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Abstract. Eddy S, Milantara N, Setiawan AA, Taufik M, Rosanti D, Putri SAD, Rahmawati. 2024. Association and distribution patterns of
nipah (Nypa fruticans) in a degraded protected mangrove forest. Biodiversitas 25: 4525-4534. The invasion of nipah (Nypa fruticans)
serves as an indicator of mangrove forest degradation that has occurred globally, impacting biodiversity. Therefore, understanding the
population dynamics of nipah is essential for controlling its growth. This study aims to classify land cover types in the Air Telang Protected
Forest (ATPF), analyze the association of nipah with other plants, and examine its distribution patterns. We employed a descriptive research
method, utilizing Geographic Information Systems (GIS) for land cover change analysis, alongside field surveys to collect data on plant
species associated with nipah. Drone photography was used to document nipah populations across various land cover types. Our findings
revealed four land cover types in ATPF: primary forest, secondary forest, open area (shrub), and plantation, with 29 plant species associated
with nipah. Nipah has spread across various land cover types through multiple mechanisms. We estimate that nipah will dominate nearly all
degraded areas of ATPF and hinder the succession process if restoration efforts are not implemented promptly. However, with the right
strategies, there is hope for successful restoration. This research contributes to understanding nipah's population dynamics, the implications
of its dominance, and strategies for controlling its growth. In addition, this study is more widely useful for information on mangrove
ecosystem management, ecological risk assessment, ecosystem restoration efforts, and conservation policy development.
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INTRODUCTION

Indonesia is home to the largest mangrove forest in the
world, estimated to cover approximately 2.7 million hectares
in 2020 (Basyuni et al. 2022; Sasmito et al. 2023). These
forests thrive along muddy coastlines with low hydrodynamic
intensity, particularly in regions with extensive river
estuaries and deltas that regularly receive sediments from
highland catchments (Eddy et al. 2021a). Mangrove forests
provide aesthetic value and serve as critical habitats for
various organisms, while also protecting coastal populations
from climate change effects, regulating nutrients,
enhancing primary productivity, and preventing coastal
erosion (Basyuni et al. 2018; Ouyang et al. 2018; Hochard
et al. 2019; Kusmana et al. 2019; Mai et al. 2019; Eddy and
Basyuni 2020; Nwobi et al. 2020; Basyuni et al. 2021).

Globally, half of all mangrove forests have been lost
since the mid-20" century (Friess et al. 2019). Similarly,
mangrove forests in Indonesia, including Air Telang
Protected Forest (ATPF), have suffered degradation due to
anthropogenic activities, particularly conversion into

plantations such as oil palm and coconut (Eddy et al. 2017,
2019, 2020, 2021a,b,c, 2022, 2023a,b, 2024; Mai et al.
2019). Coastal ecosystems are among the most vulnerable
natural systems worldwide, facing rapid biodiversity decline
due to human impacts (Almond et al. 2020; Cooley et al.
2022).

Degraded mangrove ecosystems are particularly
susceptible to invasions by nipah (Nypa fruticans Wurmb)
and other invasive species. The widespread distribution of
nipah indicates mangrove forest degradation. Nipah
produces a large number of seeds that are easily dispersed
by tidal currents, allowing it to dominate mangrove areas
(Numbere 2019). Approximately 30% of Indonesia's four
million hectares of mangrove forests are home to nipah
(Wijana et al. 2023). Nipah has surpassed almost all
mangrove forests along the east coast of South Sumatra,
Indonesia including ATPF (Eddy et al. 2024). The nipah
palm invasion is a clear sign of mangrove forest destruction
(Numbere 2019; Eddy et al. 2024). Although nipah is
found in nearly all mangrove forests globally, it has also
spread beyond its natural range (Ebana et al. 2015). The
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loss of mangrove forests due to nipah invasion has led to
declines in fish populations and jeopardized the safety of
coastal tourism (Numbere and Moudingo 2023). Invasive
species significantly reduce ecosystem services and
biodiversity (Gallardo et al. 2024).

Studying the association and distribution patterns of
nipah with other plants is crucial for understanding its key
role in the ecosystem, including its competition dynamics,
interspecies interactions, the impact of dominance, its
ecological functions, and its contributions to blue carbon
production and conservation efforts. A mechanistic
understanding of mangrove distribution, involving biotic
and abiotic interactions, is essential for supporting mangrove
protection and restoration (Cui et al. 2024). Chowdhury et
al. (2023) noted that mixed mangrove associations have the
largest blue carbon pool. Invasive species are known to
cause significant ecological and economic losses (Heringer
et al. 2024). Monitoring the spread of invasive species,
such as nipah, is a vital control method (Myint et al. 2008).
When researching species distribution, it is essential to
consider modeling techniques, environmental factors, and
species traits (Liu et al. 2020). Furthermore, nipah has
considerable potential for landscape restoration, rapid
atmospheric carbon dioxide sequestration, coastal protection
from severe weather, the restoration of abandoned aquaculture
ponds, and the promotion of sustainable aquaculture
(Rahman et al. 2024). This study aims to analyze the
association and distribution patterns of nipah in ATPF and
map the land cover distribution. The findings will aid in
planning effective restoration programs and monitoring and
preventing invasions. In addition, the results of this
research are useful in understanding the dynamics of nipa
palm populations and the implications of their dominance,
management and restoration of mangrove ecosystems,
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ecological risk assessment, and development of conservation
policies.

MATERIALS AND METHODS

Study site description

This research was conducted in the Air Telang
Protected Forest (ATPF), a mangrove forest area located in
Banyuasin District, South Sumatra Province, Indonesia,
covering approximately 12,660.87 hectares (Figure 1). The
eastern part of this area borders Muara Telang Sub-district
and Banyuasin Il Sub-district, while the western boundary
is the Banyuasin River. The northern boundary is the
Bangka Strait and the Banyuasin River, while the southern
boundary is Muara Telang Sub-district. Most of this area
has experienced degradation and land conversion into
plantations, agricultural lands, settlements, and ponds. As
of 2023, only about 26% of the area remains as primary
forest (Eddy et al. 2023a). Two ports have been operational
in this area since 2013: a sea terminal for goods transport
and a ferry terminal for passenger transport, both situated
near the research area, specifically on the Banyuasin River
in Tanjung Api-Api. The government is currently constructing
a new sea terminal at Tanjung Carat (north of ATPF).

Nipah invasion is prevalent in degraded mangrove
forest areas in South Sumatra Province, including ATPF
(Eddy et al. 2024). Nearly all areas, from tidal coastal
zones to the mainland, have been invaded by nipah (Eddy
and Basyuni 2020). Nipah's high adaptability, combined
with its prolific fruit production and the ability of its fruits
to be easily dispersed by tidal currents, facilitates its
invasion of this area.
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Figure 1. Location of the study area in the Air Telang Protected Forest (ATPF), Banyuasin District, South Sumatra, Indonesia
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This research utilized Landsat 9 image data for ATPF
land cover in 2024, sourced from
https://earthexplorer.usgs.gov. The downloaded Landsat 9
image data has a multi-spectral band with a resolution of 30
meters, acquired on May 25, 2024. Image sharpening was
performed by adding band 8 as panchromatic data with a
resolution of 15 meters. The coordinate system used is the
UTM (Universal Transverse Mercator) Zone 48 coordinate
system. Identification of ATPF mangrove forests in
Landsat 9 imagery was conducted using the Normalized
Difference Vegetation Index (NDVI). The research location
was selected through purposive sampling, and verification
of land cover types and location boundaries was conducted
via field surveys. Each sampling point's coordinates were
marked using the Geographical Positioning System (GPS)
and identified according to the land cover classification
(Table 1).

Vegetation data collection

Vegetation sampling was conducted using a purposive
sampling method at the sampling points listed in Table 1
from May to June 2024. Vegetation samples were collected
based on their association with nipah, with a maximum
distance of 10 meters for trees and 5 meters for shrubs. The
selected nipah specimens were tree life forms with a
diameter at breast height (DBH) of >10 cm. All plants
collected were identified in the plant taxonomy laboratory
of Universitas PGRI Palembang, South Sumatra, Indonesia.
Identified species were assigned local names, species types,
and habitat types, which were then tabulated in a matrix.

We also documented the distribution of nipah through
aerial photography using drones. The drone model used
was the DJI Mini 3, equipped with a 48 MP image sensor
capable of capturing images from a maximum height of
500 meters. Nipah stand samples were photographed in
various locations, including primary forests, secondary forests,
shrubs, and open areas. Drone photography was conducted
at various heights to ensure representative positions for
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each type of vegetation.

Data analysis
Landsat data analysis

Land cover changes in ATPF were analyzed and
classified using Geographic Information System (GIS)
software, specifically ArcGIS Desktop 10.8. The classification
of land cover was based on plant canopy density and land use
types, which included primary forest, secondary forest,
open area (shrubs), and plantation (coconut and oil palm).
The GIS analysis followed four steps: pre-processing,
processing, image classification, and field survey (Eddy et
al. 2017). We employed a supervised classification maximum
likelihood analysis method (visual interpretation) to classify
the image data (Ghebrezgabher et al. 2016).

Analysis of nipah association and distribution patterns with
other plants

All species associated with nipah were identified and
grouped based on their location-primary forest, secondary
forest, and shrubs-and tabulated as shown in Table 2;
meanwhile, in plantation areas, nipah were not found, and
in open areas, only nipah were found without any association
with other plant species. Additionally, we categorized the
identified plant species into two groups, namely true
mangroves and mangrove associates. We also identified the
local names of each species based on information from the
local community. The analysis of Nipah Distribution
Patterns involved identifying nipah growth locations and
predicting the distribution process. We documented nipah
growing in four locations: open areas, shrubs, secondary
forests, and primary forests. The distribution pattern of
nipah was analyzed based on observations and compared
with relevant literature, presented in matrix form in Table
3. Furthermore, we illustrated the results in a flowchart to
predict the distribution patterns of nipah-both solitary and
colonial-in association with other plants or independently.

Table 1. Coordinates of sampling points for each study site along with their existing conditions

UTM coordinate

Study sites X Y Existing condition
Muara Sungsang Village 490551 9745431 Shrub/open area
Marga Sungsang Village 483657 9740547 Shrub/open area
Karang Anyar Village 474117 9720844 Shrub/open area
Muara Sungsang Village 477330 9735590 Shrub/open area
Muara Sungsang Village 478669 9737374 Shrub/open area
Teluk Payo Village 475174 9728896 Coconut plantation
Muara Sungsang Village 474822 9723408 Coconut plantation
Teluk Payo Village 478382 9734814 Coconut plantation
Muara Sungsang Village 480975 9737571 Oil palm plantation
Karang Anyar Village 475226 9722737 Oil palm plantation
Muara Sungsang Village 473358 9735873 Secondary mangrove forest
Sungsang 4 Village 487653 9747706 Secondary mangrove forest
Muara Sungsang Village 475962 9736329 Secondary mangrove forest
Marga Sungsang Village 482488 9744194 Secondary mangrove forest
Marga Sungsang Village 482739 9743193 Secondary mangrove forest
Sungsang 1 Village 482257 9745317 Secondary mangrove forest
Muara Sungsang Village 485396 9747147 Primary mangrove forest
Marga Sungsang Village 482327 9741753 Primary mangrove forest
Marga Sungsang Village 483231 9742249 Primary mangrove forest
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RESULTS AND DISCUSSION

Land cover changes in ATPF

Interpretation of Landsat image data from 2024 (Figure
2) classified ATPF into four land cover types: primary
forest, secondary forest, open area, and plantation. Our survey
revealed additional land cover types, such as settlements
and ponds, but their extent was minimal and insignificant.
Plantations in ATPF were categorized into two groups:
coconut and oil palm, with coconut plantations occupying a
larger area than oil palm plantations (Eddy et al. 2017;
Eddy et al. 2021a,b; Eddy et al. 2022). The largest land
cover type in ATPF in 2024 was open areas, covering 34%
(4,296.51 ha), followed by plantations with 30% (3,797.67
ha). Primary forests and secondary forests accounted for
approximately 23% (2,961.75 ha) and 13% (1,604.94 ha),
respectively.

The map resulting from our image interpretation indicates
the presence of coastal zones classified as land areas but
not included in the ATPF area. This discrepancy may arise
from two possibilities: either the image data was collected
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during low tide, or there has been an increase in land area
due to intensive sedimentation along the banks of the
Banyuasin River. Our previous research indicated significant
sedimentation in the downstream Banyuasin River, attributed
to reduced forest cover upstream, leading to the formation
of new land areas downstream (Eddy et al. 2017).

Association of nipah with other plants

Our study identified 29 plant species belonging to 17
families associated with nipah in ATPF, including 22
species in shrub vegetation, 18 species in secondary forest
vegetation, and 8 species in primary forest vegetation
(Table 2). The Fabaceae and Poaceae families had the
highest number of species, with four species each, followed
by the Acanthaceae and Asteraceae families, which had
three species each. We categorized the identified plants
into two groups: true mangroves and mangrove associates,
with 9 true mangrove species and 20 mangrove associate
species. Local names for each species were obtained from
the local community.

& %
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~

Land Cover of
Air Talang Protected Forest 2024

I Open Area (4,296.51 Ha)
- Primary Mangrove (2,961.75 Ha)
- Secondary Mangrove (1,604.94 Ha)

Plantation (3,797.67 Ha)

490

Figure 2. Map of land cover types and their respective areas (ha) in the Air Telang Protected Forest (ATPF), Banyuasin District, South

Sumatra, Indonesia, 2024
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Analysis of nipah distribution patterns

We observed nipah growing in several habitats: open
areas, shrubs, secondary forests, and primary forests. The
distribution pattern of nipah is detailed in Table 3 and
Figure 6 based on the results of data analysis and various
theories of vegetation succession (Clements 1916; Egler
1954; Connell and Slatyer 1977). Nipah in open areas acts
as a pioneer plant, growing either solitarily or in colonies
(Figure 3) and not associated with other plants, with seed

distribution facilitated by tidal currents. Nipah in shrub
vegetation creates a favorable microclimate for the growth
of associated cover plants. The distribution of nipah in
shrub vegetation (Figure 4) can result from nipah growing
in open areas that provide suitable microclimate, nutrients,
and water for various cover plants and seedlings (Table 3,
option 1A). Additionally, seeds may be carried by tidal
currents to shrub areas, where they germinate due to
favorable conditions (Table 3, option 2A).

Table 2. Diversity of plant species associated with nipah in three types of vegetation in Air Telang Protected Forest (ATPF), Banyuasin

District, South Sumatra, Indonesia

Species Family Local name Species type AVegetatlgn type C
Acacia mangium Fabaceae Akasia Mangrove associate N - -
Acanthus ilicifolius Acanthaceae Jeruju True mangrove - \/ v
Acrostichum aureum Pteridaceae Paku laut True mangrove v \/ S
Asystasia gangetica Acanthaceae Ara sungsang Mangrove associate v \/ -
Avicennia alba Acanthaceae Api-api True mangrove - v \/
Bruguiera cylindrica Rhizophoraceae Tomok True mangrove - \/ S
Calamus sp. Arecaceae Rotan Mangrove associate - \/ -
Chloris barbata Poaceae Jejarongan Mangrove associate v v -
Clerodendrum inerme Verbenaceae Pacar laut Mangrove associate v S -
Cyperus rotundus Cyperaceae Rumput teki Mangrove associate N - -
Derris trifoliata Fabaceae Tuba laut Mangrove associate v \
Desmodium heterocarpon Fabaceae Katepan Mangrove associate v - -
Eleusine indica Poaceae Rumput Belulang Mangrove associate v - -
Eragrostis sp. Poaceae Rumput jarum Mangrove associate v \/ -
Excoecaria agallocha Euphorbiaceae Buta-buta True mangrove v \ S
Imperata cylindrica Poaceae Alang-alang Mangrove associate v - -
Melastoma candidum Melastomataceae Senduduk Mangrove associate v - -
Mikania micrantha Asteraceae Sambung rambut Mangrove associate \/ - -
Mimosa pudica Mimosaceae Putri malu Mangrove associate \/ - -
Nephrolepis sp. Dryopteridaceae Pakis Gunung Mangrove associate \/ \/ -
Oncosperma tigillarium Arecaceae Nibung Mangrove associate - o\ -
Pluchea indica Asteraceae Beluntas Mangrove associate v N -
Rhynchosia minima Fabaceae Kacang moncong Mangrove associate \/ - -
Rhizophora apiculata Rhizophoraceae Bakau True mangrove \/ \/
Sarcolobus globosa Apocynaceae (None) True mangrove \/ \/ -
Sonneratia alba Lythraceae Pedada/perepat True mangrove - o\ -
Stenochlaena palustris Polypodiaceae Pakis udang Mangrove associate \/ - -
Synedrella nodiflora Asteraceae Jotang kuda Mangrove associate v - -
Xylocarpus granatum Meliaceae Boli True mangrove - \/

Total 22 18 8

Note: V: found; (-): not found. A. Shrub; B. Secondary forest; C. Primary forest

Figure 3. Nipah growing in open areas in Air Telang Protected Forest (ATPF), Banyuasin District, South Sumatra, Indonesia. A-B.

Both solitarily; C-D. In colonies, as observed in ATPF
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Table 3. Description of predicted nipah distribution patterns in open areas, shrubs, secondary forests, and primary forests in Air Telang
Protected Forest (ATPF), Banyuasin District, South Sumatra, Indonesia based on our findings and references to the theory of succession
mechanisms according to Clements (1916), Egler (1954) and Connell and Slatyer (1977)

Natural forms of Location Description of distribution pattern prediction
association found Option 1 Option 2
Solitary in open Inopen areas  Ripe nipah fruit floats on water and is dispersed  (none)
areas (no of land and by tidal currents, settling solitarily on muddy
association/ coast substrates in open areas. The seed germinates
pioneer) due to sufficient nutrients and water, leading to
solitary nipah seedlings that are not associated
with other plants.
Colony in open Inopen areas A group of ripe nipah fruits floats on water and  (none)

areas (no
association/
pioneer)

Association in the
shrubs

Association in
secondary forests

Association in
primary forests

of land and
coast

In shrub areas
of land and
coast

In secondary
forest areas of
land and coast

In primary
forest areas of
land and coast

is dispersed by tidal currents, settling in
colonies on muddy substrates in open areas.
The seeds germinate and grow into clustered
seedlings due to the availability of sufficient
nutrients, water, and environmental conditions
suitable for their growth. Furthermore, these
seedlings develop into nipah palms that remain
grouped but are not associated with other
plants.

Option 1A: Nipah colonies create a microclimate
conducive to the growth of cover plants or
shrubs whose seeds are dispersed by water
currents, wind, or animals (e.g., birds). Open
areas provide nutrients, water, and favorable
conditions for these plants, leading to diverse
shrub growth associated with nipah.

Option 1B: Woody plant seeds dispersed by
water or animals also develop in open areas
alongside shrubs and nipah, supported by
favorable conditions, leading to the formation
of secondary forests.

Option 1C: True mangroves and nipah in
secondary forests grow rapidly, creating a
canopy cover that inhibits sunlight penetration
into the forest floor and hinders cover plant
growth. This leads to the formation of primary
forests with true mangroves, nipah, and a few
shrubs.

Option 2A: Ripe nipah fruit is carried by
tidal currents to shrub areas where it
germinates under favorable conditions,
developing into solitary or colonial nipah
palms found in association with other plants.
This process can occur during high tides,
which do not hinder the fruit’s movement.

Option 2B: Ripe nipah fruit is carried by
tidal currents to secondary forest areas, where
it germinates and develops into seedlings.
These seedlings may develop into solitary
or colonial nipah trees, often associated
with woody plants and shrubs. This process
can occur during high tides, which do not
hinder the movement of the nipah fruit.

Option 2C: Nipah fruits are carried by tidal
currents to primary forest areas, where they
germinate due to the availability of sufficient
water and nutrients. Nipah will develop into
seedlings, which in turn grow into solitary
or colonial nipah palms, found in association
with true mangrove trees and a few shrubs.
This process can occur during high tides,
which do not hinder the movement of the
nipah fruit.

Figure 4. Nipah in association with shrubs, as observed in Air Telang Protected Forest (ATPF), Banyuasin District, South Sumatra,

Indonesia
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The distribution of nipah in secondary forest vegetation
(Figures 5.A and 5.B) is a process that begins with the
dispersion of woody plant seeds. These seeds are carried by
tidal currents or animals, highlighting the crucial role of
animals in the seed dispersion process. The seeds develop
in open areas alongside shrubs and nipah, and their growth
is significantly influenced by supportive environmental
conditions such as nutrients, water, and microclimate. This
understanding of the interconnectedness of forest ecosystems
is crucial for comprehending the formation of secondary
forests (Table 3, option 1B). Alternatively, ripe nipah fruits
may be carried by tidal currents to secondary forest areas,
where they grow as solitary or colonial trees due to
favorable conditions (Table 3, option 2B).

Nipah in primary forest vegetation (Figures 5.C and
5.D) has a distribution pattern that starts with the formation
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of a secondary forest, where nipah associates with other
woody plants and shrubs. These woody plants, including
nipah, exhibit remarkable resilience and rapid growth,
leading to the formation of primary forests (Table 3, option
1C). Additionally, the distribution of nipah can occur when
the nipah fruit is carried by tidal currents to primary forest
areas, where it grows due to favorable conditions (Table 3,
option 2C).

We predict that nipah populations in ATPF (Figure 6)
may begin with nipah invasion in open areas (i.e., as
pioneers), either solitary or colonial, subsequently developing
into shrub vegetation. Shrubs will evolve into secondary
forest vegetation, which will subsequently transition into
primary forest vegetation. The availability of nutrients,
water, and a conducive microclimate supports nipah's
adaptability across all vegetation types.

Figure 5. Nipah in association with A-B. Secondary forest; C-D. Primary forest, as observed in Air Telang Protected Forest (ATPF),

Banyuasin District, South Sumatra, Indonesia

Pioneer

None association
in open areas

1B

Solitary/
Colony

Association in
secondary
forests

Figure 6. Analysis of the predicted distribution pattern of the nipah population in Air Telang Protected Forest (ATPF), Banyuasin
District, South Sumatra, Indonesia, ranging from open areas to shrubs, secondary forests, and primary forests, as described in Table 3
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Discussion

In comparing land cover in 2023 (Eddy et al. 2023a)
and 2024, open areas decreased from 6,588.34 ha to
4,296.51 ha, representing a reduction of approximately
2,291.83 ha (18.10% of ATPF's total area). Similarly,
primary forests decreased from 3,370.50 ha to 2,961.75 ha,
a reduction of about 408.75 ha (3.23% of ATPF's total
area). In contrast, secondary forests increased from 1,244.91
ha to 1,604.94 ha, an increase of approximately 360.03 ha
(2.84% of ATPF's total area). Plantations also increased
significantly from 1,197.37 ha to 3,797.67 ha, an increase
of about 2,600.30 ha (20.54% of ATPF's total area).

The substantial increase in plantation land from 2023 to
2024-approximately 20.54% of ATPF's total area-is
noteworthy. The primary plantation types are coconut and
oil palm. Coconut plantations in ATPF were initiated by
farmers from Sulawesi, specifically the Bugis tribe, in 1972.
Currently, coconut plantations are the largest in ATPF,
surpassing oil palm plantations, which began in 1989
(Eddy et al. 2017). Both have significantly contributed to
the loss of mangrove forests in ATPF (Eddy et al. 2021a).
This pattern is also observed in other Southeast Asian
regions, where certain mangrove habitats in the Philippines
have been replaced by coconut plantations, significantly
affecting carbon stocks (Castillo et al. 2017a; Castillo et al.
2017b).

The largest area identified in this research is open areas,
which account for 34% of ATPF's total area. The
emergence of these open areas is due to land clearing by
the community for various purposes, particularly for
plantations. Our previous research in 2023 identified open
areas covering 6,588.34 ha, accounting for more than half
of ATPF's total area (Eddy et al. 2023a). Open areas are
particularly vulnerable to nipah invasion because they lack
physical barriers, such as mangrove roots, that could
otherwise impede the spread of nipah fruit by tidal currents.
Nipah seeds migrate more readily in open regions,
especially when mangrove forests are degraded and tree
numbers decline. Initially, these seeds form small colonies
before establishing permanent populations (Eddy et al.
2024). The distribution of plant species, including nipah, is
largely influenced by seed availability and dispersal
mechanisms such as wind and water currents (Eddy et al.
2024).

Illegal logging and land conversion for plantations have
greatly contributed to the decline of primary forests and
open areas in ATPF from 2023 to 2024. The community's
utilization of wood from primary forests has reduced tree
stands, leading to a decrease in primary forests and an
increase in secondary forests due to the degradation of the
former. Open areas identified in 2023 have been converted
to plantations by 2024, resulting in a significant increase in
plantation areas. We combined the land cover classification
for open areas and shrubs into a single category termed
‘open areas’ due to the complexities of distinguishing between
the two in Landsat imagery interpretation. However, in the
field, we observed nipah growing in both areas. This
differentiation was further clarified in aerial photo
interpretations using drones, as shown in Figures 3 and 4.
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We identified 29 plant species associated with nipah,
comprising 9 true mangroves and 20 mangrove associates.
Species diversity in ATPF is relatively low, particularly in
primary forests. This low diversity is most likely caused by
only a few species that can survive in the very dynamic
mangrove forest habitat, despite the importance of plant
species in providing ecosystem services. According to du
Toita et al. (2018), ecosystem services encompass goods
and services provided by ecosystems to people, such as
provisioning, regulating, cultural, and supporting/habitat
services. The diversity of plant species in the area enables
numerous ecosystem services, such as natural disaster
protection, oxygen supply, aesthetic value, climate change
mitigation, and provision of food, medicine, and building
materials (Eddy et al. 2023b,c). Each plant species contributes
significantly to these services, offering various products to
nearby communities (Panyadee et al. 2022). Furthermore,
wild plant products containing beneficial chemical compounds
are a significant source of income and livelihood for people
in developing countries (Smith 2018; Shafi et al. 2021).

Based on our observations along the east coast of
Sumatra, particularly in South Sumatra Province, we
witnessed the extraordinary adaptability of nipah. Most
mangrove forests, including ATPF, have been invaded by
nipah, a species whose seeds tend to thrive in shallow
inland areas (Widodo et al. 2020). Nipah's ability to invade
nearly the entire east coast of Sumatra across all land cover
types (open areas, shrubs, secondary forests, and primary
forests) is attributed to its adaptability to coastal environments,
both on land and in flooded areas. Several factors support
its high adaptability, including tolerance to high salinity,
growth in muddy substrates, efficient reproduction through
abundant seed production, and resilience to dynamic
environmental changes like sea level and tidal fluctuations.
Additionally, nipah possesses lenticels at the base of the
leaves that aids in oxygen acquisition in muddy or flooded
environments, which often lack oxygen (Bjorn et al. 2022).
According to Numbere and Mason (2019), floating nipah
seeds invade mangrove forests and degraded areas due to
their rapid growth patterns and ability to survive in
conditions that are inhospitable for other mangrove plants.
Urbanization also contributes significantly to nipah invasion,
as anthropogenic activities degrade ecosystem quality and
create opportunities for nipah encroachment (Obayelu 2018).

Based on the predicted distribution of nipah populations
in Figure 6, we anticipate that nipah will dominate nearly
all degraded areas of ATPF. The mangrove forest succession
process could be accelerated through community intervention
aimed at rehabilitating degraded forests and controlling
nipah distribution. However, without proper management,
the succession process will be obstructed, allowing nipah to
replace mangrove forests. Nipah invasion can impede water
movement, leading to increased sedimentation and decreased
waste circulation, which in turn lowers substrate quality
(Eddy et al. 2024). Nipah is often found as a pioneer
species that develops alongside sediment accumulation,
ultimately invading the area (Moudingo et al. 2020). Nipah
invasion in mangrove forest ecosystems is closely linked to
the loss of mangrove forests (Nwobi et al. 2020; Barenblitt
et al. 2024).
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The reduction of mangrove stands due to nipah invasion
has broader implications for disrupting ecosystem balance.
This decline not only affects the quality and quantity of
vegetation but also impacts aquatic biota, such as fish and
shrimp. Mangrove forest degradation disrupts the spawning
processes of aquatic biota, reducing fisheries productivity
and leading to ecological challenges (Numbere 2019).
Additionally, harm to mangrove forests can diminish species
richness among flora and fauna, reduce carbon storage, and
increase greenhouse gas emissions (Eddy et al. 2021a,b;
Basyuni et al. 2021; Basyuni et al. 2023).

Nipah is a palm plant classified as a monocotyledon
with fibrous roots. Generally, the ability of monocotyledonous
plant roots to withstand soil erosion is weaker than that of
dicotyledonous plants, such as R. apiculata, S. alba, and A.
alba, which possess taproots and root structures adapted for
growth in muddy substrates. Nipah roots do not penetrate
deeply into the soil, limiting their reach. While this root
system effectively absorbs water and nutrients from the
topsoil, it is less effective in stabilizing soil structure at
greater depths. Consequently, monocotyledonous plants,
including nipah, are less capable of resisting erosion in
unstable soils, such as muddy coastal areas.

This research successfully mapped several land cover
types in ATPF in 2024, including primary forests,
secondary forests, open areas (shrubs), and plantations. We
identified 29 plant species associated with nipah in primary
forests, secondary forests, and shrubs. The distribution of
nipah seeds, primarily dispersed by tidal currents, has
spread across various land cover types through several
mechanisms, leading to its dominance. These findings of
this study will improve our understanding of competition
dynamics and interactions between plant species, the
implications of nipah's dominance, and strategies to control
its invasion. More broadly, the results are crucial for
conserving mangrove forests, not only in ATPF but also in
other regions worldwide affected by nipah invasion.
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