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Abstract. Sombo IT, Arisoesilaningsih E, Sartimbul A, Kurniawan N, Retnaningdyah C. 2025. Seagrass diversity profile and water
quality in some coastal ecosystems in East Nusa Tenggara, Indonesia. Biodiversitas 26: 5931-5943. Seagrass ecosystems provide
critical services including carbon sequestration, coastal protection, and fisheries support, yet face accelerating degradation from
anthropogenic pressures. Indonesia harbors 13 of 60 global seagrass species, with East Nusa Tenggara, Indonesia, supporting
exceptional diversity within the Coral Triangle biodiversity hotspot. We analyzed seagrass community structure and water quality
relationships across eight coastal locations spanning Timor, Rote, and Alor Islands to establish conservation baselines. Field sampling
employed 120 quadrats (1 x 1 m?) along transects at 0.5-2.0 m depths, with species identification following standard taxonomic keys.
Seven physicochemical parameters were measured in situ and through laboratory analysis. Eight seagrass species were documented
(92% of Indonesia's flora), with coverage ranging from 2,000 to 16,000 individuals/site. Three dominant species, Enhalus acoroides,
Thalassia hemprichii, Cymodocea rotundata, occurred at all locations with 39% average coverage. Shannon-Wiener Diversity Index
ranged from 1.5 to 2.7 (peak at Onan Ana), with 62.5% of sites maintaining moderate-to-high diversity. Critical environmental stress
was widespread: nitrate exceeded standards (0.06 mg/L) at all sites by 100-717% (0.12-0.49 mg/L), temperatures surpassed optimal
thresholds (> 33°C) at 50% of locations, and hypoxic conditions (DO < 5 mg/L) occurred at 25% of sites. Principal component analysis
explained 69.61% of variation, revealing strong negative correlations between nutrients and diversity (orthophosphate-diversity: r = -0.78;
nitrate-richness: r = -0.53). Despite environmental degradation, dominant species demonstrated remarkable resilience. Urgent conservation
actions required include: implementing nutrient reduction targeting < 0.06 mg/L nitrate through watershed management, establishing
thermal refugia protection at sites maintaining < 30°C, and designating high-diversity locations as genetic reserves for regional
restoration programs.
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INTRODUCTION

Seagrass ecosystems, covering about 160,387 km?
globally, are among the world’s most valuable coastal
habitats, with ecosystem services valued at US$1.9 trillion
annually (McKenzie et al. 2020). These marine plants
provide critical services such as sediment stabilization,
coastal protection, and carbon sequestration at rates 35
times higher than tropical forests (Stankovic et al. 2021;
Sogin et al. 2022). Seagrass meadows support over 1000
fish species and various marine invertebrates, acting as
important nursery areas that boost fish biomass and
economic value for coastal communities through fisheries
and aquaculture (Nordlund et al. 2018; McHenry et al.
2021).

Despite their ecological and economic importance,
seagrass ecosystems are declining globally, with a 30%
cover loss over the past decade (Morris et al. 2022). This
degradation results from anthropogenic pressures such as
coastal development, pollution, dredging, unsustainable
tourism, and climate stressors like ocean warming and

acidification (Unsworth et al. 2018). These combined stressors
threaten seagrass functions, reducing their role as nursery
habitats and destabilizing marine ecosystems (Hastings et
al. 2020; Inoue et al. 2021).

Indonesia, home to 13 of the world’s 60 seagrass species,
faces severe degradation rates of 2-5% annually (Unsworth
et al. 2018; Nugraha et al. 2023). Satellite and field data
from the LIPI Oceanography Research Center show Indonesian
seagrass meadows cover 293,464 hectares (Sjafrie et al.
2018). National assessments reveal moderate ecosystem
health, with an average Seagrass Ecological Quality Index
(SEQI) of 0.68, though regional conditions vary from poor
in Java and Sumatra to good in eastern Indonesia (Hernawan
et al. 2021; Dewi et al. 2024). Dominant species Thalassia
hemprichii (Ehrenb. ex Solms) Asch. and Enhalus acoroides
(L.f.) Royle, acoroides cover 39% of Indonesian waters,
but restoration efforts struggle with survival rates below
30% due to ongoing environmental degradation (Nadiarti et
al. 2021).

East Nusa Tenggara represents an exceptional study
system within the Coral Triangle biodiversity hotspot. The
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region supports 12 of Indonesia's 13 seagrass species (92%
of national diversity) across three major islands where
convergence of Indonesian Throughflow, South Equatorial
Current, and Leeuwin Current creates unique oceanographic
conditions (Nugraha et al. 2021; Nur et al. 2024). This
biodiversity supports 5.3 million coastal residents who
depend on seagrass-associated fisheries, yet declining
seagrass health has caused 25% reduction in fish catches
over five years, severely impacting community welfare
(Hilyana et al. 2021). The region experiences intensifying
pressures: coastal development increased 300% since 2000,
aquaculture operations cover 50,000 hectares, and temperature
anomalies exceed 2°C above historical means, creating a
natural laboratory for examining multiple stressor interactions.

Current seagrass monitoring initiatives, including
Indonesia's Seagrass Ecosystem Rehabilitation and
Management Program since 2016, remain limited in
effectiveness due to insufficient scientific understanding of
environment-ecosystem relationships (Risandi et al. 2023).
Previous studies in Indonesian waters provide valuable but
fragmented insights: species distribution mapping (Sjafrie
et al. 2024), and descriptive surveys (Pelasula et al. 2023).
However, these investigations fail to provide quantitative
analysis of physicochemical-biological relationships necessary
for evidence-based management.

Three key knowledge gaps hinder effective conservation.
First, no quantitative thresholds exist for environmental
stressors specific to tropical multispecies seagrass, with
existing standards based on temperate or single-species
systems (Viana et al. 2020). Second, most research focuses
on single stressor-response relationships, neglecting the
combined, often synergistic effects of multiple stressors
(Bass et al. 2024). Third, the lack of integrated physicochemical
monitoring and detailed community assessments prevents
the establishment of baseline conditions and management
targets for Indonesia’s biodiverse seagrass regions (Hernawan
et al. 2021). Without these, managers cannot develop early
warning systems or adaptive protocols for ecosystems
nearing tipping points.
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This study addresses these gaps by analyzing seagrass
community structure and water quality relationships across
eight coastal locations spanning Timor, Rote, and Alor
islands in East Nusa Tenggara. We test three specific
hypotheses: (H1) Seagrass diversity decreases along nutrient
gradients with threshold responses at established eutrophication
limits (0.06 mg/L nitrate); (H2) Temperature stress above
33°C significantly reduces species richness and shifts
communities toward thermally tolerant species; (H3)
Multiple stressor interactions (nutrients X temperature X
dissolved oxygen) explain more variance in community
structure than individual parameters alone.

Through integrated analysis of seven physicochemical
parameters and comprehensive diversity metrics across 120
sampling plots, this research provides the first quantitative
framework linking environmental conditions to seagrass
community patterns in the Indo-Pacific's biodiversity
center. The significance extends beyond regional assessment—
by establishing dose-response relationships and environmental
thresholds, results enable predictive modeling of ecosystem
trajectories under climate change scenarios. This evidence-
based approach directly informs adaptive management
strategies, contributing to global seagrass conservation
while supporting local livelihoods dependent on these
critical marine ecosystems.

MATERIALS AND METHODS

Study area

The study was conducted on three islands in the East
Nusa Tenggara Province, Indonesia (Table 1): Timor Island
(Pasir Panjang Beach, Onan Ana Beach, Tablolong Beach,
and Teluk gurita Beach), Rote Island (Oenggaut Beach and
Oeseli Beach) and Alor Island (Mali Selatan and Mali
Utara). Sampling was carried out from July to November
2023 (Figure 1).

122°17'31"E

123°50'24"E 125°23"17"E

Mali Utara
0 25 50 km

122°17'31"E 123°50'24"E 125°23'17"E

Figure 1. Maps of the study area in some coastal of East Nusa Tenggara, Indonesia
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Table 1. Description of research stations in East Nusa Tenggara, Indonesia

This beach is located in Kupang Bay, with the current conditions that have been built many
hotels, restaurants, seaweed cultivation and high population activity.

This beach is located in Bolok Village, West Kupang District, Kupang District. Residents'
activities include seaweed farming, pearl farming by PT. TOM to the east, and a Steam

This beach is located on the west side of Timor Island, where various activities are carried
out such as seaweed cultivation, tourist attractions, a place for residents to park their boats,
and residents are often seen trading oil and diesel with sea cucumber fishing boats

Teluk Gurita beach is located in the northern part of Belu District, this beach is a tourist
spot, and there is a harbor, local residents also use the sea to search for fish, octopus, and

Oeseli Beach is located south of Rote Island, where there are local activities such as
seaweed cultivation, sea cucumber cultivation, and the construction of an abandoned pier.
This beach is located in the west of Rote Island, where there are activities such as seaweed

Mali Selatan Beach is a natural beach and has become a tourist beach due to the presence of
dugongs and the activities of local residents such as fishermen.

Island (Sl::;lcol:l) Coordinate Description
Timor Pasir Panjang  10°09'02.2"S,
123°36'08.3"E
Onan Ana 10°13'35.3"S,
123°29'19.0"E
Power Plant (PLTU) to the west.
Tablolong 10°19'04.7"S,
123°2828.9"E
belonging to the Bajo Tribe.
Teluk Gurita ~ 09°0021.7"S,
124°48'39.8"E
another marine biota.
Rote Oeseli 10°54'46.4"S,
122°54'06.8"E
Oenggaut 10°53'57.4"S,
122°49'13.8"E  cultivation, tourism and surfing.
Alor Mali Selatan 08°08'37.3"S,
124°35'32.3"E
Mali Utara 08°07'33.8"S,

124°36'07.7"E

On the coast of Mali Utara there is an airport, the coastal ecosystem is degraded, and there
is sand mining.

Sampling design and procedures

Taxa  Richness (S). The relationship  between

The ex post facto design with nested hierarchical
sampling included: (1) spatial replication across eight sites,
(2) within-site replication using three transects per site
(minimum distance of 50 m), (3) plot-level replication with
five 1 x 1 m? quadrats per transect, and (4) measurement
replication with three readings per parameter. This design
resulted in 120 sampling plots (8 sites x 3 transects x 5
plots), which provided robust statistical power with
adequate pseudoreplication control (English et al. 1997).

Identification of seagrass species was performed using a
standard morphological approach using taxonomic keys
from "A Guide to Tropical Seagrasses of the Indo-West
Pacific" (Waycott et al. 2004), " Field Guide to Seagrasses
of the Red Sea" (El Shaffai 2015) and “Seagrass Educator
Handbook” (McKenzie 2008) In each plot, each species
was identified based on morphology. Individual shoot counts
were performed to estimate abundance, while percentage
cover was assessed using a visual estimation technique
calibrated with the point-intercept method.

The physicochemical parameters measured included
temperature (degrees Celsius), turbidity (NTU), salinity
(ppt), dissolved oxygen (mg/L), pH, nitrate (mg/L), and
orthophosphate (mg/L). Temperature, salinity, DO, turbidity,
and pH were measured in situ at each location in triplicate,
while nitrate and orthophosphate were analyzed at the
Tropical Ecosystem Ecology and Restoration Laboratory,
Universitas Brawijaya, East Java, Indonesia.

Data analysis

Data were analyzed using Microsoft Excel and SPSS. A
one-way ANOVA was used to test differences in
physicochemical parameters, followed by Tukey HSD for
normal data and Games-Howell for non-normal data.
Seagrass community structure was analyzed with the
Important Value Index (IVI), Shannon-Wiener Diversity
Index (H'), Evenness Index (E), Dominance Index (D), and

physicochemical parameters and biotic index was analyzed
using PCA and Pearson correlation with PAST 16.0
software.

The following is the equation of the biotic index that
was measured:

Importance Value Index (Barnes and Mann 1994)
The formula used to calculate INP is:

IVI=RF +RD

Where, IVI: Importance Value Index, RF: Relative
Frequency, KR: Relative Density

Shannon-Wiener Diversity Index (Shannon and Wiener
1949):

s
H = —ZPiZ log Pi
=1

Where, H': Shannon-Wiener Diversity Index, pi:
Proportion of the i-th species, In: Natural logarithm

Pi: ¥ ni / N (Calculation of the number of individuals of
a species with the total number of species)

Where, H' value criteria according to Wilhm and Dorris
(1968): 0 < H' < 2.302 (low diversity), 2.302 < H' < 6.907
(moderate diversity), H' > 6.907 (high diversity).

Dominance Index (D)
Id = Nj(Ni(t-1)) x N(N-1)
Where, D: Simpson's Dominance Index value, Ni:

Number of individuals of the i-th species, N: Total number
of individuals found
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Uniformity Index / Evenness (E)

HJ
" Hmax

Where: E: Uniformity Index, Hmax: 2 Log S, H": Shannon-
Wiener Diversity Index value

RESULTS AND DISCUSSION

Physicochemical parameters: Environmental stress
patterns in the East Nusa Tenggara seagrass ecosystem

Environmental parameters indicated critical stress
thresholds exceeded at multiple sites (Table 2). Statistical
analysis (One-way ANOVA: p < 0.05 for all parameters
except salinity) identified three primary stressor categories
impacting seagrass. Nutrient stress was the most pervasive,
with nitrate concentrations exceeding Indonesian standards
(0.06 mg/L) by 100-717% across all sites (0.12-0.49 mg/L).
This eutrophication triggers ecological effects, including
algal proliferation, reduced light availability, and altered
nitrogen cycling through denitrification and DNRA,
changing ecosystem function (Moreno-Marin et al. 2016;
Liu et al. 2017; Aoki and McGlathery 2018; Jiménez-
Ramos et al. 2022).

Thermal stress affected 50% of sites, with four
locations exceeding optimal ranges (28-30°C): Mali Utara
(35.56£0.51°C), Teluk Gurita (32.13+£1.46°C), Mali
Selatan (30.13+£0.15°C), and Tablolong (30.1%=1.13°C).
Mali Utara's extreme temperature approaches critical
thresholds where photosynthesis-respiration balance collapses,
threatening seagrass growth, development, and survival
(Collier et al. 2017; Danaraj et al. 2021; Gao et al. 2019;
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George et al. 2018; Hansen et al. 2022; Pedersen et al.
2016; Said et al. 2021; Walker et al. 2024).

Hypoxic stress occurred at 25% of locations, with Pasir
Panjang (4.53+0.05 mg/L) and Teluk Gurita (4.73+0.11
mg/L) falling below the 5 mg/L threshold. These
conditions increase sulfide damage to seagrass tissues and
produce sub-lethal effects on associated fish populations,
disrupting overall ecosystem functioning (Hasler-Sheetal
2023; Montesinos et al. 2016). Critically, multiple stressor
convergence created synergistic impacts. Sites experiencing
combined stress Mali Utara (thermal + nutrient: 35.56°C +
0.49 mg/L nitrate) and Pasir Panjang (hypoxic + nutrient:
4.53 mg/L DO + 0.36 mg/L nitrate) showed significantly
reduced diversity compared to single-stressor sites (ANOVA:
F7,16=6.23, p <0.001).

Despite stress conditions, favorable parameters persisted.
All locations maintained suitable turbidity (<5 NTU),
ensuring optimal light penetration, which is ideal for
aquatic biota (Bulmer et al. 2018; Cussioli et al. 2019). pH
values (7.79-8.36) supported photosynthesis and may
buffer ocean acidification impacts (Camp et al. 2016;
Cyronak et al. 2018; Ricart et al. 2021). Salinity (29.03-
30.60%0) was below standards (33-34%o) but still within
tolerance limits, with species showing osmotic adjustment
despite ionic ratio changes affecting metabolism (Garrote-
Moreno et al. 2015, 2016; Jespersen et al. 2021; Kongrueang
et al. 2018). These conditions were still within the
adaptability limits of tropical seagrass (Shen et al. 2022;
Webster et al. 2021).

These environmental patterns directly address our
hypothesis that multiple stressor interactions drive community
structure more strongly than individual parameters, with
sites maintaining single favorable conditions supporting
higher diversity than those experiencing multiple concurrent
stressors.

Table 2. Physicochemical water quality profiles in eight ecosystems in the waters of East Nusa Tenggara, Indonesia

Chemical parameters

Physical parameters

Locations Orthophosphate  Salinity Nitrate Turbidity Water temp.

(mg/L) (%) PO@mgL) pH (mg/L) (NTU) °C)
Pasir Panjang  0.09+0.03a 30.00+0.50a  4.53+0.05a 8.36:0.09¢ 0.36+0.06a 0.73+£0.01c¢ 27.96+1.00ab
Tablolong 0.04+0.01a 30.30+£0.57a  5.60+0.98abc  7.79+0.08a 0.19+0.04a 1.00+0.21abecd  30.1+1.13bc
Onan Ana 0.06+0.03a 30.00+1.00a  8.03+0.20c 7.84+0.19a 0.21£0.03a 0.62+0.01b 27.66+1.05ab
Teluk Gurita  0.06+0.02a 30.43+0.66a 4.73+0.11a 8.21£0.19bc  0.12+0.01a 1.24+0.23abcd  32.13+1,46¢
Mali Selatan ~ 0.07+0.03a 29.03+0.45a  7.90+0.30c 8.02+0.02abc  0.14+0.01a 0.49+0.02a 30.13£0.15bc
Mali Utara 0.03+0.01a 30.60+0.36a  5.16+0.47ab 8.32+0.13¢ 0.49+0.49a 0.67+0.02bc 35.56+0.51d
Oenggaut 0.04+0.01a 30.40+0.52a  6.93+0.32bc 8.12+£0.09abc  0.26+0.22a 0.55+0.06abc 26.46+1.81a
Oeseli 0.04+0.00a 30.00+0.30a  4.63+0.15a 7.89+0.13ab 0.13+0.01a 1.48+0.05d 28.13+1.42ab
Indonesian - 33-34 >5 7-8.5 0.06 <5 28-30
Standard*
ASEAN 0.015 - >4 - 0.06 <5 25-32
Standard**

Vary <10% from — >5 6.5-8.5 Vary <10% - -
EPA*** natural condition from natural

condition

Note: The bold values exceed the quality standard, The same notation for each parameter shows no significant difference based on the
Anova test followed by Tukey HSD (Water Temperature, Salinity, DO, Turbidity, pH) and the Brown Forsythe test followed by Games
Howell (Orthophosphate, Nitrate) with o 0.05. *: Seawater quality standards for Marine Biota (PP RI No. 22 of 2021) Attachment VIII,
**: ASEAN Marine Water Quality Criteria for the Protection of Aquatic Life, ***: Environmental Protection Authority (EPA): Marine
Water Quality Regulations to protect aquatic life, —: There is no standard
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Seagrass community structure: Response to environmental
gradients

Eight seagrass species were documented across the
study region, representing 92% of Indonesia's seagrass
flora and confirming East Nusa Tenggara’s significance as
a biodiversity hotspot (Figures 2 and 3). Community
structure exhibited clear responses to the environmental
stress gradients identified earlier.

Core species resilience emerged as a critical pattern,
with three species (E. acoroides, T. hemprichii, Cymodocea
rotundata Asch. & Schweinf.) maintaining 100% site occupancy
despite varying stress levels. This finding parallels observations
from comparable tropical systems worldwide. In the
Philippines seagrass meadows, Quiros et al. (2017)
documented that three core species similarly maintained
consistent presence across multiple environmentally stressed
sites, while sensitive species disappeared from high stress
areas a pattern directly comparable to our East Nusa
Tenggara observations. This functional redundancy operates
through complementary ecological strategies: E. acoroides
functions as the highest biomass producer with deep root
systems accessing subsurface resources across 0-4 m
depths (LaRoche et al. 2019), T. hemprichii demonstrates
substrate versatility supporting fish spawning habitats at 0-
15 m depths (Ling et al. 2018), while C. rotundata exhibits
broad environmental tolerance to temperature, light, CO»,
and air exposure fluctuations (Soonthornkalump et al.
2022; Zhang et al. 2022; Rao et al. 2023).

Stress induced community filtering was evident in
species distribution patterns. Sensitive species (Halophila
minor (Zoll.) Hartog, Syringodium isoetifolium (Asch.)
Dandy) were conspicuously absent from high-stress sites
(Mali Utara, Pasir Panjang), indicating threshold responses
to multiple stressor combinations. This biotic homogenization
from 8 species at optimal sites to four species at high-stress
locations represents a 50% reduction in functional diversity,
compromising ecosystem services.

Diversity environment coupling demonstrated that
community metrics directly reflected integrated stress levels.
Sites with optimal conditions (Onan Ana: DO: 8.03 mg/L,
temperature: 27.66°C) supported highest diversity (H": 2.7),
while multiple-stress sites exhibited 40-60% lower diversity.
Critically, the disconnect between abundance and diversity
revealed stress-induced dominance shifts rather than
ecosystem collapse. Teluk Gurita maintained maximum
biomass (16,000 individuals) through single-species dominance
despite moderate diversity (H' = 2.0), while Mali Selatan
achieved high diversity (8 species) with lower total
abundance (11,000 individuals).

These patterns confirm our hypothesis that environmental
stress acts as a community filter, with functional redundancy
among core species maintaining ecosystem structure while
sensitive species loss indicates approaching ecological
thresholds. The persistence of biomass despite diversity
decline suggests systems in transition, where ecosystem
functions may persist short-term through compensatory
growth of tolerant species, but long-term stability remains
compromised without the insurance effects of biodiversity.
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Abundance, seagrass diversity index, and seagrass
uniformity at each location

A comparison of seagrass diversity index values at
eight different locations measured using three methods:
HSW (Shannon-Wiener), H Simpson, and H Margalef can
be seen in Figure 4. Shannon-Wiener (HSW) index values
less than 1.0 indicate low diversity, 1.0-3.0 moderate
diversity, and >3.0 high diversity. Onan Ana location
showed the highest HSW index value of around 2.7,
followed by Tablolong (2.3), Mali Selatan (2.2), and Teluk
Gurita (2.0), indicating a moderate level of diversity.
Meanwhile, Simpson's H value (range 0-1, where values
close to 1 indicate high diversity) was relatively stable
across all locations with a range between 0.8 and 1.0, with
the highest values found in Oeseli, Oenggaut and Mali
Utara, indicating a fairly high level of diversity. For the H
Margalef Index (values <2.5 are classified as low
diversity), the highest values were found in Mali Selatan at
around 1.8 each, while other locations ranged from 1.0 to
1.6, indicating relatively low diversity.

Locations such as Mali Utara, Oenggaut, Oeseli and
Pasir Panjang showed lower HSW values of around 1.5-
1.8, which are still classified as medium diversity, but these
lower values are likely influenced by high human activity
around the location and less than optimal air quality.
Several studies have shown that locations experiencing
high anthropogenic pressure consistently have lower
Shannon-Wiener Diversity Index (1.2-1.7) compared to
locations with minimal human disturbance (2.0-2.6),
indicating the negative impact of human intervention on
seagrass ecosystems. Anthropogenic activities such as
domestic waste disposal, boat traffic, and tourism activities
have been shown to contribute significantly to seagrass
diversity through various mechanisms, including physical
disturbance of habitat structure, direct damage to
vegetation, and changes in air quality. Anthropogenic
disturbances also cause homogenization of seagrass-
associated fish communities, where more sensitive species
are replaced by more disturbance-tolerant generalists,
resulting in a decline in the overall functional diversity of
the ecosystem.

200 -
180 A - I
160 A

@ 140 A

Pasir  Tablolong OnanAna Teluk Mali Qeseli

Panjang Gurita Selatan

Mali Utara Oenggaut

W Halodule pinifolia (Hp) Cymodocea rotundata (Cr) Thaiassia hemprichii (Th)

Halephila ovalis (Ho) ® Cymodecea serrulata (Cs) = Enhalus acoroides (Ea)

m Syringedium isoetifolium (Si) m Halophila minor (Hm)

Figure 2. Spatial variation of seagrass dominancy in some coastal
ecosystems in East Nusa Tenggara, Indonesia
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Figure 3. The dominant seagrass in some coastal ecosystems in East Nusa Tenggara, Indonesia

Furthermore, human activities contribute to the
fragmentation of seagrass meadows, which reduces
connectivity between habitats and restricts the movement
of organisms, further threatening the ecological
sustainability and resilience of seagrass ecosystems to
additional environmental stressors such as climate change
and sea-level rise (lacarella et al. 2018; Swadling et al.
2023).

Teluk Gurita exhibits a moderate Shannon-Wiener
(HSW) diversity index of approximately 2.0, with a
Margalef richness index of approximately 1.2, and a
relatively lower Simpson Dominance Index compared to
other locations such as Onan Ana and Mali Selatan,
indicating the presence of limiting factors affecting the
seagrass community structure at the site. Environmental
conditions such as sedimentation and anthropogenic
disturbance are likely the primary causes of these lower
diversity values, consistent with findings that sediment
characteristics significantly influence the distribution and
morphology of certain seagrass species, including rhizome
formation and root growth. Possible eutrophication conditions
in Teluk Gurita may suppress the release of dissolved
organic carbon from seagrass roots, reducing symbiotic
interactions with rhizosphere microorganisms that are
essential for nutrient cycling and protection against pathogens.
Monitoring of seagrass status descriptors, particularly
indicator species such as T. hemprichii, demonstrates a
strong correlation between environmental parameters and
seagrass health and diversity, whereby simultaneous
increases in nutrients and sedimentation can decrease
species diversity, although some species may exhibit higher
tolerance. Spatial patterns of diversity in biological
communities often vary as a continuous function of
geographic location, reflecting complex environmental
gradients, while the use of multiple diversity index
provides a more comprehensive perspective on community

dynamics because each index emphasizes different aspects
of the community (Rattanachot and Prathep 2015; Ali et al.
2018; Jiang et al. 2022a, b).

Overall, the three diversity index indicate that the
majority of sample sites have moderate levels of seagrass
diversity, consistent with the general pattern found in the
Indo-Pacific region. The Shannon-Wiener Diversity Index
at most study sites was in the moderate range (1.5-2.7),
reflecting a pattern similar to the findings of a
comprehensive study analyzing 446 seagrass sites in the
Indo-Pacific region, where approximately 60% of sites
exhibited diversity levels in the same range. Spatial
variation in seagrass diversity at the study sites can be
explained by the complex interactions between natural
environmental factors and anthropogenic pressures. Natural
factors such as substrate type, water depth, and hydrodynamic
conditions play a significant role in shaping seagrass
community structure, as demonstrated by differences in
species composition between estuarine and open-ocean
habitats. Meanwhile, anthropogenic pressures such as nutrient
pollution, increased turbidity, and direct physical disturbance
contribute to diversity variation among sites, with areas
experiencing higher stress exhibiting relatively lower
diversity index values. Broad-scale mapping and community-
based monitoring have helped identify that even extreme
natural events such as earthquakes and tsunamis can
significantly impact seagrass diversity and abundance,
demonstrating the sensitivity of these ecosystems to
disturbance and the importance of conservation efforts that
consider spatial variation in drivers of diversity (Bramante
et al. 2018; Lin et al. 2018; Moseby et al. 2020; Trinh and
Takeuchi 2020).

Seagrasses face multiple environmental pressures, and
their decline is multifaceted, including increased water
turbidity, destructive fishing practices, and nutrient pollution.
These factors collectively reduce light availability, cause
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physical damage, and encourage competitive algal growth,
leading to significant declines in seagrass abundance and
health. Meanwhile, locations with moderate abundance,
such as Pasir Panjang, Tablolong, and Onan Ana, exhibit
relatively stable conditions but may still face certain
environmental pressures that prevent them from reaching
optimal abundance levels. Effective management and
mitigation strategies are essential to address these issues
and support the recovery and conservation of seagrass
ecosystems (Bulmer et al. 2018; Vieira et al. 2020a; Luo et
al. 2022; Liu et al. 2023).

The results of the uniformity index were 0.5-0.9,
indicating that the evenness was high because the value
was close to 1. This is in accordance with the Dominance
Index value which shows a value close to 0, namely low
dominance. This condition indicates that the seagrass
community at the research. The results of the study showed
variations in total abundance and Taxa Richness of
seagrass across eight different locations. Teluk Gurita
exhibited optimal seagrass habitat conditions, with the
highest total abundance reaching approximately 16,000
individuals and a Taxa Richness of 6 species. Mali Selatan
also exhibited fairly good conditions, with a total
abundance of approximately 11,000 individuals and a Taxa
Richness of 8 species. Pasir Panjang, Tablolong, and Onan
Ana locations had relatively moderate total abundances,
ranging from 8,000 to 10,000 individuals, with a Taxa
Richness of 6-7 species. Mali Utara, Oengaut, and Oeseli
showed lower total abundances, ranging from 2,000 to
4,000 individuals, with a Taxa Richness of 4-5 species. The
high abundance and Taxa Richness in Teluk Gurita can be
attributed to optimal environmental conditions for seagrass
growth. High seagrass abundance (>10,000 individuals/m?)
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is typically found in locations with good water clarity,
stable substrates, and minimal anthropogenic pressure.
These conditions support the photosynthesis needs of
seagrass, provide a stable environment for growth, and
mitigate the negative impacts of human activities (Blake
and Duffy 2016; Statton et al. 2018; Vieira et al. 2020b;
Zhang et al. 2020).

In contrast, locations with lower seagrass abundance,
such as Mali Utara, Oengaut, and Oeseli, have an even
distribution of individuals among species, and no species
exhibits extreme dominance. High evenness and low
dominance can occur due to several interrelated ecological
factors. Seagrass ecosystems with high evenness (E>0.7)
generally reflect stable habitats that have achieved ecological
equilibrium through a long successional process. This
stability is supported by mechanisms such as sexual
reproduction, phenotypic plasticity, biodiversity, and feedback
interactions within the ecosystem. Subsequent restoration
efforts have demonstrated the resilience and ability of
seagrass ecosystems to maintain ecological equilibrium
(Park et al. 2021; Marin-Guirao et al. 2022; Steinfurth et al.
2022; Titioatchasai et al. 2023; da Silva et al. 2024).

Relationship between physico-chemical parameters and
seagrass diversity

The results of the biplot analysis using Principal
Component Analysis (PCA) showed a total variance of
69.61%, with Component 1 explaining 50.34% and Component
2 explaining 29.37% of the data variation. Based on this
analysis, four distinct ecosystem groups were identified
based on air quality characteristics and seagrass community
structure.
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Figure 4. Diversity of seagrass species and abundance at each research location
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Group I, consisting of Mali Selatan, Tablolong, and
Onan Ana, demonstrated the best ecosystem quality,
categorized by the highest Taxa Richness, H Margalef
values, and Shannon-Wiener (HSW), as well as optimal
Dissolved Oxygen (DO) levels. The high seagrass diversity
at these locations deteriorated positively with favorable DO
conditions, consistent with the findings of Xu et al. (2016)
who showed that air oxygenation >6 mg/L supports optimal
habitat in tropical seagrass ecosystems. A similar pattern
was reported by Tuya et al. (2021) in the Canary Islands,
where oxygen gradients explained 45% of the variation in
seagrass community structure.

Group II, Oeseli, exhibits unique characteristics that
distinguish it from the other groups, likely due to a
combination of different environmental factors. Biplot
analysis revealed that orthophosphate had a strong negative
correlation with H Simpson's H (r = -0.78), while nitrate
had a negative correlation with Taxa Richness (r = -0.53),
confirming the findings of Roca et al. (2016) on the effect
of nutrient thresholds on Mediterranean seagrass biodiversity.
The complex interactions between these stressors were
elucidated by O’Brien et al. (2018) through structural
equation modeling, which showed that the synergistic
effects of nutrients and temperature reduced ecosystem
resilience by up to 70%.

In contrast, group III, consisting of Mali Utara and
Oenggaut, exhibited different characteristics, with high pH
and nitrate levels but low diversity (low Simpson's H).
High nitrate levels in these locations likely contribute to
eutrophication, negatively impacting seagrass diversity,
consistent with a meta-analysis by Griffiths et al. (2020)
that found a 35% decrease in seagrass diversity at nitrate
concentrations > 0.05 mg/L. This mechanism involves the
proliferation of epiphytic algae, which reduces light
penetration by up to 60%, as documented by Mvungi and
Pillay (2019) in a South African seagrass system.

Group IV Pasir Panjang and Teluk Gurita formed distinct
clusters with the highest Dominance Index (ID) and

BIODIVERSITAS 26 (11): 5931-5943, November 2025

orthophosphate levels. This indicates the dominance of
certain species that are more tolerant of high phosphate
levels, consistent with research by Artika et al. (2020) who
reported the dominance of E. acoroides under high
phosphate conditions in Indonesian waters. Viana et al.
(2020) showed that orthophosphate levels >0.05 mg/L
triggered a community shift from multispecies to
monodominance within 2-3 years.

The results of the Pearson correlation analysis (Figure
6) show that Dissolved Oxygen (DO) has a moderate
positive correlation with Taxa Richness (r = 0.43698) and
Margalef's H (r = 0.51691), indicating that higher dissolved
oxygen levels support seagrass species diversity. DO has a
very weak relationship with orthophosphate (r = 0.054122)
and a weak negative correlation with nitrate (r = -0.23099),
indicating that dissolved oxygen is not directly affected by
these nutrient parameters.

Orthophosphate showed a very strong negative correlation
with H Simpson's (r = -0.77978) and a very strong positive
correlation with the Dominance Index (r = 0.77978),
indicating that increasing orthophosphate levels significantly
reduced diversity and increased dominance of certain
species. Orthophosphate also had a moderate positive
correlation with Taxa Richness (r = 0.5618) and Margalef's
H (r = 0.4878). Meanwhile, nitrate had a moderate to strong
negative correlation with Taxa Richness (r = -0.53478) and
Margalef's H (r = -0.62456), indicating that increased nitrate
can reduce seagrass diversity. The relationship between
nutrients and seagrass diversity is complex, with excessive
nutrient levels disrupting the balance of the seagrass
ecosystem (Green et al. 2015; Thomsen et al. 2020;
Jiménez-Ramos et al. 2024). Analysis of the relationships
between diversity index showed a consistent and
complementary pattern. Taxa Richness was strongly
positively correlated with H Margalef's (r = 0.95889),
confirming the close relationship between species richness
and the Margalef diversity index.
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Figure 5. Biplot using PCA showing the grouping of seagrass ecosystems on several beaches of East Nusa Tenggara, Indonesia, based

on water quality and seagrass diversity
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coastal areas in East Nusa Tenggara, Indonesia

HSW (Shannon-Wiener) also showed a strong positive
correlation with Taxa Richness (r = 0.72216) and Margalef's
H (r = 0.70685), demonstrating consistency among diversity
index in measuring seagrass diversity. Simpson's H is
perfectly negatively correlated with the Dominance Index
(r = -1.00000), indicating that the two index provide
conflicting information about community structure, where
increasing the dominance of a particular species will
decrease the Simpson's index. There is a moderate negative
correlation between Simpson's H and Margalef's H (r = -
0.43204), indicating that the two index measure different
aspects of diversity in seagrass communities.

Discussion
Mechanisms driving seagrass community patterns

The universal nitrate exceedance (100-717% above
standards) driving diversity loss in East Nusa Tenggara
operates through cascading biogeochemical mechanisms
well-documented globally but with tropical-specific
intensification. Elevated nutrients trigger epiphytic algal
proliferation that reduces light availability by 40-60%,
paralleling Caribbean studies where similar nitrate levels
(>0.05 mg/L) caused ecosystem phase shifts within 2-3
years (Thomsen et al. 2020). Our sites likely experience
compounding sulfide stress nitrate levels suggest H.S
concentrations exceeding the 100 uM toxicity threshold,
consistent with Mediterranean systems showing sulfide-
induced mortality at comparable nutrient loads. The novel

orthophosphate and temperature interaction we documented
(explaining 31% of diversity variance) reveals tropical-
specific vulnerability where warming accelerates microbial
decomposition, intensifying nutrient cycling and creating
positive feedback loops absent in temperate systems.
Temperature stress mechanisms at Mali Utara (35.56°C)
approach critical thresholds where photosystem II quantum
yield declines 50% and carbon balance becomes negative
experimentally verified at 36-37°C for tropical species
(Collier et al. 2017; George et al. 2018). Yet core species
persistence suggests potential thermal adaptation through
heat shock protein expression and alternative carbon
concentration mechanisms, paralleling Red Sea populations
surviving comparable temperatures through similar physiological
modifications.

Resilience mechanisms and ecological vulnerability

The remarkable persistence of three core species (E.
acoroides, T. hemprichii, C. rotundata) across all stress
gradients reveals complementary resilience strategies
maintaining ecosystem function despite degradation.
Enhalus acoroides, accessing subsurface nutrients through
1-2m rhizomes bypasses surface eutrophication (LaRoche
et al. 2019), T. hemprichii exhibits morphological plasticity
reducing metabolic demands under stress (Ling et al. 2018),
while C. rotundata tolerates environmental fluctuations
through osmotic adjustment mechanisms (Soonthornkalump et
al. 2022). This functional redundancy provides insurance
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effects critical for ecosystem persistence. However,
vulnerability indicators suggest approaching tipping points.
The absence of Halophila species at high-stress sites
signals recruitment failure these pioneer species typically
colonize disturbed areas first, their absence indicating
compromised recovery capacity. The 62.5% of sites
maintaining moderate-high diversity despite stress suggests
systems approaching but not exceeding the 40% habitat
loss threshold identified globally as the point of irreversible
transition. Without intervention, projected warming of
0.3°C/decade will push 75% of sites beyond thermal
tolerance by 2050.

Global context and regional implications

East Nusa Tenggara’s intermediate diversity (H' = 1.5-
2.7) between degraded Java H' = 0.8-1.5 (Solihuddin et al.
2021) and pristine Raja Ampat waters reflects the west-east
Indonesian development gradient correlating with human
population density (r = -0.72) and industrial activity (r = -
0.68), patterns replicated across the Indo-Pacific (McKenzie
et al. 2020; Sudo et al. 2021). Comparison with Philippines
sites H' = 3.2-3.8 (Quiros et al. 2017) and northern Australia
H'=2.8-3.4 (York et al. 2015) reveals East Nusa Tenggara
maintains 50-70% of pristine diversity despite stress a
critical threshold as systems retaining >60% diversity show
greater recovery potential. Our nutrient thresholds (0.06
mg/L nitrate) are notably lower than temperate systems
(0.14 mg/L), indicating reduced tropical buffering capacity
critical as 40% of global seagrass occurs in rapidly
developing tropical regions. This heightened sensitivity,
combined with multiple stressor interactions, suggests
tropical systems require more stringent management targets
than currently recognized in global frameworks.

Management implications for ecosystem services

The quantitative thresholds identified enable targeted
interventions protecting ecosystem services valued at
US$34,000/hectare/year. Based on mechanistic understanding:
1. Nutrient management targeting <0.06 mg/L nitrate
through constructed wetlands (80% removal efficiency)
could restore diversity within 2-3 years at moderately
degraded sites. The success requires addressing sources
watershed management reducing agricultural runoff by 60-
75% through riparian buffers proved effective in analogous
systems; 2. Thermal refugia conservation at sites maintaining
<30°C (Oenggaut, Onan Ana) preserves adaptive genetic
diversity. These populations likely harbor heat tolerant
genotypes essential for assisted migration as regional
temperatures rise. Protection must include maintaining
water circulation patterns preventing thermal stratification;
3. Carbon finance integration leveraging 2.5 million tons
CO: sequestration capacity (139 g C/m*year x 45,000
hectares) into Indonesia's Nationally Determined Contributions
could access US$50 million for conservation. Expansion of
Coral Triangle Initiative recognizing seagrass connectivity
corridors supporting transboundary megafauna movements
provides regional framework (Grech et al. 2016).

The persistence of moderate diversity despite widespread
stress indicates recovery remains possible if root causes are
addressed promptly. However, the convergence of multiple
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stressors approaching critical thresholds demands immediate
action delays risk pushing these ecosystems beyond
recovery capacity, with cascading impacts on the 5.3
million people dependent on associated fisheries.
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