,
from low to high. In Bangkalan, East Java, the E value ranges from 0.23 to 0.78; in Sentebang Village, West Kalimantan,
itranges from 0.50 to 0.75, exhibiting a relatively uniform distribution. The E values for Bali mangrove ecotourism range
from 0.61 to 0.67, distributed evenly, while Boroko, North Sulawesi, exhibits E values from 0.68 to 0.71, maintaining a
consistent distribution [37, 38, 39, 40].
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3.2. Total Ecosystem Cabon Stok (TECS)

3.2.1. Total Biomass

TWA Nabire exhibited substantial total biomass carbon stock storage, with 197.76 tC/ha measurements at transect line
1 and 186.13 tC/ha at transect line 2, respectively (Figure 5). These values are analogous to those of primary mangrove
forests in Papua, specifically Bintuni Bay, which have been documented to range from 190 to 280 tC/ha [41, 42]. The
primary contribution originated from mature species, such as Syzygium pycnanthum, Avicennia alba, and Terminalia
catappa, indicating that the region is ecologically sound and architecturally intricate. The ratio of BGB to AGB at the
sapling stage was minimal compared to the pole and tree stages. The typical stem diameter at the seedling stage is 5 cm.
The mean diameter was determined to be 24 cm at the pole and tree levels.

The conservation status of the TWA Nabire site, as identified on transect line 1, categorized the dominating species as
being of least concern, with their natural populations being stable, unknown, or declining. Additionally, one species,
Anisoptera marginata, has been identified as vulnerable, with a declining presence in its natural habitat [43]. The TWA
Nabire transect line 2 identified the dominating species, classified as least concern, which exhibit stable, unknown, and
declining populations in their natural habitat. Other species were identified as near threatened due to diminishing
availability in their natural habitats (Intsia palembanica, Artocarpus odoratissimus) and vulnerable with declining and
uncertain conditions in the wild (Anisoptera marginata, Phoebe angustifolia).

TWA Nabire transect line 2 identified the dominating species as those classified as least concern, with their populations
in nature being constant, unknown, or decreasing. Additional species were identified as near threatened due to
diminishing availability in their natural habitats (Intsia palembanica, Artocarpus odoratissimus) and vulnerable with
declining and uncertain conditions in the wild (Anisoptera marginata, Phoebe angustifolia).

The ecological assessment of the mangrove ecosystem in TWA Nabire reveals the attributes of primary or highly mature
mangrove forests, characterized by robust and dense stand structures, moderate to high tree variety, and an absence of
observable anthropogenic alteration or degradation. Consequently, the mangrove ecosystem is a significant carbon sink,
with a carbon stock value approaching the national threshold (~200 tC/ha), thereby playing a crucial role in mitigating
climate change. Moreover, it serves as a coastline guardian, with substantial biomass that aids in absorbing wave energy
and mitigating erosion. Another role is serving as a biodiversity habitat, with particular protected species, where mature
stands provide habitat for aquatic birds, monkeys, and soil organisms [44, 45, 46].

Carbon stocks in Pantai Pelangi ranged from 53.08 to 86.69 tC/ha, indicating a moderate capacity for carbon storage
(Figure 5). These values are below the national mangrove average (~150 AGB + 50 BGB = 200 tC/ha) but constitute a
viable carbon reservoir. All transects exhibit below-ground biomass (BGB) of less than 30 tC/ha, significantly lower
than the national norm of approximately 50 tC/ha. This can be understood as sandy or gravelly soil substrates that fail
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to facilitate the growth of lateral and respiratory roots, the absence of aerial root species like Rhizophora, which typically
generate substantial root biomass, and the influence of anthropogenic disturbances or recent sediment deposition.

The conservation status of Pantai Pelangi (transect lines 1-3) is primarily characterized by species of low concern,
whose populations are stable. Still, their status is unknown, and some have started to decline. Transect 1 also revealed
species with varying conservation statuses, including those nearing threatened status due to diminishing natural
availability (Intsia palembanica, Artocarpus odoratissimus) and those classified as vulnerable with declining availability
in nature (Anisoptera marginata). Transect 2 identified species with statuses nearing threatened due to diminishing
natural availability (Artocarpus odoratissimus, Intsia bijuga, Canarium luzonicum) and vulnerable species with
indeterminate natural availability that have commenced a decrease (Phoebe chekiangensis, Hopea odorata). Transect 3
identified species with statuses nearing threatened due to diminishing natural availability (Intsia palembanica, Intsia
bijuga, Artocarpus odoratissimus) and vulnerable species with uncertain natural availability (Phoebe angustifolia).

Pantai Pelangi has potential for carbon sequestration if enriched with productive mangrove species, such as Rhizophora
apiculata or Avicennia marina, and utilized as an educational area for coastal transition ecosystems. Several low BGB
issues can indicate soil structure instability, which increases the danger of erosion and abrasion. It is also aware of the
key sources of human pressure (such as wood use or land clearing) that have increased, resulting in a severe decline in
carbon stock content, AGB [47,48]. The technical recommendations for Pantai Pelangi [49,50] include vegetative
rehabilitation using local species with high salinity tolerance, area zoning to identify core conservation zones versus
limited-use zones, and periodic monitoring of biomass and soil quality.

Muara Air Mandidi had the lowest biomass carbon stock values (9.66-32.28 tC/ha), with transect line 2 having the
lowest (Figure 5). This suggests significant anthropogenic disturbance, limited recovery, and early successional or scant
canopy cover. The average AGB value was ~18.9 tC/ha, well below the national standard (150 tC/ha). This means the
vegetation is in an early growth stage or undergoing post-disturbance regeneration. Seedlings and non-woody plants
predominate, with few mature Rhizophora or Bruguiera specimens. Other degraded mangrove zones in Java, such as
Muara Gembong, have carbon stocks below 70 tC/ha [51].

Conservation status in Muara Air Mandidi on transect lines 1-3 for dominating species and others with minimal concern,
whose natural availability is largely declining, stable, or unknown. Nothing approaching threatened or vulnerable was
discovered. Ecological conditions in threatened areas with young species or saplings and few trees with large DBH
indicate anthropogenic pressure, including tree felling for firewood, land conversion for ponds or settlements, and
natural disturbances like high sedimentation or extreme salinity [52,53].

Distribusi AGB, BGB dan Total Biomassa Karbon per Lokasi (tC/ha)
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Figure 5 Total biomass carbon stock in Teluk Kimi District
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3.2.2. Understorey

For real mangroves, Avicennia alba and Bruguiera gymnorhiza dominate the seedling phase at TWA Nabire, which
calculates carbon stores in understorey plants. Syzygium pycnanthum, Pandanus tectorius, Terminalia catappa, and
Calophyllum inophyllum dominate the mangrove relationship. For real mangroves, Sonneratia alba and Bruguiera
gymnorhiza dominate Pantai Pelangi. Syzygium pycnanthum, Terminalia catappa, Pongamia pinnata, Pometia pinnata,
and Intsia bijuga dominate the mangrove association. True mangroves, Rhizophora mucronata, Soneratia alba, and
Rhizophora apiculata, dominate Muara Air Mandidi. Pandanus tectorius, Pongamia pinata, Nypa fruticans, and Pometia
pinnata dominate mangrove associations.

A destructive sample was taken from a 2 m x 2 m plot in several selected plots, and the wet weight was calculated. The
sample was then dried for three days at 80 °C in the Forestry Laboratory at the University of Papua (UNIPA) to
determine the understorey carbon. The carbon content of the dry weight was estimated using equation 6. The
understorey carbon in the TWA Nabire, Pantai Pelangi, and Muara Air Mandidi locations was 0.70, 0.46, and 0.88 tC/ha,
respectively (Figure 6). Under the primary forest canopy, shrubs, herbs, grasses, ferns, and tree regeneration can collect
or absorb carbon. This category has high, medium, or low carbon absorption and biomass [54,55,56]. TWA Nabire and
Pantai Pelangi have low forest floor carbon potentials of less than 1.5 tC/ha. Disturbed forests hinder the regeneration
of trees, plants, herbs, and grasses, which raises concerns about seedling establishment. Note: high criteria (> 5 tC/ha)
and medium criteria (1.5 - 5 tC/ha).

3.2.3. Litter

The carbon supply in litter was assessed by examining the decomposition of leaves, branches, and twigs from the
juvenile, pole, and mature tree stages. Furthermore, destructive sampling was conducted to collect litter of decomposing
material inside 2 m x 2 m plots across several meticulously chosen locations.

Litter is frequently located in regions with decomposing wood, such as TWA Nabire. The trash was desiccated at the
Forestry Laboratory UNIPA for three days at a temperature of 80°C. The total carbon stock of litter in TWA Nabire,
Pantai Pelangi, and Muara Air Mandidi was 4.02, 1.41, and 1.26 tC/ha, respectively (Figure 6). The litter carbon potential
readings at Pantai Pelangi and Muara Air Mandidi were classified as low, with carbon levels below 2 tC/ha. This signifies
that the state of the forest is frequently disrupted [57,58]. Note: high criteria (> 5 tC/ha) and moderate criteria (2-5
tC/ha).

3.2.4. Necromass

The necromass of decaying wood in TWA Nabire is characterized by the collapse of numerous substantial trees,
alongside the identification of around 8 large logs (diameter 30-50 cm and height 10 m) and 15 medium logs (diameter
12-20 cm and height 5 m), with an estimated wood density of 0.5 for decaying mangrove wood.

Sampling was conducted non-destructively by measuring the diameter of the rotting wood’s tip, base, and length.
Subsequently, calculations were performed using equations 8 and 9 to determine the potential carbon value of
necromass. The necromass carbon findings in TWA Nabire, Pantai Pelangi, and Muara Air Mandidi were 10.23, 1.26, and
0.48 tC/ha, respectively (Figure 6). The total carbon potential from undergrowth, litter, and necromass for each
location—TWA Nabire, Pantai Pelangi, and Muara Air Mandidi—was 14.95, 3.13, and 2.62 tC/ha, respectively. The
overall carbon stock of understorey and decomposing vegetation in TWA Nabire is within the global range for tropical
forests, specifically 14 to 138 tC/ha [59].

The potential carbon necromass results in TWA Nabire are classified as high, with a value exceeding 7.5 tC/ha. This is
attributable to the substantial quantity of fallen trees, sizable dead trunks, branches, and the gradual decomposition
process. This value is also present in multiple primary tropical forests across various locations in Indonesia, including
Papua [60,61]. Currently, Pantai Pelangi is classified as moderate, whereas Muara Air Mandidi is categorized as low.
Note: moderate criteria: 2.5 - 7.5 tC/ha and low criteria: less than 2.5 tC/ha.
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Figure 7 Soil carbon stocks in Teluk Kimi District

TWA Nabire, Pantai Pelangi, and Muara Air Mandidi have average C-organic soil values of 4.66%, 4.66%, and 5.26%.
Sample data were collected from plots 10 and 5 in the middle of TWA Nabire and Pantai Pelangi Transects 1 and 2, and
plot 1 at the start of Muara Air Mandidi transects 1 and 2. A 1-m-deep soil profile was taken on a 1 m x 1 m plot in the
designated plot for this destructive sampling. Additionally, soil was gathered from each color layer, averaging 4 levels.
Carbon content was taken from the University of Papua Forestry Laboratory, and soil carbon potential was calculated
using equation 9. The calculation also takes soil density from lab data, which averages 0.69 gr/cm3, and each %C content
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per layer of soil depth calculates the carbon potential of the TWA Nabire, Pantai Pelangi, and Muara Air Mandidi as
378.78,315.88, and 297.32 tC / ha (Figure 7).

Massively decomposing litter in fields allows carbon to enter the soil, resulting in a high carbon content. Mangrove soil
carbon can reach 1,000 tC / ha in layers up to 1 meter, supplying 75% of the mangrove ecosystem'’s carbon. Papuan
mangroves (Teluk Bintuni, Sorong, Mimika) have 700 tC/ha of soil carbon and a depth of 1.5-2 m with a high C-organic
content [62]. Moderate soil carbon potential values (> 300 tC/ha) were found at depths of 1 m in TWA Nabire and Pantai
Pelangi. In Muara Air Mandidji, values are low at <300 tC/ha. In Papua, this value is also found in mangrove habitats,
where there is a significant accumulation of organic matter and slow breakdown [63, 64, 65]. Note: intermediate criteria
(300-600 tC/ha) and low criteria (<300 tC/ha).

3.2.6. Total Ecosystem Carbon Stock (TECS)

The cumulative TECS potential at the TWA Nabire, Pantai Pelangi, and Muara Air Mandidi sites, derived from total
biomass, understory vegetation, litter, necromass, and soil, was 718.45 tC/ha (Figure 8). The highest percentage of
carbon was derived from total biomass and soil, with values of 19.97% and 78.65%, respectively. The residual carbon
percentages were identified in necromass, litter, and understory plants at 0.73%, 0.48%, and 0.17%, respectively. The
ratio of carbon above the surface to below the surface is 20% to 80%.

Research in Indonesia indicates that mangrove ecosystems allocate roughly 32% of their total carbon to above-ground
biomass and around 68% to below-ground biomass and soil, which corresponds closely with the often-referenced
worldwide ratio of 20% above and 80% below. Research in Eastern Sumatra revealed above-ground carbon stores
ranging from 96 to 356 Mg C/ha and below-ground stocks from 28 to 153 Mg C/ha, demonstrating considerable
diversity yet a pronounced predominance of carbon in below-ground and soil reservoirs [66]. Research conducted on
Gili Petagan, Lombok Timur, revealed 161.8 t C/ha above ground and 112.0 t C/ha below ground, indicating that about
40% of carbon is sequestered above ground and 60% below ground [67].

Globally, average mangrove forests sequester from 12.0 to 150.2 Mg C/ha in above-ground carbon and 46.6 to 388.6 Mg
C/ha in below-ground carbon, indicating that 69-91% of the entire carbon stock resides below ground, with a root:
shoot ratio varying from 1.3 to over 4 [68]. A separate global evaluation found that around 78-96% of total ecosystem
carbon in mangroves is contained in the soil and below-ground biomass, contingent on mangrove height, thereby
corroborating the widely recognized 20:80 above-to-below carbon allocation ratio [69].

The total carbon potential results in the TWA Nabire are classified as moderate, with a value over 500 tC/ha. The total
carbon at Pantai Pelangi and Muara Air Mandidi, valued at <500 tC/ha, is classified as low. This value is also present in
several locations within the mangrove environment of Papua. Criteria for medium (500 - 900 tC/ha) and low (< 500
tC/ha).

Research in Southeast Asia and Oceania indicates elevated average TECS values—1,016 t C/ha in Southeast Asia and
1,141 t C/ha in Oceania—compared to the global average of roughly 856 t C/ha. This suggests that the carbon storage
in Nabire’s mangroves is comparable, albeit marginally lower, than the global mean [70].

In Indonesia, average TECS values are often elevated due to the presence of substantial peat and mangrove ecosystems.
Worldwide meta-analyses indicate that the total global mangrove carbon stock averages 629 + 448 Mg C/ha, with soils
accounting for approximately 63% of that total [71]. The TECS in Nabire corresponds with global norms but is inferior
to intact systems in West Papua, where undisturbed mangroves, such as those in Bintuni Bay, exceed 1,000 tC/ha [72].

Globally, TECS varies significantly from 79 to 2,208 Mg C/ha, with tropical regions averaging between 800 and 960 Mg
C/ha. Soil carbon typically constitutes 60-70% of the entire store [73]. In Lamu, Kenya, the total carbon storage in the
mangrove ecosystem was quantified at 560 * 64 Mg C/ha, with soils accounting for 70% and biomass contributing less,
mirroring global trends of soil predominance (Frontiers in Lamu).
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4., Conclusion

The H values and species richness at TWA Nabire (transect lines 1 and 2) were recorded as 1.62 and 1.61, respectively,
with 18 and 17 species. The H’ and richness values for Pantai Pelagi (transect lines 1-3) were recorded as 2.17, 2.08,
2.07, and 15, 18, 19, respectively. The H’ and richness values for Muara Air Mandidi were recorded as 0.94, 1.22, 1.29,
and 8, 9, 6, respectively. Pantai Pelangi and TWA Nabire exhibited comparatively high and equitable species richness
and H'. Concurrently, Muara Air Mandidi, particularly transect line 1, exhibited low species richness and low H',
signifying a pronounced domination by a single species (monodominance). Pantai Pelangi exhibited an evenness greater
than 0.6, indicating a relatively balanced community structure. TWA Nabire exhibits uniformity that approaches or
somewhat exceeds the threshold of ecological stability. Muara Air Mandidi, particularly transect line 1, exhibits
moderate and uneven evenness due to the pronounced dominance of Rhizophora mucronata.

The average total biomass carbon stocks in TWA Nabire, Pantai Pelangi, and Muara Air Mandidi were recorded at
198.73, 64.46, and 31.74 tC/ha, respectively. The total carbon stock of understory vegetation in TWA Nabire, Pantai
Pelangi, and Muara Air Mandidi was 0.70, 0.46, and 0.88 tC/ha, respectively. The total carbon stock of litter in TWA
Nabire, Pantai Pelangi, and Muara Air Mandidi was 4.02, 1.41, and 1.26 tC/ha, respectively. The total carbon stock of
necromass in TWA Nabire, Pantai Pelangi, and Muara Air Mandidi was 10.23, 1.26, and 0.48 tC/ha, respectively. The
total carbon stock of soil in TWA Nabire, Pantai Pelangi, and Muara Air Mandidi was recorded at 378.38, 315.88, and
297.32 tC/ha, respectively. The TECS at the TWA Nabire, Pantai Pelangi, and Muara Air Mandidi locations were
measured at 592.46, 383.47, and 331.67 tC/ha, respectively. The overall carbon stock at the TWA Nabire is classified as
moderate (exceeding 500 tC/ha) and is suitable for blue carbon conservation. Pantai Pelangi and Muara Air Mandidi are
classified as low, falling under the coastal transition ecosystem and degraded ecosystem classifications. The remaining
two places aim to implement restoration under indigenous populations.

Compliance with ethical standards

Acknowledgments

The authors express their gratitude to all individuals who participated in the field observations of local communities,
colleagues at Forestry Research and Development, and undergraduate students from the Faculty of Forestry, University
of Papua, for establishing permanent measurement plots to inventory species diversity and carbon potential.

Disclosure of conflict of interest

There is no conflict of interest.

57



GSC Advanced Research and Reviews, 2025, 24(01), 045-061

Statement of ethical approval

Ethical approval for field data collection is consistent with the Manual for Measuring Blue Carbon in Mangroves
published by the Ministry of Environment and Forestry in October 2024.

Statement of informed consent

Informed consent was obtained from all individual participants included in the study.

References

[1]
[2]

[3]

[4]

[5]

[6]

[7]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Alongi DM. Global significance of mangrove blue carbon in climate change mitigation. Sci. 2020 Aug 21;2(3):67.

Rahman MM, Zimmer M, Ahmed I, Donato D, Kanzaki M, Xu M. Co-benefits of protecting mangroves for
biodiversity conservation and carbon storage. Nature Communications. 2021 Jun 23;12(1):3875.

Zeng Y, Friess DA, Sarira TV, Siman K, Koh LP. Global potential and limits of mangrove blue carbon for climate
change mitigation. Current Biology. 2021 Apr 26;31(8):1737-43.

Sidik F, Lawrence A, Wagey T, Zamzani F, Lovelock CE. Blue carbon: A new paradigm of mangrove conservation
and management in Indonesia. Marine Policy. 2023 Jan 1;147:105388.

Hasan FI, Dewi [], Suyasa IN, Tabalessy RR. Condition and carbon reserves of mangrove ecosystems in East Sorong
Distrik, Sorong City. Arwana: Jurnal [lmiah Program Studi Perairan. 2024 Nov 30;6(2):197-208.

Indrayani E, Kalor JD, Warpur M, Hamuna B. Using allometric equations to estimate mangrove biomass and
carbon stock in Demta Bay, Papua Province, Indonesia. Journal of Ecological Engineering. 2021;22(5):263-71.

Kauffman ]B, Adame MF, Arifanti VB, Schile-Beers LM, Bernardino AF, Bhomia RK, Donato DC, Feller IC, Ferreira
TO, Jesus Garcia MD, MacKenzie RA. Total ecosystem carbon stocks of mangroves across broad global
environmental and physical gradients. Ecological monographs. 2020 May;90(2):e01405.

Baldocchi D, Penuelas J. The physics and ecology of mining carbon dioxide from the atmosphere by ecosystems.
Global change biology. 2019 Apr;25(4):1191-7.

Dinilhuda A, Akbar AA, Herawaty H. Potentials of mangrove ecosystem as storage of carbon for global warming
mitigation:-. Biodiversitas Journal of Biological Diversity. 2020 Oct 26;21(11).

Rumahorbo BT, Hamuna B, Keiluhu HJ. An assessment of the coastal ecosystem services of Jayapura City, Papua
Province, Indonesia. Environmental and Socio-economic Studies. 2020;8(2):45-53.

Chaudhuri P, Chaudhuri S, Ghosh R. The role of mangroves in coastal and estuarine sedimentary accretion in
Southeast Asia. InSedimentary Processes-Examples from Asia, Turkey and Nigeria 2019 May 23. IntechOpen.

Asari N, Suratman MN, Mohd Ayob NA, Abdul Hamid NH. Mangrove as a natural barrier to environmental risks
and coastal protection. Mangroves: Ecology, Biodiversity and Management. 2021:305-22.

Maitindom FA, Maruanaya Y, Tampubolon I, Marei S. Socialization of the Existence of Mangroves for the
Community of Boratei Village, Teluk Kimi District, Nabire Regency. Journal of Community Service Nusantara.
2024 Feb 27;5(1):951-5.

Rumahorbo BT, Keiluhu HJ, Hamuna B. The economic valuation of mangrove ecosystem in Youtefa bay, Jayapura,
Indonesia. Ecological Questions. 2019 Jan 14;30(1):47-54.

Amir A, Maturbongs RA, Tapilatu RF. The impacts of coastal community activities on the existence of the
Waranggui mangrove forest in South Manokwari, West Papua, Indonesia. Indo Pacific Journal of Ocean Life. 2019
Nov 19;3(2).

Arifanti VB, Novita N, Tosiani A. Mangrove deforestation and CO2 emissions in Indonesia. InIOP Conference
Series: Earth and Environmental Science 2021 Oct 1 (Vol. 874, No. 1, p. 012006). IOP Publishing.

Sillanp&a M, Friess DA, Heatubun CD, Cragg SM, Alei F, Bhargava R, Kalor JD, Marlessy C, Yudha RP, Wahyudi,
Hendri, Sidik F, Murdiyarso D. Mangrove management practices, policies, and impacts in New Guinea. Biological
Conservation. 2024 Aug 1;296:110697.

As-Siddiq H, Sasea EM. The Government Role in Managing Mangrove Damage: Case Study in Manokwari.
International Journal of Law and Public Policy. 2020 Mar 24;2:14-20.

58



[19]

[20]
[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]
[36]
[37]
[38]
[39]

[40]

GSC Advanced Research and Reviews, 2025, 24(01), 045-061

Purwanto, Andradi-Brown DA, Matualage D, Rumengan [, Awaludinnoer, Pada D, Hidayat NI, Amkieltiela, Fox HE,
Fox M, Mangubhai S. The Bird's Head Seascape Marine Protected Area network—Preventing biodiversity and
ecosystem service loss amidst rapid change in Papua, Indonesia. Conservation Science and Practice. 2021
Jun;3(6):e393..

MoEF, RI. Manual for Measuring Blue Carbon in Mangroves. Jakarta. 2024; 51 pp.
Manuri S, Putra SAS, Saputra AD. Techniques for Estimating Forest Carbon Stocks. Palembang. 2011; 106 pp.

Mulya H, Santosa Y, Hilwan I. Comparison of four species diversity indices in mangrove community. Biodiversitas
Journal of Biological Diversity. 2021 Aug 26;22(9).

Sholigin M, Pramadaningtyas Ps, Solikah I, Febriyanti S, Pambudi Md, Mahartika Sb, Umam Af, Liza N, Setyawan
Ad. Analysis of the diversity and evenness of mangrove ecosystems in the Pacitan Coast, East Java, Indonesia.
International Journal of Bonorowo Wetlands. 2021;11(2).

Fedor P, Zvarikova M. Biodiversity indices. Encycl. Ecol. 2019 Jan 1;2:337-46.

Poedjirahajoe E, Sulistyorini IS, Komara LL. Species diversity of mangrove in Kutai National Park, East
Kalimantan, Indonesia. Biodiversitas Journal of Biological Diversity. 2019 Nov 24;20(12).

Efriyeldi E, Amin B. The community structure and diversity of sungai bersejarah mangrove in sungai apit district,
siak regency. InIOP Conference Series: Earth and Environmental Science 2022 Dec 1 (Vol. 1118, No. 1, p. 012043).
IOP Publishing.

Syukur A, Zulkifli L, Mahrus. The presence of macrofauna is the main variable to assess the success of Mangrove
replanting in the Central Coast of Lombok Island, Indonesia. InAIP Conference Proceedings 2023 Oct 26 (Vol.
2956, No. 1, p. 030004). AIP Publishing LLC.

Purnama Mf, Prayitno Sb, Muskananfola Mr, Suryanti S. Tropical gastropod density and diversity in the mangrove
forest of Totobo Village, Southeast Sulawesi, Indonesia. Biodiversitas Journal of Biological Diversity. 2024 Apr
29;25(4).

Komiyama A, Ong JE, Poungparn S. Allometry, biomass, and productivity of mangrove forests: A review. Aquatic
botany. 2008 Aug 1;89(2):128-37.

Hendri, Yamashita T, Kuntoro AA, Soo Lee H. Carbon stock measurements of a degraded tropical logged-over
secondary forest in Manokwari Regency, West Papua, Indonesia. Forestry Studies in China. 2012 Mar;14:8-19.

IPCC. The Physical Science Basis: Summary for Policymakers. Working Group I contrivution to the Fifth
Assessment Report of the Intergovermental Panel on Climate Change. 2013, Switzewrland, 33 pp.

Setyadi G, Pribadi R, Wijayanti DP, Sugianto DN. Mangrove diversity and community structure of Mimika District,
Papua, Indonesia. Biodiversitas Journal of Biological Diversity. 2021 Aug 3;22(8).

Schaduw ]N. Percentage of mangrove canopy coverage and community structure in Batanta Island and Salawati
Island, Raja Ampat District, West Papua Province. JASM. 2020 Apr 30;8(1):28-34.

Cameron C, Hutley LB, Friess DA, Brown B. Community structure dynamics and carbon stock change of
rehabilitated mangrove forests in Sulawesi, Indonesia. Ecological applications. 2019 Jan;29(1):e01810.

Magurran AE. Measuring biological diversity. Current Biology. 2021 Oct 11;31(19):R1174-7.
Alongi DM. Carbon sequestration in mangrove forests. Carbon management. 2012 Jun 1;3(3):313-22..

Ginantra IK, Suaskara IM, Joni M. Diversity of mangrove plant for support ecotourism activities in Nature
Conservation Forum Putri Menjangan, Pejarakan Buleleng-Bali. Journal of Environmental Management and
Tourism. 2018 Oct 1;9(5 (29)):987-94.

Darwati H, Rifanjani S. Gastropode Diversity at Mangrove Forest Ecosystem in Sentebang Village Sambas District
West Kalimantan Province. HUTAN TROPIKA. 2020;15(2):130-7.

Ramadhani A, Ambarwati R, Gumilang RS. Diversity and abundance of water birds in the mangrove area of south
coast of Bangkalan, Madura Island, Indonesia. Biodiversitas Journal of Biological Diversity. 2022 Jun 14;23(6).

Farid SM, Mohamad N, Salihi 1A, Wantogia M, Kumaji SS, Utina R, Hasim H, Baderan DW. Community Structure
Analysis of The Boroko and Binuanga Mangrove Areas North Bolaang Mongondow Regency, North Sulawesi
Province. Jurnal Biologi Tropis. 2024 May 25;24(2):235-40.

59



[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

GSC Advanced Research and Reviews, 2025, 24(01), 045-061

Donato DC, Kauffman JB, Murdiyarso D, Kurnianto S, Stidham M, Kanninen M. Mangroves among the most carbon-
rich forests in the tropics. Nat Geosci 4: 293-297 [Internet]. 2011.

Murdiyarso D, Purbopuspito ], Kauffman |JB, Warren MW, Sasmito SD, Donato DC, Manuri S, Krisnawati H,
Taberima S, Kurnianto S. The potential of Indonesian mangrove forests for global climate change mitigation.
Nature climate change. 2015 Dec;5(12):1089-92.

IUCN. Red List of Threatened Species. 2025 Accessed on 2 April 2025, https://www.iucnredlist.org/.

Meng Y, Bai ], Gou R, Cui X, Feng ], Dai Z, Diao X, Zhu X, Lin G. Relationships between above-and below-ground
carbon stocks in mangrove forests facilitate better estimation of total mangrove blue carbon. Carbon balance and
management. 2021 Dec;16:1-4.

Arceo-Carranza D, Chiappa-Carrara X, Chavez Lopez R, Yanez Arenas C. Mangroves as feeding and breeding
grounds. Mangroves: Ecology, biodiversity and management. 2021:63-95.

Quadros AF, Helfer V, Nordhaus I, Reuter H, Zimmer M. Functional traits of terrestrial plants in the intertidal: A
review on mangrove trees. The Biological Bulletin. 2021 Oct 1;241(2):123-39.

Rahman, Lokollo FF, Manuputty GD, Hukubun RD, Krisye, Maryono, Wawo M, Wardiatno Y. A review on the
biodiversity and conservation of mangrove ecosystems in Indonesia. Biodiversity and Conservation. 2024
Mar;33(3):875-903.

Sagala PM, Bhomia RK, Murdiyarso D. Assessment of coastal vulnerability to support mangrove restoration in the
northern coast of Java, Indonesia. Regional Studies in Marine Science. 2024 Feb 1;70:103383.

Lewis III RR, Brown BM, Flynn LL. Methods and Criteria for Successful Mangrove Forest Rehabilitation. Coastal
Wetlands.

Pimple U, Leadprathom K, Simonetti D, Sitthi A, Peters R, Pungkul S, Pravinvongvuthi T, Dessard H, Berger U, Siri-
On K, Kemacheevakul P. Assessing mangrove species diversity, zonation and functional indicators in response to
natural, regenerated, and rehabilitated succession. Journal of Environmental Management. 2022 Sep
15;318:115507.

Kauffman, J. B, Heider, C., Cole, T. G., Dwire, K. A,, and Donato, D. C. Carbon stock assessments in mangrove forests
and their implications for carbon finance mechanisms. Environmental Research Letters, 2011; 6(2), 024002.
https://doi.org/10.1088/1748-9326/6/2/024002.

Adame MF, Reef R, Santini NS, Najera E, Turschwell MP, Hayes MA, Masque P, Lovelock CE. Mangroves in arid
regions: Ecology, threats, and opportunities. Estuarine, Coastal and Shelf Science. 2021 Jan 5;248:106796.

Jennerjahn TC, Ardli ER, Boy ], Heyde ], Lukas MC, Nordhaus I, Sastranegara MH, Mafiez KS, Yuwono E. Mangrove
ecosystems under threat in Indonesia: The Segara Anakan Lagoon, Java, and other examples. InScience for the
protection of indonesian coastal ecosystems (SPICE) 2022 Jan 1 (pp. 251-284). Elsevier.

Brown S, Iverson LR. Biomass estimates for tropical forests. World Resource Review. 4 (3): 366-384..
1992;4(3):366-84.

Murdiyarso D, Wasrin UR. Estimating land use change and carbon release from tropical forests conversion using
remote sensing technique. Journal of Biogeography. 1995 Jul 1:715-21.

Usuga JC, Toro JA, Alzate MV, Tapias AD. Estimation of biomass and carbon stocks in plants, soil and forest floor
in different tropical forests. Forest Ecology and Management. 2010 Oct 15;260(10):1906-13.

Domke GM, Perry CH, Walters BF, Woodall CW, Russell MB, Smith JE. Estimating litter carbon stocks on forest
land in the United States. Science of the Total Environment. 2016 Jul 1;557:469-78.

Bhan M, Gingrich S, Matej S, Fritz S, Erb KH. Land use increases the correlation between tree cover and biomass
carbon stocks in the global tropics. Land. 2021 Nov 10;10(11):1217.

Keith H, Mackey BG, Lindenmayer DB. Re-evaluation of forest biomass carbon stocks and lessons from the world's
most carbon-dense forests. Proceedings of the National Academy of Sciences. 2009 Jul 14;106(28):11635-40.

Pfeifer M, Lefebvre V, Turner E, Cusack ], Khoo M, Chey VK, Peni M, Ewers RM. Deadwood biomass: an
underestimated carbon stock in degraded tropical forests?. Environmental Research Letters. 2015 Apr
28;10(4):0440109.

Gora EM, Kneale RC, Larjavaara M, Muller-Landau HC. Dead wood necromass in a moist tropical forest: stocks,
fluxes, and spatiotemporal variability. Ecosystems. 2019 Sep;22:1189-205.

60


https://www.iucnredlist.org/

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]
[70]

[71]

[72]

[73]

GSC Advanced Research and Reviews, 2025, 24(01), 045-061

Wibisono, . T., Suyadi, S., and Rahmawati, A. Carbon stock estimation of mangrove forests in Papua using remote
sensing and field data. IOP Conf. Series: Earth and Environmental Science, 2020; 584, 012025.
https://doi.org/10.1088/1755-1315/584/1/012025.

van Noordwijk, M., Cerri, C., Woomer, P.L., Nugroho, K. and Bernoux, M. Soil carbon dynamics in the humid
tropical forest zone. Geoderma, 1997; 79(1-4), pp-187-225.

Cerri CC, Bernoux M, Arrouays D, Feigl B, Piccolo MD. Carbon stocks in soils of the Brazilian Amazon. InGlobal
climate change and tropical ecosystems 2019 Apr 4 (pp. 33-70). CRC Press.

Wang R, Sun Y, Zong ], Wang Y, Cao X, Wang Y, Cheng X, Zhang W. Remote sensing application in ecological
restoration monitoring: A systematic review. Remote Sensing. 2024 Jun 17;16(12):2204.

Basyuni M, Aznawi AA, Rafli M, Tinumbunan JM, Gultom ET, Lubis RD, Sianturi HA, Sumarga E, Mukhtar E, Slamet
B, Jumilawaty E. Harnessing Biomass and Blue Carbon Potential: Estimating Carbon Stocks in the Vital Wetlands
of Eastern Sumatra, Indonesia. Land. 2024 Nov 20;13(11):1960.

Asiah-ZA S, Puna SH, Lestariningsih WA, Rahman 1. Comparison of Aboveground and Belowground Mangrove
Carbon Stocks in Gili Petagan, Sambelia, East Lombok. Journal of Marine Research. 2024 May 2;13(2):301-10.

Peng Y, Schmidt IK, Zheng H, Hedénec P, Bachega LR, Yue K, et al. Tree species effects on topsoil carbon stock and
concentration at the global scale. Glob Ecol Biogeogr. 2021;850:24.

Harris N, Gibbs D. Forest carbon stocks - live biomass, dead wood, and soil. Global Forest Watch; 2022.

Kusumaningtyas MA, Hutahaean AA, Fischer HW, Pérez-Mayo M, Ransby D, Jennerjahn TC. Variability in the
organic carbon stocks, sources, and accumulation rates of Indonesian mangrove ecosystems. Estuarine, Coastal
and Shelf Science. 2019 Mar 5;218:310-23.

Suprayogi B, Purbopuspito ], Harefa MS, Panjaitan GY, Nasution Z. Ecosystem carbon stocks of restored
mangroves and its sequestration in northern Sumatra Coast, Indonesia. Universal Journal of Agricultural
Research. 2022;10(1):1-9.

Murdiyarso D, Arifanti VB, Sidik F, Sillanpda M, Sasmito SD. Optimizing carbon stocks and sedimentation in
Indonesian mangroves under different management regimes. Wetland Carbon and Environmental Management.
2021 Oct 19:159-72.

Kairo J, Mbatha A, Murithi MM, Mungai F. Total ecosystem carbon stocks of mangroves in Lamu, Kenya; and their
potential contributions to the climate change agenda in the country. Frontiers in Forests and Global Change. 2021
Oct 21;4:709227

61



