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INTRODUCTION

Mangrove forests worldwide sequester 4.19 
billion tons of carbon (Hamilton and Friess, 
2018). Through the process of photosynthesis and 
deposition of organic matter in the soil, mangrove 
forests have the ability to capture and store car-
bon dioxide from the atmosphere (Alongi, 2016, 
2022). In addition, mangrove forests have the ca-
pacity to store carbon dioxide for centuries in the 
form of biomass and soil (Hamilton and Friess, 
2018). Restoration and protection of mangrove 
forests can help reduce carbon dioxide emissions 
(Griscom et al., 2020; Vanderklift et al., 2019). 
The gross primary production (GPP) of man-
grove forests is up to five times greater than that 
of other ecosystems, making them the most pro-
ductive coastal wetlands for supporting and stor-
ing “blue carbon”. Mangroves are the only blue 

carbon forests and occupy only 1% of the world’s 
coastal area, responsible for storing up to 15% of 
organic carbon (C org) in sediments and 1% of 
forest mass worldwide (Duarte et al., 2013; Kan-
dasamy et al., 2021). Mangrove forests have the 
capacity to store up to four times more carbon/
hectare than tropical rainforests (Yu et al., 2023). 
Based on MoEF data, Tinanggea District covers 
4,239.75 hectares and has decreased to 3,709.53 
in 2016–2021, so it has degraded 530.22 hectares. 
To date, no further research has been conducted in 
the area. Christy et al. (2019) concluded that sus-
tainable management will emerge from the opti-
mal, environmentally responsible and sustainable 
use of resources. Therefore, preserving mangrove 
forests and restoring damaged mangrove forests 
is important to maintain the balance of carbon in 
the atmosphere (Choudhary et al., 2024; Jenner-
jahn, 2020; Rossler et al., 2022).
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Carbon reserves stored in mangrove for-
ests, which can have a significant impact on en-
vironmental conservation and climate change 
mitigation (Chatting et al., 2020). From some 
previous literature, mangroves have the poten-
tial to produce many direct and indirect ben-
efits to society, especially their potential to help 
combat climate change by reducing greenhouse 
gas emissions Johari and Sukuryadi (2023); 
Tang et al. (2018); Zhang et al. (2017) with an 
economic valuation value of ± USD 8,239.39/
hectare/year and research Sribianti et al. (2022) 
resulting in the value of environmental servic-
es of total CO2 absorption of forest stands in 
Abdul Latief Forest Park is IDR 621,627,835/
year. Previous research suggests that there is 
a lack in the literature on establishing policy 
strategies that are compatible with the sustain-
able management of mangroves. Overuse and 
unsustainable management have the potential 
to damage mangrove ecosystems (Romañach 
et al., 2018). The destruction of mangrove eco-
systems can threaten the livelihoods of coastal 
organisms and eliminate the potential to ad-
dress climate change issues. Our aim is to ad-
dress the gaps in previous research in estimat-
ing the biomass, carbon stocks, O2 production 
and environmental service value of mangrove 
tree stands in Rawa Aopa Watumohai National 
Park, Tinanggea Sub-district in helping to po-
tentially control climate change.

MATERIALS AND METHODOLOGY

Study area

This study focused on three different locations 
within the mangrove area of Rawa Aopa Watu-
mohai National Park (Figure 1): downstream of 
the estuary (station 1), mid-estuary (station 2), 
and pond (station 3). The environmental charac-
teristics of each station varied greatly. Fishermen 
and seaweed farmers were located in the lower 
reaches of the estuary, while fishers were located 
in the middle reaches of the estuary. In addition, 
some parts of the estuary were adjacent to com-
munity fishponds. Each mangrove species ob-
served at each station was used as research data.

Mangrove sampling

Mangrove stands in the Rawa Aopa Watumo-
hai National Park area in Tinanggea District were 
the research material. This study used purposive 
sample method and was based on the criteria of 
the condition of the study area. Carbon content 
was measured using a non-destructive sampling 
method with the variable measured being the bio-
mass of mangrove species. Square transect plots 
were made for sampling in the field using a roller 
meter and 50 × 50 of rope to form a square. After 
that, the stem diameter (dbh) was measured at a 
height of 1.3 m with a tape measure and then en-
tered in the tally sheet.

Figure 1. Study area: Red pin = station 1, green pin = station 2, and blue pin = station 3
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Data analysis

Mangrove biomass

An allometric equation approach was used in 
this study to calculate mangrove biomass. A study 
of the relationship between the size and prolifera-
tion of organisms in a particular area is known as 
allometrics (Sutaryo, 2009). The following bio-
mass allometric equation is shown in Table 1.

Mangrove carbon

The SNI (2011) method was used to calculate 
carbon stocks and reserves from the estimated 
standing biomass.

 C = B × % C organic (2)

where: C is the carbon content of biomass (kg), B 
is the total biomass, and C% organic is the 
percentage value of carbon content, equal 
to 0.47 (SNI, 2011).

Uptake of carbon dioxide (CO2)

Vegetation will absorb carbon dioxide in the 
process of photosynthesis in plants. The amount of 
carbon dioxide absorption can be calculated using 
the formula (Baharuddin et al., 2014) as follows:

 CO2 = B × 1.4667 (3)

where: CO2 is carbon dioxide uptake (kg), and B 
is biomass (kg).

Production of oxygen (O2)

Plants will take in CO2 during the photosyn-
thesis process and release O2. To determine how 
much oxygen (O2) is produced, use the following 
formula (Daud et al., 2018)
 O2 = C × 2.67 (4)
where: O2 is net oxygen production (kg/year), 

and C is net carbon stock (kg/year).

Environmental service value of carbon dioxide 
(CO2) sequestration

The following formula is used to calculate the 
carbon dioxide sequestration value for environ-
mental services analysis:
 VES = SPC × C (5)
where: VES is the value of environmental ser-

vices (USD/ha), SPC is the selling price 
of carbon (Forest Digest, 2024, USD 2.9/
ton), and C is carbon sequestration (tons/
hectare/year).

RESULTS AND DISCUSSION

Based on research conducted on forest stands 
in Rawa Aopa Watumohai National Park, Tinang-
gea District, several tree-level mangrove species 
were found (Table 2).

Total biomass potential

The total amount of aboveground plant life 
is referred to as biomass, and is quantified in ki-
lograms of dry weight/unit area. Vegetation bio-
mass is the sum of the biomass of living plants, 
both above and below ground, under a given set 
of conditions. Forest biomass can be used to mea-
sure the carbon sequestration capacity of forest 

Table 1. Mangrove biomass allometric equation
Species name Mangrove equation Source

Rhizophora mucronata B = 0.1466 × DBH2,3136 (Dharmawan &and Samsoedin, 2012)

Sonneratia alba B = 0.3841 × р × D2,101 (ρ = 0.078) (Kauffman and Donato, 2012)

Rhizophora apiculata B = 0.043 × D2,630 (Amira, 2008)

Bruguiera gymnorrhiza B = 0.0754 × (D)2,505 (Kauffman and Donato, 2012)

Xylocarpus granatum B = 0.251 × ρ × D2,46 (ρ = 0,528) (Komiyama et al., 2005)

Avicennia lanata B = 0.1814 × DBH2,2825 (Hasidu et al., 2022)

Ceriop tagal B = 0.529 × DBH2,04 (Kangkuso et al., 2018)

Note: B is biomass (kg/m2), D is diameter (cm), ρ is wood density (g/cm2), and diameter at breast height (DBH) is 
the measurement point of the tree stand (bole) at a height of 1.3 meters.

Table 2. Mangrove species found in the study
Mangrove name Species name

Black mangrove Rhizophora mucronata

Beropa Sonneratia alba

White mangrove Rhizophora apiculata

Tongke cokke Bruguiera gymnorrhiza

Buli Xylocarpus granatum

Api-api bulu Avicennia lanata
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plants, as carbon accounts for 47% of biomass 
(SNI, 2011). Allometric equations are used in a 
non-destructive way to estimate biomass.

The total biomass potential (Figure 2) was 
determined by the different station points, which 
indicated that the total biomass in station 1 was 
greater than that in stations 2 and 3. This was 
due to the larger stem diameter factor in station 
1 compared to the diameter of the tree trunks in 
the other stations. Mandari et al. (2016), tree di-
ameter also affects the value of biomass because 
the value of biomass increases with the size of 
the tree diameter. This finding is in accordance 
with the findings of the theory. This station has a 
biomass of 341.88 tons/hectare so it has a higher 
biomass. The biomass produced by each station 
in the study site is as follows: station 1 produced 
341.88 tons/hectare, station 2 produced 296.29 
tons/hectare, and station 3 produced 285.64 tons/
hectare. Thus, the total biomass produced was 
923.81 tons/hectare.

Potential carbon stock

The biomass approach was used to determine 
the biomass of vegetation in the mangrove forest 
area, assuming that 47% of the biomass is stored 
as carbon. This process is obtained from the equa-
tion of the coefficient values a and b (SNI, 2011).

Based on the different locations of the stations 
(Figure 3), the potential carbon stock in station 1 is 
higher compared to stations 2 and 3. This is be-
cause station 1 has a larger trunk diameter com-
pared to the diameter of trees in other stations. 
Thus, these trees are able to store larger amounts 

of carbon stocks than trees with smaller diame-
ters. Station 1 has a larger biomass content with 
a carbon stock of 160.68 tons/hectare. The bio-
mass produced by each station in the study site 
is as follows: station 1 produced 160.68 tons/
hectare, station 2 produced 139.26 tons/hectare, 
and station 3 produced 134.25 tons/hectare. The 
total carbon stock content that can be generated 
is 434.19 tons/hectare. This result is significant 
with carbon reserves in mangrove forest stands 
in Bedono Village, Demak, Central Java, which 
contain 190.257 tons/hectare (Azzahra, 2020). 
Meanwhile, peat forest land cover can have a 
total carbon stock content of 1.371 tons/hectare 
(Anshari et al., 2022). 

Carbon dioxide (CO2) sequestration potential

Carbon dioxide sequestration in mangrove 
forest stands is determined by the annual growth 
of vegetation biomass in the mangrove forest, 
which is determined by the equation of the coef-
ficient values a and b. The biomass is then mul-
tiplied by the carbon dioxide sequestration con-
version factor (1.4667), which is based on the 
photosynthesis equation.

Carbon dioxide uptake in mangrove forest ar-
eas in three different station locations (Figure 4), 
station 1 has the ability to absorb carbon dioxide 
30.51 tons/hectare/year, station 2 is able to ab-
sorb 26.44 tons/hectare/year, and station 3 is able 
to absorb 25.49 tons/hectare/year. The mangrove 
forest has the capacity to absorb a total of 82.45 
kilograms of carbon dioxide/hectare annually. The 
results of this study show that the carbon absorp-
tion capacity of Rawa Aopa Watumohai National 
Park exceeds the carbon absorption capacity of 
the Takalar Lama Village Mangrove Forest, Map-
pakasunggu District, Takalar Regency, which has 
a carbon absorption value of 30.29 tons/hectare 
(Daud, 2020). The diameter of trees in the man-
grove forest of Rawa Aopa Watumohai National 
Park is generally larger than the diameter of trees Figure 2. Total biomass potential

Figure 3. Potential total carbon stock in mangrove 
forests

Figure 4. Total carbon dioxide uptake of mangrove 
forest
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in the mangrove forest of Takalar Lama Village. 
Adinugroho et al. (2016) concluded that if the 
stand consists of species with high wood density 
and a relatively large number of individuals, then 
the potential biomass and carbon content of the 
stand will increase proportionally with the diam-
eter of the trees that compose it. This is also very 
different from the results of carbon dioxide absorp-
tion in Abdul Latief Forest Park, which produces 
4.75 tons/hectare annually (Sribianti et al., 2022). 

Oxygen production

Trees are one of the oxygen providers on the 
earth’s surface (Bayu et al., 2014). Trees are con-
sidered the lungs of the world because of their 
ability to absorb carbon dioxide and produce oxy-
gen through the process of photosynthesis. The 
carbon sequestration value is multiplied by the 
equivalent number of carbon dioxide to oxygen 
to achieve oxygen production.

Oxygen production of mangroves in Rawa 
Aopa Watumohai National Park, Tinanggea Dis-
trict, was measured at three station locations 
(Figure 5). Station 1 has a total oxygen production 

value of 26.11 tons/hectare/year, Station 2 has a 
value of 22.63 tons/hectare/year, and Station 3 has 
a value of 21.81 tons/hectare/year. The Mangrove 
Area of Rawa Aopa Watumohai National Park in 
Tinanggea District produces a total annual oxy-
gen production of 70.54 tons/hectare/year. Oxy-
gen production in this forest stand is still higher 
than the oxygen production produced by paring 
bamboo forest stands in Tompobulu District, Ma-
ros Regency, which is around 30.73 tons/hectare/
year (Daud et al., 2018). 

Biomass, carbon stock, CO2 sequestration

Average CO2 sequestration and average oxygen 
production/hectare in the Mangrove Area of Rawa 
Aopa Watumohai National Park, Tinanggea District 
was determined using biomass data and average car-
bon stocks. Based on the calculation results of Table 
3, the average CO2 absorption in mangrove forest ar-
eas at station 1, station 2, and station 3 is 18.21 tons/
hectare, 13.82 tons/hectare, and 11.12 tons/hectare, 
respectively. The total amount of CO2 absorption 
for all station locations is 43.15 tons/hectare. Mean-
while, the average oxygen production/hectare at 
station 1, station 2, and station 3 were 15.58 tons/
hectare, 11.82 tons/hectare, and 9.52 tons/hectare, 
respectively. The total oxygen production/hectare 
for all station locations was 36.92 tons/hectare.

Biomass in the Mangrove Area of Rawa 
Aopa Watumohai National Park, Tinanggea Dis-
trict (Table 4), at station 1, station 2, and station 3 
were 341.88 tons/hectare, 296.29 tons/hectare, and Figure 5. Total oxygen production yield

Table 3. Potential biomass, carbon stocks, CO2 uptake and average oxygen production in the Mangrove Area of 
Rawa Aopa Watumohai National Park, Tinanggea District

No Station location Average biomass 
(tons/hectare)

Average carbon stock 
(tons/hectare)

Average CO2 uptake 
(tons/hectare)

Average oxygen 
production (tons/hectare)

1 Station 1 12.42 5.84 18.21 15.58

2 Station 2 9.42 4.43 13.82 11.82

3 Station 3 7.58 3.56 11.12 9.52

Total 29.42 13.83 43.15 36.92

Table 4. Potential biomass, carbon stocks, CO2 uptake and total oxygen production in the Mangrove Area of 
Rawa Aopa Watumohai National Park, Tinanggea District

No Station location Total biomass 
(tons/hectare)

Total carbon reserve 
(tons/hectare)

Total CO2 uptake (tons/
hectare)

Total oxygen production 
(tons/hectare)

1 Station 1 341.88 160.68 501.43 1.338.83

2 Station 2 296.29 139.26 434.57 1.160.29

3 Station 3 285.64 134.25 418.95 1.118.59

Total 923.81 434.19 1.354.95 3.617.71
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285.64 tons/hectare, respectively. With a total area 
of 3006 hectares, the area has a biomass poten-
tial of 923.81 tons/hectare. This result is greater 
than the biomass in mangroves in Tallo River, 
Makassar, which is 252.44 tons/hectare (Rahman 
et al., 2017). Carbon reserves at stations 1, 2, and 
3 in the Rawan Aopa Watumohai National Park 
Mangrove Area, Tinanggea District, were 160.68 
tons/hectare, 139.26 tons/hectare, and 134.25 
tons/hectare, respectively. Overall, the carbon 
stock stored in the Mangrove Area of Rawa Aopa 
Watumohai National Park, Tinanggea District is 
434.19 tons/hectare. This result is significant with 
carbon reserves in mangrove vegetation of Keta-
pang Beach, Batu Menyan Village, amounting to 
300.97 tons/hectare (Kusuma et al., 2023). Carbon 
dioxide in the Mangrove Area of Rawa Aopa Wa-
tumohai National Park, Tinanggea District which 
is able to be absorbed at station 1, station 2, and 
station 3 are 501.43 tons/hectare, 434.57 tons/hect-
are, and 418.95 tons/hectare respectively. The total 
carbon dioxide absorbed in the Mangrove Area of 
Rawa Aopa Watumohai National Park, Tinang-
gea District is 1,354.95 tons/hectare. This result is 
significant with carbon uptake in the Tread Man-
grove Area in Tugurejo Village Semarang, which 
contains 1,463.22 tons/hectare (Yaqin et al., 2022). 
The results of the calculation of oxygen production 
produced at station 1, station 2, and station 3 in the 
Mangrove Area of Raawa Aopa Watumohai Na-
tional Park, Tinanggea District, were 1,338.83 tons/
hectare, 1,160.29 tons/hectare, and 1,118.59 tons/
hectare, respectively. Mangrove areas in Raawa 
Aopa Watumohai National Park, Tinanggea Dis-
trict, produce a total of 3,617.71 tons of oxygen/
hectare. This result is greater than the oxygen pro-
duction at 1385.92 tons/hectare (Rifandi, 2020). 

The results of oxygen production (Table 5) 
from the location of the research station show that 
station 1 has an oxygen production value of 81.47 
tons/hectare/year, station 2 has an oxygen produc-
tion value of 70.61 tons/hectare/year, and station 
3 has an oxygen production value of 68.07 tons/

hectare/year. Mangrove forest areas in Rawa Aopa 
Watumohai National Park have the capacity to pro-
duce 220.14 tons of oxygen/hectare annually. Daud 
et al. (2018) found that the oxygen potential of par-
ing bamboo stands in Tompobulu District, Maros 
Regency was 30.73 tons/hectare/year, smaller than 
the oxygen production in the mangrove forest area 
of Rawa Aopa Watumohai National Park. The av-
erage annual oxygen production for each sampling 
station in the Rawa Aopa Watumohai National 
Park Mangrove Area in Tinanggea District for sta-
tion 1 was 26.11 tons/hectare; for station 2 was 
22.63 tons/hectare; for station 3 was 21.81 tons/
hectare; and for the overall average oxygen pro-
duction was 70.54 tons/hectare.

Analysis of the value of environmental 
services from carbon dioxide (CO2) 
sequestration

The value of environmental services result-
ing from CO2 sequestration can be determined by 
multiplying the value of CO2 sequestration by the 
corresponding carbon price. The Green Climate 
Fund (GCF) has provided USD 7.5 million to the 
Directorate General of PSKL, as part of its USD 
93 million commitment. The payment is made 
through a result-based payment (RBP) scheme, 
which is one of the carbon trading schemes. Car-
bon units sequestered by forest areas form the ba-
sis of the result-based payment, which is intended 
to prevent forests from becoming greenhouse 
gases that contribute to climate change. The car-
bon price in social forestry areas is USD 2.9/ton, 
with a commitment of USD 93 million (Forest 
Digest, 2024). Table 6 shows the value of CO2 
sequestration and environmental services.

Based on Table 4, the value of environmental 
services related to CO2 absorption in the Man-
grove Area of Rawa Aopa Watumohai National 
Park, Tinanggea District is for station 1 amount-
ing to USD 84.47/hectare/year, for station 2 
amounting to USD 73.20/hectare/year, and for 

Table 5. Total carbon stock, average oxygen production, total oxygen production in the Mangrove Area of Rawa 
Aopa Watumohai National Park, Tinanggea District

No Station location Annual carbon reserve (tons/
hectare/year)

Average O2 production (tons/
hectare)

O2 production (tons/
hectare/year)

1 Station 1 9.78 26.11 81.47

2 Station 2 8.47 22.63 70.61

3 Station 3 8.17 21.81 68.07

Total 26.42 70.54 220.14
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station 3 amounting to USD 70.57/hectare/year. 
The total value of this environmental service 
for all research stations is USD 228.24/hectare/
year. The value of CO2 absorption environmen-
tal services in the Mangrove Area of Rawa Aopa 
Watumohai National Park, Tinanggea District is 
much greater than the value of CO2 absorption 
in sapling-level stands in the mangrove forest of 
Takalar Lama Village, Takalar Regency, which is 
around USD 12.49/hectare/year (Sribianti, 2021). 
The annual CO2 absorption environmental ser-
vice value of the Rawa Aopa Watumohai National 
Park Mangrove Area in Tinanggea District based 
on three different locations, namely station 1, sta-
tion 2, and station 3 respectively, is USD 209.06; 
USD 181.18; and USD 174.67. The total annual 
environmental service value for all research sta-
tions was USD 3,750.83.

CONCLUSIONS

The Mangrove Area of Rawa Aopa Watumo-
hai National Park District has abundant opportu-
nities to produce biomass, store carbon, absorb 
CO2, and produce oxygen. All stations have the 
following average potential: 29.42 tons/hectare, 
13.83 tons/hectare, 43.15 tons/hectare, and 36.92 
tons/hectare. Total annual O2 production was 
220.14 tons/hectare, total annual carbon stock 
was 26.42 tons/hectare, and total annual CO2 se-
questration was 82.45 tons/hectare.

Acknowledgments

The author would like to thank the supervi-
sors, examiners, friends of Environmental Man-
agement of Hasanussin University and the entire 
Research team from, Faculty of Mathematics and 
Natural Sciences, Faculty of Forestry, Haluoleo 
University. EFERENCES

REFERENCES

1. Adinugroho, W. C., Indrawan, A., & Arifin, H. S. 
(2016). Contribution of Agroforestry System to 
Carbon Reserve in Upper Das Kali Bekasi. Aca-
demia.Edu. https://www.academia.edu/64260210/
Kontribusi_Sistem_Agroforestri_Terhadap_Cadan-
gan_Karbon_DI_Hulu_Das_Kali_Bekasi

2. Alongi, D. M. (2016). Climate Regulation by 
Capturing Carbon in Mangroves. In The Wetland 
Book (1–7). Springer Netherlands. https://doi.
org/10.1007/978-94-007-6172-8_236-5

3. Alongi, D. M. (2022). Impacts of Climate Change on 
Blue Carbon Stocks and Fluxes in Mangrove Forests. 
Forests, 13(2), 149. https://doi.org/10.3390/f13020149

4. Amira, S. (2008). Estimation of Biomass of Rhi-
zophora apiculata Bl. species in Batu Ampar Man-
grove Forest, Kubu Raya Regency, West Kalimantan.

5. Anshari, G. Z., Gusmayanti, E., Afifudin, M., Ru-
waimana, M., Hendricks, L., & Gavin, D. G. (2022). 
Carbon loss from a deforested and drained tropi-
cal peatland over four years as assessed from peat 
stratigraphy. CATENA, 208, 105719. https://doi.org/
https://doi.org/10.1016/j.catena.2021.105719

6. Azzahra, F. (2020). Estimation of Carbon Seques-
tration in Mangrove Forest of Bedono Village, 
Demak, Central Java. JFMR-Journal of Fisheries 
and Marine Research, 4(2), 308–315. https://doi.
org/10.21776/ub.jfmr.2020.004.02.15

7. National Standardization Agency. (2011). SNI 
7724:2011 Measurement and accounting of carbon 
stocks-Field measurement for ground based forest 
carbon accounting. In Indonesian Standardization 
Agency 7724.

8. Baharuddin, B., Sanusi, D., & Daud, M. (2014). Po-
tential biomass, carbon reserves and carbon dioxide 
(CO2) absorption and biomass estimation allometric 
equations in betung bamboo (Dendrocalamus asper) 
stands in community bamboo forests in Tana Toraja 
Regency. Proceedings of the National Seminar on 
NTFP Research Results, 1(1), 415–428.

9. Bayu, P., Suminarty, N. E., & Sudiarso. (2014). Ur-
ban Forest Planning at Brawijaya University. Jour-
nal of Plant Production, Department of Agricultural 

Table 6. The value of environmental services from CO2 sequestration in the Mangrove Area of Rawa Aopa 
Watumohai National Park, Tinanggea District

No Station 
location

CO2 uptake (tons/
hectare/year)

Value of CO2 sequestration 
environmental services (IDR/

hectare/year)

Total CO2 
uptake (tons/

hectare)

Value of CO2 sequestration 
environmental services 

(IDR/hectare)
1 Station 1 30.51 1.340.571 501.43 22.030.020

2 Station 2 26.44 1.161.798 434.57 19.092.194

3 Station 3 25.49 1.120.040 418.95 18.405.972

Total 82.45 3.622.410 1.354.95 59.528.188

Note: 1 USD$ = IDR 15,175 (Exchange rate of IDR and dollar, September 30, 2024).



386

Ecological Engineering & Environmental Technology 2025, 26(1), 379–387

Cultivation, Faculty of Agriculture. https://protan.stu-
dentjournal.ub.ac.id/index.php/protan/article/view/127

10. Chatting, M., LeVay, L., Walton, M., Skov, M. 
W., Kennedy, H., Wilson, S., & Al-Maslamani, I. 
(2020). Mangrove carbon stocks and biomass par-
titioning in an extreme environment. Estuarine, 
Coastal and Shelf Science, 244, 106940. https://
doi.org/10.1016/j.ecss.2020.106940

11. Choudhary, B., Dhar, V., & Pawase, A. S. (2024). 
Blue carbon and the role of mangroves in carbon 
sequestration: Its mechanisms, estimation, human 
impacts and conservation strategies for economic 
incentives. Journal of Sea Research, 199, 102504. 
https://doi.org/10.1016/j.seares.2024.102504

12. Christy, Y. A., Setyati, W. A., & Pribadi, R. (2019). 
Assessment of economic valuation of mangrove 
forest ecosystems in Kaliwlingi Village and Sa-
wojajar Village, Brebes Regency, Central Java. 
Journal of Marine Research, 8(1), 94–106. https://
doi.org/10.14710/jmr.v8i1.24334

13. Daud, M. (2020). Estimation of biomass potential, 
carbon reserves and CO2 absorption in several man-
grove stand densities as climate change mitigation 
efforts. Seminar Proceedings, 1, 129–136.

14. Daud, M., Hikmah, H., & Haerana. (2018). Poten-
tial oxygen production in parring bamboo (Gigan-
tochloa atter) stands in the community forest of 
Tompobulu District, Maros Regency. Journal of 
Tropical Forests, 6, 27–39.

15. Dharmawan, I. W. S., & Samsoedin, I. (2012). Dy-
namics of carbon biomass potential in logged forest 
landscape in malinau research forest. Journal of For-
estry Social and Economic Research, 9(1), 12–20.

16. Duarte, C. M., Kennedy, H., Marbà, N., & Hen-
driks, I. (2013). Assessing the capacity of seagrass 
meadows for carbon burial: Current limitations 
and future strategies. Ocean & Coastal Man-
agement, 83, 32–38. https://doi.org/10.1016/j.
ocecoaman.2011.09.001

17. Forest Digest. (2024, May 30). Social Forestry 
Absorbs 31.9 Million Tons of Carbon. Social 
Forestry Areas Sequester 22% of the 4% Target. 
Could be the mainstay of climate change mitiga-
tion. https://www.forestdigest.com/detail/2579/
serapan-karbon-perhutanan-sosial

18. Griscom, B. W., Busch, J., Cook-Patton, S. C., Ellis, 
P. W., Funk, J., Leavitt, S. M., Lomax, G., Turner, 
W. R., Chapman, M., Engelmann, J., Gurwick, N. P., 
Landis, E., Lawrence, D., Malhi, Y., Schindler Mur-
ray, L., Navarrete, D., Roe, S., Scull, S., Smith, P., 
… Worthington, T. (2020). National mitigation po-
tential from natural climate solutions in the tropics. 
Philosophical Transactions of the Royal Society B: 
Biological Sciences, 375(1794), 20190126. https://
doi.org/10.1098/rstb.2019.0126

19. Hamilton, S. E., & Friess, D. A. (2018). Global 

carbon stocks and potential emissions due to man-
grove deforestation from 2000 to 2012. Nature 
Climate Change, 8(3), 240–244. https://doi.
org/10.1038/s41558-018-0090-4

20. Hasidu, F., Prasetya, A., Maharani, M., Syaiful, M., 
& Analuddin, K. (2022). Allometric model, aboveg-
round biomass and carbon sequestration of natural 
regeneration of Avicennia lanata (Ridley). at in-ac-
tive Pond of Muna Regency, Southeast Sulawesi. 
HAYATI Journal of Biosciences, 29(3), 399–408.

21. Jennerjahn, T. C. (2020). Relevance and magnitude 
of “Blue Carbon” storage in mangrove sediments: 
Carbon accumulation rates vs. stocks, sources vs. 
sinks. Estuarine, Coastal and Shelf Science, 247, 
107027. https://doi.org/10.1016/j.ecss.2020.107027

22. Johari, H. I., & Sukuryadi. (2023). Environmental 
economic value of mangrove forests in the south-
ern coastal area of east lombok regency. Journal 
of Education Studies, Research and Development, 
11(1), 172–181. http://journal.ummat.ac.id/index.
php/geography

23. Kandasamy, K., Rajendran, N., Balakrishnan, B., 
Thiruganasambandam, R., & Narayanasamy, R. 
(2021). Carbon sequestration and storage in plant-
ed mangrove stands of Avicennia marina. Regional 
Studies in Marine Science, 43, 101701. https://doi.
org/10.1016/j.rsma.2021.101701

24. Kangkuso, A., Sharma, S., Jamili, J., Septiana, A., 
Sahidin, I., Rianse, U., Rahim, S., & Nadaoka, K. 
(2018). Trends in allometric models and aboveg-
round biomass of family Rhizophoraceae man-
groves in the Coral Triangle ecoregion, Southeast 
Sulawesi, Indonesia. Journal of Sustainable For-
estry, 37(7), 691–711.

25. Kauffman, J. B., & Donato, D. C. (2012). Protocols 
for the measurement, monitoring and reporting of 
structure, biomass and carbon stocks in mangrove 
forests 86. Cifor Bogor, Indonesia.

26. Komiyama, A., Poungparn, S., & Kato, S. (2005). 
Common allometric equations for estimating the 
tree weight of mangroves. Journal of Tropical Ecol-
ogy, 21(4), 471–477.

27. Kusuma, A. H., Hutahaean, A. A., Siregar, A. M., 
Faisal, A. R., Yanvika, H., & Marpaung, E. M. 
(2023). Carbon uptake and stock in mangrove veg-
etation of Ketapang Beach, Batu Menyan Village, Te-
luk Pandan District, Pesawaran Regency, Lampung 
Province. Unram Fisheries Journal, 13(3), 935–946.

28. Mandari, D. Z., Gunawan, H., & Isda, M. N. 
(2016). Estimation of Biomass and Carbon Stored 
in Mangrove Forest Ecosystems in Bandar Bakau 
Dumai Area. https://api.semanticscholar.org/
CorpusID:131719551

29. Rahman, R., Effendi, H., & Rusmana, I. (2017). Es-
timation of carbon stock and sequestration in man-
groves in Tallo River, Makassar. Journal of Forestry 



387

Ecological Engineering & Environmental Technology 2025, 26(1), 379–387

Science, 11(1), 19. https://doi.org/10.22146/jik.24867
30. Rifandi, R. A. (2020). Estimation of carbon stocks 

and carbon sequestration in mangrove tree stands in 
Trimulyo Mangrove Forest, Genuk, Semarang. Jounal 
of Enviromental Science Sustainable, 1(2), 11–18.

31. Romañach, S. S., DeAngelis, D. L., Koh, H. L., 
Li, Y., Teh, S. Y., Raja Barizan, R. S., & Zhai, L. 
(2018). Conservation and restoration of mangroves: 
Global status, perspectives, and prognosis. Ocean 
& Coastal Management, 154, 72–82. https://doi.
org/10.1016/j.ocecoaman.2018.01.009

32. Rossler, W., San Lim, H., Jashimuddin, M., Subhan 
Mollick, A., Ke, G.-N., Ketut Aria Pria Utama, I., Wag-
ner, T., Sweetman, A. K., Arshad, A., Kumar Nath, 
T., Yi Neoh, J., Surya Muchamad, L., & Santoso Abi 
Suroso, D. (2022). Influence of mangrove forests on 
subjective and psychological wellbeing of coastal 
communities: Case studies in Malaysia and Indonesia.

33. Sribianti, I. (2021). Economic valuation of man-
grove ecosystem environmental services based on 
green economy. IOP Conference Series: Earth and 
Environmental Science, 886(1), 012116.

34. Sribianti, I., Daud, M., Aziz Abdullah, A., & Sar-
diawan, A. (2022). Estimation of biomass, carbon 
reserves, O2 production and environmental ser-
vices value of CO2 sequestration of forest stands 
in Abdul Latief Grand Forest Park. Journal of 
Forests and Society, 14(1), 12–26. https://doi.
org/10.24259/jhm.v14i1.18022

35. Sutaryo, D. (2009). Biomass accounting An 

introduction to carbon studies and carbon trading. 
Wetlands International Indonesia Program. Bogor, 
13.

36. Tang, J., Ye, S., Chen, X., Yang, H., Sun, X., Wang, 
F., Wen, Q., & Chen, S. (2018). Coastal blue car-
bon: Concept, study method, and the application 
to ecological restoration. Science China Earth Sci-
ences, 61(6), 637–646. https://doi.org/10.1007/
s11430-017-9181-x

37. Vanderklift, M. A., Gorman, D., & Steven, A. D. L. 
(2019). Blue carbon in the Indian Ocean: a review 
and research agenda. Journal of the Indian Ocean 
Region, 15(2), 129–138. https://doi.org/10.1080/19
480881.2019.1625209

38. Yaqin, N., Rizkiyah, M., Putra, E. A., Suryanti, S., & 
Febrianto, S. (2022). Estimation of carbon sequestra-
tion in mangrove sites in tugurejo village, Semarang. 
Marina Oceanography Bulletin, 11(1), 19–29.

39. Yu, C., Feng, J., Yue, W., Wei, L., Ma, Y., Huang, 
X., Ling, J., & Dong, J. (2023). The role of blue 
carbon stocks becomes more labile with mangrove 
development. Ecological Indicators, 154. https://
doi.org/10.1016/j.ecolind.2023.110634

40. Zhang, Y., Zhao, M., Cui, Q., Fan, W., Qi, J., Chen, 
Y., Zhang, Y., Gao, K., Fan, J., Wang, G., Yan, C., Lu, 
H., Luo, Y., Zhang, Z., Zheng, Q., Xiao, W., & Jiao, 
N. (2017). Processes of coastal ecosystem carbon 
sequestration and approaches for increasing carbon 
sink. Science China Earth Sciences, 60(5), 809–820. 
https://doi.org/10.1007/s11430-016-9010-9


