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ABSTRACT

This study explores the role of biodiversity inventories in industrial mangrove conservation areas as Nature-based Solution (NbS) to enhance the performance in
the oil and gas sector. Mangrove ecosystems provide numerous ecological benefits, including carbon sequestration and habitats for diverse flora and fauna. By
conserving these ecosystems, the oil and gas industry can improve its environmental performance and support sustainable development goals. Our research
involved a comprehensive biodiversity inventory of the Karangtalun Mangrove Area (KMA) and the application of GIS mapping to assess carbon sequestration
and sedimentation. Result showed an average mangrove rehabilitation success rate of 70% demonstrating effective restoration efforts. Carbon sequestration
was significant, with 1.142 tons of carbon stored in rehabilitated areas. Sedimentation analysis revealed notable depth change in planting locations, ranging from
3.9 to 5.86 meters, indicating varied sediment stability influenced by proximity to natural mangrove areas. Biodiversity had increased with the addition of species
such as Excoecariaagallocha, Hibiscus tiliaceus, Paspalum conjugatum, and Sporobolus pyramidalis. The biodiversity index also improved across multiple taxa,
including water birds (2.87), fish (2.64), and crabs (2.84), reflecting enhanced ecosystem health.These findings highlight the effectiveness of mangrove
conservation as an NbS in boosting biodiversity and contributing to the oil and gas industry's operational efficiency and sustainability. Additionally, PT Pertamina
Patra Niaga FT Lomanis’NbS program in mangrove management supports several SDGs, including SDGs 1 (No Poverty), 2 (Zero Hunger), 8 (Decent Work and
Economic Growth), 13 (Climate Action), 14 (Life Below Water), and 15 (Life on Land). This study emphasizes the need for broader adoption of NbS in industrial

sectors to ensure long-term environmental and economic benefits.
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Goals (SDGs).

INTRODUCTION

The oil and gas industry plays a crucial role in meeting global energy
needs. However, its presence significantly impacts biodiversity. From
exploration to distribution, every activity within this industry has the
potential to alter natural ecosystems and affect various species
(Harfootet al., 2018). The development of the oil and gas industry in
Indonesia has seen a consumption trend increase from 75.6 million
kiloliters in 2019 to an estimated 80 million kiloliters by 2024
(KESDM, 2020). As the industry grows, its role becomes vital in
sustainable development, including managing natural resources and
preserving biodiversity. Biodiversity is crucial for economic
development, as many business sectors depend on it (Katic et al.,
2023). Plants, animals, and microorganisms contribute significantly to
humans through ecosystem interactions and interdependencies,
providing natural resources and regulating processes like nutrient
cycles and water cycles (Millennium Ecosystem Assessment, 2005).

One of the crucial biodiversity elements is the mangrove ecosystem.
Indonesia boasts the highest mangrove ecosystem diversity (Rahman
et al., 2024), spread across 34 provinces (Basyuniet al., 2022).
Indonesia’s mangrove forests are the largest globally, comprising
about 20% of the world’s total mangrove population (Giri et al., 2011).
Mangrove ecosystems play significant roles such as carbon
sequestration (Song et al., 2023), serving as habitats for diverse
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biodiversity, minimizing erosion, and contributing significantly to the
welfare of coastal communities (Das et al., 2022). Despite this,
mangrove forests face a damage potential 3-5 times greater than
regular forests (Duke et al., 2015). Currently, mangrove conservation
is undertaken by various entities, including the government, non-
governmental organizations, and private sectors (Basyuniet al.,
2022). According to the World Economic Forum (2015), accelerated
ecosystem degradation and biodiversity loss are among the top ten
global risks. Biodiversity loss, both locally and globally, is driven by
human activities such as habitat destruction, overexploitation, and
pollution (Harfootet al., 2018). The World Wildlife Fund (2018)
indicates that species extinction rates are now 1,000 to 10,000 times
higher than natural rates. This raises questions about how companies
address these issues and achieve sustainable natural resource and
biodiversity management (Hambali and Adhariani, 2022), including in
the oil and gas sector.

In essence, environmental management in the industrial sector is part
of sustainable development andresponsibility to the companies,
guided by the Sustainable Development Goals (SDGs). Nature-based
Solutions (NbS) are powerful instruments for achieving SDGs,
providing sustainable approaches by combining natural principles
with human innovation to address various problems. NbS aims to
synergize technology and the environment, leveraging natural
resilience effectively (Choi et al., 2023). Efforts to ensure
environmental protection have been ongoing for a long time, but
Nature-based Solutions (NbS) have recently gained attention due to a
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rapid increase in research findings demonstrating nature's remarkable
recovery capabilities and numerous benefits (Seddon et al., 2021).
Given the multifunctionality of nature, NbS in mangrove ecosystem,
not only reduce greenhouse gas emissions but also provide a wide
range of benefits (Choi et al., 2023).NbS is advantageous because a
single action can lead to multiple positive outcomes, reflecting the
complexity and diverse functions of mangrove ecosystems.

This study aims to systematically document the species richness and
ecological health of the Industrial Mangrove Conservation Area of PT
Pertamina Patra Niaga Fuel Terminal Lomanis (FT Lomanis), an oil
and gas company located in Cilacap, Indonesia. As part of the
company's commitment to managing natural resources and
biodiversity, Nature-based Solutions (NbS) are employed. By
identifying and cataloging various flora and fauna species in this
ecosystem, we aim to provide a comprehensive biodiversity
inventory. This paper analyzes findings from the company's NbS
program, offering an overview of the current state of biodiversity
within the industrial mangrove conservation area. It also highlights
how the NbS program contributes to increasing species diversity and
improving ecological health. Furthermore, this study explores how
mangrove ecosystem conservation can enhance operational
performance for the oil and gas industry. These findings are expected
to inform policy, guide industrial practices, and support efforts to
balance economic development with environmental stewardship.

METHODOLOGY

Study Area

This study focused on the Industrial Mangrove Conservation Area or
specifically in theKarangtalun Mangrove Area (KMA), a conservation
area where the company is a collaborative partner. Located in
Karangtalun Village, North Cilacap, Central Java, Indonesia. KMA is
part of the Segara Anakan Mangrove Ecosystem, a nationally
protected area. Due to its high biodiversity and the company's
commitment to mangrove rehabilitation, KMA was selected as the
study site. Situated at coordinates 109°01'10" E and 7°40'22" S,
observations were conducted specifically within mangrove planting
areas as part of the ongoing ecosystem restoration efforts (Fig. 1).

Field Data Collection

Field data collection focused on inventorying biodiversity and
assessing mangrove ecosystem health within the Industrial Mangrove
Conservation Area or KMA. The study specifically targeted mangrove
species and associated fauna. A sampling method utilizing 20x20 m?
quadrat plots was employed, with adjustments made to accommodate
varying mangrove densities. Tree and shrub measurements were
conducted within these quadrats using direct observation. Transect
walks and Visual Encounter Surveys (VES) were utilized to record
arboreal and aquatic fauna, with point counts and direct observations
employed to note fauna presence. Photographic documentation
captured ecosystem conditions and species encountered.

Fig. 1.Spatialrepresentation of the study area, with the
Karangtalun Mangrove Area (KMA) prominently featured.The
KMA, located in North Cilacap, is the epicenter of the company's

mangrove restoration project initiated in 2019 under the NbS
framework.

Data Analysis
Mangrove Density and Distribution Analysis
Mangrove density was calculated by comparing the number of

surviving mangroves post-planting with the total observation plot
area, then converting these results to density per hectare:

Number of Surviving Mangroves (ni)/1)
Plot Area (A) \

MangroveDensity(Ki) =

Biodiversity Assessment and Conservation Status

Biodiversity for both mangroves and fauna in the KMA was assessed
using the Shannon-Wiener diversity index, which quantifies species
richness and evenness within a community. This index was
calculated using the formula (Krebs, 1989):

H' = — Y (PixInPi)(2)

where H' is the diversity index, Pi is the relative abundance of each
species, In is the natural logarithm, and S is species richness.
Species were subsequently analyzed for conservation status based
on the IUCN Red List.

Carbon Stock Estimation and Analysis
Carbon content was estimated using allometric equations based on
Diameter at Breast Height (DBH) for various mangrove species,

focusing on Above-Ground Biomass (AGB).

Table 1. Mangrove species and allometric formula for biomass
content calculation

Species Allometric formula Reference
Avicennia marina Wiep = 0,308DBH21112=0,97  Comley and
Nn=22 Dmax=35 cm McGuinness
(2005)

Wiep = 0,235DBH242 12=0,98
N=57 Dmax=28 cm
Wit = 0,0209DBH255

Rhizophora apiculata Ong et al. (2004)

Wagn = 0,38363DBH22348 Van Vinh et al.
r2=0,976 (2019)
Wiop = 0,268DBH2345r2=0,93  Kangkuso et al.
n=8 (2018)

Rhizophora Wiop = 0,251pDBH246 Komiyama et al.
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mucronata (2005)
Wiop = 0,1709DBH2516 Putz and Chan
(1986)
Wiop = 0,143DBH252 Kangkuso et al.
r2=0,97 n=8 (2018)
Bruguieragymnorrhiza  Whop = 0,186DBH?31 Clough and Scott
r2=0,99 n=17 Dmax=25 cm (1989)

Following the calculation of AGB, carbon stocks in the planted
mangrove were determined using equation (3),

Carbonstock = AGBxCarbonFraction 3)

with species-specific carbon fractions (e.g., 47% for Avicennia
marinaand Bruguieragymnorrhiza, 39% for Rhizophora sp.)were used
to calculate carbon stocks for each mangrove species. Finally, CO,
equivalents were determined using the equation from Penman et al.,
(2006) in equation(4).

44
COy—cquivatent = (E) xcarbonstock (4)

Spatial Analysis and GIS Mapping

This study leverages GIS for the comprehensive management and
analysis of geographic data, including bathymetry and elevation data.
Bathymetry data, which measures water depths, and elevation data
derived from Digital Elevation Models (DEMs) were utilized as
secondary data sources. DEMs provide a digital representation of the
Earth's surface topography, capturing elevation variations across
different landforms.

Data Resampling and Interpolation

Toensure spatial resolution uniformity, the cubic convolution
resampling method was applied, following the rules of equation (5).
This technique calculates the intensity of new pixels by averaging the
weighted values of neighboring pixels from the original image, using
the cubic convolution function as weights.

()= X% _ (F().h(x —n))(5)

This technique calculates the intensity of new pixels /(x) by averaging
the weighted values of neighboring pixels from the original image f(n),
with weights determined by the cubic convolution function h(x-n).
This process enhances image resolution and clarity, enabling more
precise spatial analyses within GIS.

Terrain Modeling
A 3D terrain slope model was generated using hill shading, a

visualization technique that simulates sunlight based on azimuth and
altitude. The azimuth was calculated using the equation (6) and (7):

A = 180 + arctan [ZES;

] (6)

mM

Fg=6 (R+h)2(7)

where A is the azimuth, G is the satellite longitude difference, m is the
satellite mass, and h is the satellite altitude. The model provided
valuable insights into spatial variations within the mangrove areas,
aiding in the assessment of mangrove land suitability in relation to
coastal geomorphological changes.

RESULT AND DISCUSSION

Nature-based Solutionon Karangtalun Mangrove Area

The mangrove conservation efforts at theKMA, managed by FT
Lomanis, have yielded significant results. The biodiversity inventory
serves as a baseline assessment to monitor the long-term
sustainability of NbS program implemented over the past five years.
The program encompassed mangrove planting, nursery
establishment, habitat management, and long-term monitoring of flora
and fauna. The integrated approach aligns with the company’s
commitment to sustainable development.

Table 2.FT Lomanis’ planting program with various types of

mangroves
Program Year of Total  Types of Mangroves Planted
Planting
P1 2019 1.000  Rhizophora mucronate
andBruguiera sp.
P2 2020 5.000  Rhizophora sp.
P3 2021 8.000  Rhizophora sp.
P4 2022 8.000  Rhizophora sp.
PS5 2023 10.000  Rhizophora sp. and Avicennia sp.

FT Lomanis' annual mangrove planting program in the KMA focuses
on native species that are well-suited to local conditions, ensuring
long-term sustainability (Table 2). Species selection prioritizes
seedling availability, adaptability, and resilience to local
environmental factors. By utilizing locally available seedlings, FT
Lomanis reduces costs and efforts associated with seedling collection
(Shaw et al., 2020) while minimizing the risk of introducing non-native
species, which can have detrimental ecological consequences
(Akram et al., 2023; Carlson et al., 2021).

The first planting (P1) in 2019 utilized Rhizophora mucronata and
Bruguiera sp. seedlings, selected for their readiness and adaptability.
Monitoring results indicated that Rhizophora sp. had higher survival
rates compared to Bruguiera sp., which struggled after planting due to
environmental factors such as extreme tidal fluctuations and water
deficiency (Usman et al., 2022). Rhizophora sp. proved to be more
resilient and suitable for high tidal ranges, which supported its
continued selection for subsequent plantings. From 2020 to 2022 (P2-
P4), Rhizophora sp. remained the primary species used, owing to its
success and resilience. In 2023, Avicennia sp. was introduced in
planting phase 5 (P5) to enhance species diversity; its
pneumatophore roots are well-suited for waterlogged conditions (Hao
et al, 2021; Inoue et al, 2024).The conservation area is
predominantly populated by Rhizophora apiculata and Rhizophora
mucronata, which are well-adapted to coastal environments and
contribute to ecosystem stability in the face of salinity and tidal
changes (Rahman et al., 2024). The pneumatophores of these
species facilitate gas exchange in muddy soils, aiding in their growth
and stability (Dasgupta et al., 2022). Integrating diverse species like
Bruguiera sp. and Avicennia sp. helps enhance ecosystem resilience
against environmental variations, which is crucial for sustaining
mangrove biodiversity in the KMA (Surbaktiet al., 2023).

Mangrove density is an important indicator of the health and
sustainability of mangrove ecosystems. Its annual measurement
shows a consistent upward trend. In the first year, mangrove density
was relatively low, but over time, mangrove density increased
significantly. Post-rehabilitation mangrove density has increased, with
planting success up to 50% each year (Table 3). This increase in
mangrove density indicates that the rehabilitation program can create
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conditions that support healthy and sustainable mangrove growth. Acanthus Jeruju Hitam LC
This indicates the success of the FT Lomanis’ NbS program. ilicifolius
) ) o ) Avicennia alba  Api-api Hitam LC
ng.h mangrove density supports the provision of more habitat for A icennia Api-api Putih LC
various species. Complex root structures can serve to increase the  arina
survival of various species (Ainindya et al., 2024). In addition, high  Avicennia Api-apiKacang LC
mangrove density increases the production of leaf litter, which is a  officinalis
source of nutrients for organisms living in this area (Das et al.,, 2022),  Bruguieragym  Tanjang Merah LC
and serves to support a complex food web due to increased  norhiza .
mangrove’s organic matter (Soria-Barreto et al., 2023; Lee et al, ~ Ceriopstagal  Mentgi LC
2023; Harefa et al., 2023; Harmonis et al., 2024; Henri et al., 2023). E/)/(wﬁcanaag Kayu Buta-buta LC
ailocha
Table 3. Annual mangrove density assessment Z:g’csggss Waru Laut LC
- . Nypafruticans ~ Nipah LC
Program Year Species Totall Planting Mang.rove Paspalum Papaitan LC
Seedlings  Success  Density Ugat
Planted (%) (ind/ha) canjugaum .
Rhizophora Bakau Minyak + + + + + LC
P1 2019  Rhizophora 1000 60% 267 apiculata
mucrt onata Rhizophora Bakau Kurap + + + + + LC
Bruguierasp. mucronata
P2 2020  Rhizophora 5250 60% 788 Sonneratia Pidada Putih LA A S A L
Sp. alba
P3 2021 R%izophora 8000 70% 1400 Sonneratiacas ~ Pidada Merah — +  + 4 =+ LC
sp. eolaris
P4 2022 Rhizophora 8000 75% 1500 Sporobolus Rumputekortikus -
sp. pyramidalis raksasa
P5 2023  Rhizophora 10000 80% 2000
sp. *LC, Least Concern (the species is not considered at risk of extinction
Avicennia due to its widespread and abundantpopulation, and it faces no
Sp.. significant threats that could endanger its survival in the near future)

Planting programs have significant potential to increase overall
mangrove presence, with results evident in the diversity and presence
of mangroves in the same area over different time periods. An
inventory of mangrove presence was conducted annually over the
past five years. These inventories show that the number and variety
of mangrove species in the Karangtalun ecosystem has increased
significantly and showing a positive development in species
composition (Table 4).

Mangrove diversity in the KMA has significantly improved through
ongoing rehabilitation efforts. In 2019, the area was dominated by
planted species like Rhizophora spp., with low species diversity.
However, by 2023, new species such as Excoecariaagallocha,
Hibiscus tiliaceus, Paspalum conjugatum, and Sporobolus
pyramidaliswere introduced, reflecting ecological improvements and a
more favorable environment for diverse flora.The NbS program has
created stable,conducive conditions that have allowed naturally
occurring mangrove species to return and thrive (Damastutiet al.,
2022). Enhanced habitat structure, soil stabilization, and improved
microclimates have facilitated the reintroduction of these species,
enriching KMA's biodiversity. The NbS program's significant positive
impacts include expanding mangrove coverage and increasing
species diversity, thereby supporting the ecosystem's long-term
sustainability. This initiative not only strengthens the existing
mangrove ecosystem but also contributes to biodiversity, providing
tangible environmental and community benefits.

Tabel 4. Diversity, presence, and IUCN status ofmangrove
species in the KMA

Species Local Name Presence Per-Year U

20 20 20 20 20 CN

19 20 20 2 2 St

us

Acanthus Jeruju Putih + + + + LC*
ebracteatus

NbS Impacts on Business Biodiversity Enhancement

Business biodiversity performance is crucial for long-term operational
sustainability, encompassing environmental management and
protection strategies. FT Lomanis demonstrates this through its NbS
program in the Karangtalun Mangrove Area (KMA), a key indicator in
assessing the company’s biodiversity efforts. Over five years, this
initiative has significantly increased biodiversity, particularly among
mangrove species, and successfully restored degraded ecosystems
(Arifantiet al., 2022). The program not only enhances flora diversity
but also plays a critical role in maintaining ecosystem balance and
supporting complex food webs, crucial for the overall health and
functionality of coastal ecosystems (Muro-Torres et al., 2020). The
resilience of the Karangtalun mangroves highlights the importance of
such restoration efforts in sustaining biodiversity and promoting long-
term conservation.

The rehabilitation efforts in the study area greatly enhanced
mangrove diversity and density, effectively reversing degradation
caused by logging and illegal harvesting. The resilient mangroves in
Karangtalunare crucial for maintaining ecosystem balance and
biodiversity, supporting sustainable conservation (Sudharakaet al.,
2023).The interaction of organic and mineral elements in mangrove
soils, along with essential nutrients, is vital for vegetation growth and
sustaining resources across trophic levels (Jimenez et al., 2021). Leaf
litter production enriches sediments and supports complex food webs,
benefiting microorganisms and higher trophic levels, which are
essential for maintaining carbon stocks in mangroves (Mamidalaet al.,
2023; Cahyaningsihet al., 2022). Overall, these rehabilitation efforts
are key to the long-term health of coastal ecosystems.Mangrove
ecosystems are critical for supporting biodiversity, providing shelter,
nesting sites, and food for various species, including birds, fish, and
crabs. The complex root structures and dense vegetation create rich
environments for small fish, crustaceans, and invertebrates, which
are primary food sources for birds. Waterbirds, as key indicators of
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mangrove health, benefit from improved conditions, such as
increased food availability and suitable roosting sites, enhancing their
populations and diversity (Oracion et al., 2022; Kurucz et al., 2021).

Our study identified a rise in bird populations within the KMA,
particularly species reliant on mangroves for nesting and foraging,
such as Ardea alba, Centropusnigrorofus, and Charadrius javanicus
(Fig. 3), reflecting greater diversity and density (Fig. 4). Rehabilitated
mangroves have become crucial spawning and nursery grounds,
supporting fish populations by providing protection and stable
conditions for larvae development (Wambrauw and llham, 2023).
These efforts have enhanced aquatic habitats, boosting fish
populations, species diversity, and adjacent water productivity by
fostering phytoplankton growth, a key element in the aquatic food
chain (Febrianti et al., 2023; Carlson et al., 2021). Mangrove
ecosystems are closely tied to crustaceans, especially crabs, which
are vital for nutrient cycling and soil aeration. Crabs play a key role in
maintaining ecosystem health through their habitat use and
bioturbation, which enhances soil aeration, nutrient cycling, and
supports mangrove growth (Egawa et al., 2021). Their burrowing and
feeding behaviors influence nutrient dynamics, particularly carbon
and nitrogen cycles, contributing to organic matter decomposition and
nutrient recycling. These processes are crucial for the resilience and
health of mangrove ecosystems, ensuring nutrient availability and
regulating greenhouse gases in coastal areas (Tongununui et al.,
2021).The mangrove planting program in KMA highlights the positive
impact of such initiatives on biodiversity, demonstrated by significant
increases in waterbirds, fish, and crabs (Fig. 3), which reflect
improved habitat quality and more balanced population distributions.
FT Lomanis’ NbS program enhances habitat quality, fostering the
growth and diversity of fauna. This approach offers a valuable model
for managing mangrove ecosystems, both in Indonesia and globally.
Data from the NbS program show its beneficial effects on flora and
fauna, enriching biodiversity and creating habitats for various arboreal
and aquatic species (Fig. 4). The program also restores degraded
ecosystems, supports local biodiversity, and boosts environmental
resilience to climate change and human activities.

Fig. 2.Representativespecies of KMA’s diverse fauna: (1a)
Egrettagarzetta(1b) Ardeola speciosa (1c) Lonchuramaja (1d)
Bulbulcus ibis (2a)Periophtalmusbarbarus (2b)
Acentrogobiuscyanomos (3a) Uca sp. and (3b) Episesarmalafondi

Mangrove ecosystems are exceptionally productive and biodiverse,
surpassing other coastal ecosystems in providing habitats for a

variety of species, including reptiles, birds, fish, mammals, insects,
and crustaceans, forming a complex ecological network (Zainal et al.,
2021). Mangrove biota can be classified into arboreal fauna, which
reside on vegetation, and aquatic fauna, which occupy water areas
(Sari et al., 2022). The mangrove restoration program in Karangtalun
has significantly improved habitats for local species like crabs, clams,
shrimp, and fish, while also offering safer environments for
endangered species such as small-clawed otters and long-tailed
monkeys. Conservation efforts by FT Lomanis, through regular
plantings and support for conservation groups, have successfully
increased biodiversity, demonstrating an effective of NbS. This
program has enhanced the biodiversity index, strengthened species
diversity and populations, and created essential habitats for coastal
fauna and flora.

2.99 semsan 2.83 2.87
| | \2-:51—2.44/ |

2019 2020 2021 2022 2023
Biodiversity lindex
(a)
2.64 2.64
T 227 e 2.25
2.06 | |
2019 2020 2021 2022 2023
Biodiversity Index
(b)
2.84
|
1.87
1.39 e 1.56 sy 4 3755 |
| I | |
2019 2020 2021 2022 2023
Biodiversity index

(c)

* Fig. 3.Biodiversity index (Shannon-Wiener Index) of each

category: (a) water birds, (b) fish, and (c) crabs

The mangrove restoration program has also impacted sediment
characteristics, with bathymetry analysis showing changes in
sediment depth and stability within the ecosystem. Evaluating
sedimentation patterns is crucial for assessing the NbS program's
success and sustainability. The KMA, managed by FT Lomanis, is
located in a dynamic estuarine environment influenced by tides, high
currents, and variable conditions leading to abrasion risks
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(Largier, 2023). The area is prone to flooding during high tides,
exacerbated by rising sea levels due to climate change (Ahmad et al.,
2022). Sustainable management, including mangrove rehabilitation
and conservation, offers ecosystem services like shoreline
stabilization. Mangroves' intricate root systems reduce coastal
erosion by trapping sediments and slowing water flow, addressing
abrasion and flooding issues in the KMA. Changes in coastal
geomorphology, driven by sedimentation processes, significantly
impact mangrove planting efforts in Karangtalun. Understanding
sedimentation is crucial for identifying spatial changes. Bathymetry
analysis revealed stable sediments at the rehabilitation site (Fig. 5).
Sedimentation characteristics affect soil texture, composition, and
stability, which are essential for mangrove growth. Sediment
accumulation shows patterns related to hydrodynamics, controlling
organic and inorganic sediment supplies (Cinco-Castro et al., 2022).
High sedimentation areas form new soil faster, impacting mangrove
zonation and potentially causing planting failures. Selecting
appropriate  rehabilitation sites is essential for ecosystem
sustainability and increased biodiversity.

S , Arboreal Species rsessssasssmesnsasasssins +

Aquatic species ssssssasses

Fig. 4.lllustration of biodiversity pattern of Karangtalun
Mangrove Area (KMA).lllustrate the intricate root system of
mangrove trees supports a rich biodiversity, creating a unique
ecosystem that transitions from land to sea.

Our findings on underwater surface characteristics (Fig. 5) reveal
significant spatial changes, contributing to a better understanding of
mangrove land suitability amid changing coastal geomorphology. This
model helps assess the potential impacts of geomorphological
changes on previous mangrove plantings. Evaluating geomorphology,
especially sedimentation data, is crucial since mangroves closely
interact with sedimentation processes, trapping sediments and
promoting siltation in tidal coastal and estuarine environments. The
depth change model in the mangrove planting area of FT Lomanis
(Fig. 6), shows significant sedimentation over the past five years.
Detailed comparisons of depth changes at five planting locations
reveal substantial sedimentation. Planting location for P1 experienced
a depth change of 5.86 m, and location for P2 had a similar change of
54 m in 2020. Planting location for P3 showed a smaller depth
change of 3.9 m, likely due to its proximity to a natural mangrove area
stabilizing sediment condition. Planting locations for P4 and P5
experienced depth changes of 5.54 m and 5.14 m, respectively.

1,49

0 4375875 1.750 2625 3.500
=
™ 1

Legend
138 o

Fig. 5.Underwater surface map of KMA.lllustrates the underwater
surface characteristics of the KMA, based on a detailed evaluation.

Legend
® : mangrove planting area

e

Fig. 6.Temporal changes in mangrove planting area
depth.Depicts the changes in the depth of mangrove planting area
over a specified time period.

The positive depth changes observed across all areas indicate
significant sedimentation, sourced from the river estuary southwest of
the planting site (Fig. 6). This sedimentation likely contributes to
mangrove zoning changes, affecting rehabilitation outcomes. Planting
location 3, closest to a natural mangrove forest, proves optimal due to
lower sedimentation levels compared to other sites, benefiting from
mangroves' role as natural flood mitigators (Menéndez et al., 2020).
Conversely, sites with depth changes exceeding 5 meters facilitate
zoning shifts that alter community structure, biodiversity, and
mangrove geomorphology (Pratiwi et al., 2023). Mangroves' robust
roots capture sediment and organic matter, stabilizing coastal soil and
mitigating erosion by slowing water flow and promoting sediment
buildup. This process, known as soil accretion, fortifies coastal areas
like Karangtalun against flooding (Menéndez et al., 2020).
Consequently, mangrove planting programs enhance sedimentation
rates, supporting aquatic ecosystem balance, shoreline protection,
and local biodiversity (Menéndez et al., 2020).

NbS Impacts on Business’ Performance

The environment's role in business sustainability is a key focus for
companies across various sectors. FT Lomanis has implemented a
mangrove rehabilitation program as a NbS to enhance business
sustainability. This program supports global nature goals and
ecosystem services, improving biodiversity and environmental
performance while strengthening business integrity. The mangrove
rehabilitation program offers dual benefits for the environment and
business sustainability.This study evaluates FT Lomanis' role in
nature restoration by analyzing carbon sequestration from its NbS
program. Mangroves, as highly efficient carbon sinks, absorb CO2
through photosynthesis and store it in biomass (Dinilhuda et al.,
2020). Globally, mangrove ecosystems store approximately 1.023
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tons of CO2e per hectare. In Indonesia, which holds 22.4% of the
world's mangroves, the blue carbon stock absorption rate is 891.7
tons C/ha, with a total national blue carbon stock of 2.89 Tt C
(Wahyudi et al., 2018; Haryati et al., 2024). This storage capability
makes mangroves crucial for mitigating climate change by
significantly reducing greenhouse gases. Mangroves store 3-5 times
more carbon than terrestrial forests, securing carbon for centuries.

2019 to 2023, the mangrove rehabilitation success rate averaged
70% (Table 2), resulting in 1.142 tons of carbon sequestration, with
the highest sequestration recorded in 2021 (Fig. 7). This
demonstrates the effectiveness of mangroves in reducing
atmospheric carbon and mitigating the greenhouse effect. Although
the local impact may seem modest compared to global potential,
these efforts highlight that local mangrove rehabilitation significantly
contributes to climate change mitigation, consistent with studies
showing high carbon storage in global mangrove ecosystems
(Chatting et al., 2022). Heatmap and violin plot analyses reveal
carbon stock distribution and fluctuation during the rehabilitation
period. Using native mangrove species enhances carbon
sequestration due to their better survival and adaptation to local
conditions, leading to higher density and larger carbon stocks (Fig. 8).
These findings underscore the critical role of mangrove rehabilitation
in the NbS strategy for climate change mitigation and nature
restoration. By increasing mangrove coverage and expanding
rehabilitation areas, carbon sequestration is optimized. The significant
potential of mangroves for carbon sequestration emphasizes their
importance in global climate change mitigation efforts, making FT
Lomanis' NbS program a key contributor to both coastal protection
and global climate targets.

Carbon Stock Heatmap (2019-2023) Based on Planting Age
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Fig. 7. Heatmap of carbon stock distribution in mangrove
conservation areas from 2019 to 2023
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Fig. 8. Violin plot to show carbon stock variation over the study
period

Future Biodiversity Strategies in Improving Business’
Performance

The NbS program at KMA has significantly improved mangrove
ecosystem health and biodiversity over the past five years, achieving
a 70% rehabilitation success rate, stabilizing coastal land, and
reducing erosion. Inventory data shows an increase in flora and fauna
species, indicating significant ecosystem recovery. Healthy
mangroves now support a diverse range of fauna, including water
birds, fish, and crabs. For the oil and gas industry, the mangrove
conservation area enhances environmental compliance and
demonstrate a commitment to sustainability,contributing to both
environmental and operational performance. The success of FT
Lomanis’ NbS program stabilizes mangrove environments, reduces
infrastructure risk, and improves corporate reputation among
environmentally conscious stakeholders. It also lowers mitigation
costs and improves operational efficiency through ecosystem
stabilization.

PT Pertamina Patra Niaga FT Lomanis' NbS program in mangrove
management supports several SDGs, including SDGs 1 (No Poverty),
2 (Zero Hunger), 8 (Decent Work and Economic Growth), 13 (Climate
Action), 14 (Life Below Water), and 15 (Life on Land) (Fig. 9).
Activities such as rehabilitation, nursery provision, habitat

management, and monitoring directly contribute to these goals (Fig.
10), positively impacting local communities by creating jobs and
supporting the local economy.

Fig. 9. PT Pertamina Patra Niaga FT LomanisNbS program
contribution points towards Sustainable Development Goals
(SDGs)

CONCLUSION

This study highlights the importance of Nature-based Solutions
(NbS), particularly mangrove conservation, as a strategic asset in
industrial operations. Integrating biodiversity conservation into oil and
gas practices enhances operational efficiency and economic
performance while supporting environmental preservation and
community well-being. Mangrove conservation offers benefits like
coastline stabilization, carbon sequestration, and environmental
compliance, making it a valuable NbS. The findings underscore the
need for broader NbS adoption in the industrial sector to balance
economic growth with ecosystem sustainability and support SDGs.
The study calls for further research to explore the practical
implementation of these approaches across various industries and
regions, assessing their long-term impact on both industry and the
environment.
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