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Abstract. Polapa F'S, Rani C, Jompa J, Suharto. 2026. Coral resilience in marginal reefs of South Sulawesi, Indonesia. Biodiversitas 27
(3): d270333. https://doi.org/10.13057/biodiv/d270333. Coral reefs face escalating global and local threats, yet data on coral resilience
to inform rehabilitation strategies remain limited, especially in marginal environments. We compared coral community structure and
water quality between marginal and reference reefs in South Sulawesi, Indonesia, to identify stress-adapted genera with restoration
potential. Generic diversity was comparable between marginal (16.3+7.5 genera) and reference sites (17.5+3.5 genera), but reference
reefs exhibited 2.6 higher coral abundance. Coral abundance showed a strong negative correlation with water quality (r = -0.82). Non-
metric multidimensional scaling revealed clear community segregation between reef types, with reef type explaining 37.6% of the
variation in composition. Using performance ratios (marginal/reference abundance), we identified Turbinaria (exclusive to marginal
sites), Platygyra (ratio = 4.60), Dipsastraea (4.00), and Galaxea (3.13) as genera with exceptional adaptive potential under marginal
conditions. Despite a lower performance ratio (0.26), Porites maintained the highest absolute abundance across all sites, highlighting its
ecological importance. Our findings provide science-based criteria for coral species selection in restoration programs. We recommend a
combined strategy, prioritizing high-performance-ratio genera (Turbinaria, Platygyra, Dipsastraea, Galaxea) for their adaptive
advantages while including ecologically dominant, stress-tolerant taxa like Porites to enhance restoration success. This recommendation
is specifically targeted for reefs experiencing moderate water quality degradation (STORET scores 12-18) and elevated sedimentation as
documented at our nearshore marginal sites in South Sulawesi. This targeted approach leverages marginal reefs as reservoirs of stress-
adapted genotypes, offering a practical strategy for enhancing reef recovery in rapidly changing tropical seascapes. Our study
underscores the conservation value of marginal reefs and provides actionable insights for reef restoration in Indonesia and similar
regions facing cumulative environmental pressures.
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INTRODUCTION

Coral reefs are among the most biologically diverse and
economically vital ecosystems on Earth, providing essential
services such as coastal protection, fisheries support, and
tourism revenue (Phelan et al. 2020; Jury et al. 2024).
However, these ecosystems are increasingly threatened by
both global climate change, including rising sea temperatures,
ocean acidification, and frequent extreme weather events
and local anthropogenic impacts (Wei et al. 2022) such as
water pollution, sedimentation, and overfishing (Pendleton
et al. 2016; Johnson et al. 2022). The synergistic effects of
these stressors have led to widespread coral bleaching,
mortality, and loss of reef structure worldwide, necessitating
urgent conservation and restoration interventions.

In this context, the concept of “marginal reefs” has
gained prominence in coral reef science. These are reef
systems that persist under sub-optimal environmental
conditions—such as turbid coastal waters, upwelling zones,
and habitats with high temperature variability—which differ
markedly from the clear, oligotrophic waters typically

associated with robust coral growth (Yates et al. 2014;
Camp et al. 2018; Figueroa-Pico et al. 2020). Functioning
as natural laboratories, marginal reefs offer critical insights
into coral adaptation, acclimatization, and resilience
mechanisms. Corals thriving in these environments may
harbor unique physiological and genetic traits that could
inform conservation strategies in an era of rapid
environmental change (Kavousi and Keppel 2017; Nelson
et al. 2022).

Despite their ecological significance, the mechanisms
underlying coral success in marginal environments remain
inadequately understood, particularly in highly biodiverse
yet threatened regions such as Indonesia (Burt et al. 2020;
Gantt et al. 2024a). Distinguishing genuinely stress-adapted
coral populations from those not merely persisting but
potentially thriving under sub-optimal conditions requires
rigorous comparative analysis between marginal and more
favorable reference environments (Good and Bahr 2021;
Briski et al. 2025). To facilitate such comparisons, we
adopt the following operational definitions: (i) stress-
resistant genera refer to coral genera that maintain higher
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relative abundance in marginal versus reference conditions,
(ii) stress-adapted populations are those demonstrating
measurable physiological or ecological advantages in sub-
optimal settings, (iii) marginal reefs are sites characterized
by significant anthropogenic influence and/or degraded
water quality, and (4) reference reefs are sites with minimal
human disturbance and good water quality, representing
regional ecological baselines.

Indonesia lies at the heart of the Coral Triangle, the
global epicenter of marine biodiversity, and hosts some of
the world’s most diverse coral reef ecosystems (Veron
2013). Recent studies have documented the persistence of
coral reefs under marginal conditions in this region,
including in Bone Bay where thriving reefs with hard coral
cover from 43% to 63% are found in oligotrophic to
eutrophic waters (Irwan et al. 2024). However, these marginal
reefs face escalating pressures from anthropogenic
activities such as overfishing and nickel mining, resulting
in variable live coral cover (Hasim et al. 2025). In the
Spermonde Archipelago, coral reef islands are undergoing
morphological changes due to sea-level rise and ecosystem
degradation, with significant shoreline erosion observed on
eastern margins (Sengupta et al. 2025), yet these reef
complexes demonstrate capacity to keep pace with rising
sea levels (Hynes et al. 2025). Such findings underscore the
urgency of understanding coral resilience in marginal
environments to inform targeted rehabilitation strategies,
particularly as conservation frameworks increasingly
incorporate passive and active restoration approaches
(Kusumo et al. 2025).
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This study focuses on community-level patterns and uses
performance ratios calculated as the relative abundance of
coral genera in marginal versus reference sites as a
practical ecological indicator of resilience. Physiological
mechanisms are inferred from established literature rather
than directly measured. This study aims to compare coral
community structure between marginal and reference reefs
in South Sulawesi, evaluate the relationship between water
quality parameters and coral abundance/diversity, and
identify stress-resistant coral genera with demonstrated
potential for use in rehabilitation programs. By highlighting
locally adapted, resilient taxa, this work seeks to provide
targeted, science-based recommendations for coral reef
restoration in rapidly changing environments. The findings
are intended to directly inform coral rehabilitation planning
and species selection for marginal reef environments in
Indonesia and similar tropical regions facing multifaceted
environmental pressures.

MATERIALS AND METHODS

Study area

This research was conducted from August 4 to 25,
2025, as part of a planned field campaign under the BIMA
Fundamental Basic Research scheme (2025 funding cycle).
Surveys were carried out across five reef sites in South
Sulawesi, Indonesia, representing three marginal and two
reference environments (Figure 1).
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Figure 1. The five sampling sites in the waters of South Sulawesi, Indonesia
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Table 1. Geographic coordinates of sampling stations at each of the five sampling sites (marginal and reference reefs)

Station Latitude Longitude Site Information

1 -5.077458  119.4086 Makassar Urban nearshore reefs close to Makassar city center, high population

2 -5.090741  119.4002 Makassar density, adjacent to port activities

3 -5.102762  119.3997 Makassar

1 -4.750769  119.4679 Pangkep Pangkep Regency nearshore reefs, influenced by river discharge from

2 -4.738591  119.4521 Pangkep agricultural hinterland, aquaculture activities nearby

3 -4.727071  119.4661 Pangkep

1 -5.003224  119.0735 Makassar Reference Offshore island with clear waters, minimal anthropogenic influence, serves
2 -4.98359 119.068 Makassar Reference as regional (Makassar Strait) reference for good water quality

3 -4.972565  119.0722 Makassar Reference

1 -4.549348  120.4169 Bone Located in a semi-enclosed bay, influenced by terrestrial input from

2 -4.558872  120.4342 Bone multiple small rivers, moderate turbidity

3 -4.574047  120.4247 Bone

1 -4.563696  120.5419 Bone Reference Offshore site with strong water circulation, minimal terrestrial influence,
2 -4.571771  120.5561 Bone Reference regional (Bone Bay) reference for good water quality

3 -4.580704  120.557 Bone Reference

The three marginal sites were located in Bone (BN),
Makassar (MKS), and Pangkep (PKP), characterized by
proximity to potential pollution sources such as urban runoff,
river discharge, and port activities. The two reference sites
(Makassar Reference and Bone Reference) were situated in
areas with minimal direct anthropogenic influence. All
surveys were performed at a consistent depth range of 3-5 m
to avoid confounding effects of depth on coral community
structure. Each site comprised three replicate sampling
stations (15 stations total), with geographic coordinates
provided in Table 1.

Coral community assessment

Coral community composition was assessed using the
Line Intercept Transect (LIT) method following established
protocols for tropical marine resource surveys (English et
al. 1998; Hill and Wilkinson 2004). This method has been
widely validated for coral reef monitoring and is recognized
as a standard approach for characterizing benthic (UNEP
1993; Facon et al. 2016). At each station, three 50-m
replicate transects were deployed parallel to the reef slope at
5-m intervals. All scleractinian hard coral colonies whose
growth form intersected the transect line were identified to
genus level and recorded. Representative photographs of
each genus observed are given in Figure 2. Each colony was
counted only once, regardless of how many times it
intersected the line (Smithsonian Institution 2021). No size
threshold was applied; all colonies, including, were
included. Colony count (rather than percent cover) was
used as the primary abundance metric. Recent studies have
demonstrated that colony-based (demographic) data
provide better resolution of taxon-specific change in coral
communities compared to percent cover estimates alone
(Miller et al. 2016). Colony counts are more sensitive to
change in population density and are appropriate for
comparing relative performance across sites (Urbina-

Barreto et al. 2021), though this metric does not directly
reflect structural contribution.

Water quality analysis

Water quality data were obtained from a concurrent study
conducted during the same sampling period (Rathnakumari
2025). For transparency, a brief methodological summary
is provided here. Surface water samples were collected in
triplicate at each station using clean, acid-washed Niskin
bottles. Turbidity was measured in situ using a calibrated
portable turbidimeter. For laboratory analysis, water for
nutrient (nitrate, phosphate) and TSS analysis was filtered
(0.45 pm) and preserved on ice. Nitrate and phosphate
concentrations were determined using standard colorimetric
methods (APHA 2017) with a spectrophotometer. Dissolved
oxygen, pH, and salinity were measured using calibrated
multi-parameter probes. Parameters included turbidity,
Total Suspended Solids (TSS), salinity, Dissolved Oxygen
(DO), nitrate, phosphate, pH, and temperature. Samples
were collected at 1 m depth during morning hours (08:00-
10:00) and analyzed within 48 hours at the Water Productivity
and Quality Laboratory, Universitas Hasanuddin, Makassar.

Water quality classification followed the Indonesian
STORET index, which is based on Decree of the State
Minister of Environment No. 115/2003 (Kepmen LH No.
115/2003) and Government Regulation No. 22/2021 (PP
No. 22/2021). The method compares water quality data
against water quality standards (based on water class) with
a scoring system based on US Environmental Protection
Agency (EPA) guidelines and refers to US-EPA standards.
The STORET scoring system was applied, with higher
absolute scores indicating poorer water quality. For clarity
in interpretation, absolute values are presented throughout
the manuscript. Sites with STORET scores of 0-10 were
classified as reference sites (good water quality), while
scores of 11-30 indicated sites with marginal conditions
(moderate water quality).
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Figure 2. A. Acropora, B. Astreopora, C. Coeloseris, D. Cyphastrea, E. Dipsastraea, F. Echinopora, G. Euphyllia, H. Dipsastrea, 1. Favites,
J. Goniopora, K. Galaxea, L. Goniastrea, M. Isopora, N. Lobophyllia, O. Montipora, P. Merulina, Q. Pocillopora, R. Pachyseris, S.
Pavona, T. Porites, U. Platygyra, V. Seriatopora, W. Symphillia, X. Turbinaria

Data analysis community ~ reef type. To account for the nested structure
Multivariate community analysis of our design (stations within sites), permutations were

Permutational Multivariate Analysis of Variance restricted within each 'site’ using the strata argument. The
(PERMANOVA) was performed using the adonis2 function  analysis was based on Bray-Curtis dissimilarities calculated
in the vegan package (Oksanen et al. 2022) with the model: ~ from square-root-transformed abundance data, using 9999
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permutations to obtain p-values. The assumption of
homogeneity of multivariate dispersions between reef types
was formally tested using the PERMDISP procedure
(Lawrence et al. 2025). Results confirmed that dispersion
did not differ significantly between reef types (F = 1.245, p
=0.312), validating the PERMANOVA results.

Performance ratio assessment
Genus-specific resilience was quantified using the
Performance Ratio (PR):

PR Mean colony count in marginal sites

Mean colony count in reference sites

Genera with zero abundance in either reef type were
excluded from ratio calculation to avoid division by zero or
extreme inflation of ratios. This metric identifies genera
with PR>1.0 as potentially advantaged in marginal
conditions. We note that ratios derived from small sample
sizes (n = 2 reference sites) should be interpreted cautiously,
and results are presented as ecological indicators rather
than definitive measures of adaptation.

Correlation analysis

Pearson correlation was used to examine relationships
between water quality scores and coral abundance/diversity.
Given the limited sample size (n = 5 sites), correlations are
interpreted as descriptive trends rather than strong inferential
statistics. All analyses were conducted in R 4.2.3 (R Core
Team 2022).

RESULTS AND DISCUSSION

Water quality

A summary of key water quality parameter data for
each site is provided in Table 2. The data are presented as
meanzStandard Deviation (SD).

Coral community composition

The genus-level coral community composition across
the five study sites is summarized in Table 2. After
verification and consolidation of genus entries (Platygyra
counts were merged), the highest generic richness was
observed at the Pangkep marginal reef (23 genera),
compared to 18 and 14 genera at the Bone and Makassar
reference sites, respectively. Porites was the most abundant
genus overall, representing 36.3% of total colonies recorded
(184 colonies). However, cumulative Porites abundance was
higher in reference sites (126 colonies) than in marginal
sites (60 colonies). It should be noted that all analyses were
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conducted at the genus level; species-level diversity may
exhibit different patterns. The prevalence of stress-tolerant
genera like Porites in marginal environments aligns with
findings from other marginal reef systems in Southeast
Asia, where these genera demonstrate persistence under
sub-optimal conditions (Burt et al. 2020; Gantt et al. 2024b).

Several genera exhibited site-specific distribution patterns.
The genera Lobophyllia, Platygyra and Paraclavarina
were exclusively found at the Pangkep marginal site, while
Astreopora and Isopora were only found at the Makassar
Reference site. This suggests possible environmental
filtering and niche specialization across the environmental
gradient. Similar patterns of site-specificity in marginal
environments have been reported for certain genera in
turbid reef systems of Singapore and Jakarta Bay, where
distinctive species assemblages developed in response to
local environmental stressors (Laverick et al. 2020; Smith
et al. 2020; Doropoulos et al. 2022). Cumulatively, the
marginal sites hosted 25 of the 26 documented genera,
while 23 genera were found at reference sites. While the
absence of a genus from the sampling transects does not
prove absence from the sites, this marginal deficit of only 2
genera (as opposed to a deficit of 5 genera for reference
reefs) highlights the capacity of marginal environments to
maintain high generic diversity despite sub-optimal water
quality conditions. These findings reinforce the evidence
that marginal reefs can serve as important reservoirs of
coral biodiversity in Indonesia, as previously demonstrated
in studies from the Persian Gulf and eastern Pacific
upwelling-affected reefs (Guinotte et al. 2003; Galand et al.
2023; Jury et al. 2024), where diverse coral communities
persist under environmental extremes.

Coral community patterns

Our surveys revealed distinct patterns in coral community
structure between marginal and reference reefs in South
Sulawesi. While reference sites supported significantly higher
coral abundance (mean = 160 colonies/site) compared to
marginal sites (mean = 62.3 colonies/site), generic diversity
remained remarkably similar between the two environments.
Marginal sites hosted 16.3+7.5 genera, compared to
17.543.5 genera at reference sites. This pattern of
maintaining high diversity despite reduced abundance
aligns with findings from other marginal reef systems, such
as the turbid reefs of Singapore, where high species
richness persists despite lower coral cover (Guest et al.
2016), and sediment-impacted reefs where diversity remains
relatively stable even as overall abundance declines (Mellin
etal. 2019).

Table 1. Summary of water quality parameters (mean+SD) per site during the study period (August 2025)

Parameter Makassar Pangkep Makassar Reference Bone Bone Reference
pH 8.1+0.06 8.2+0.16 8.6+0.04 8.1+0.05 8.2+0.06
Salinity (ppt) 31.1+0.5 31.2+0.37 31.84+0.8 31.3+0.2 30.7+0.06
Temperature (°C) 31+0.6 27.4+0.71 30.37+0.1 28.28+0.3 30.07+0.5
Dissolved Oxygen (mg/L) 5.8+£0.2 5.5+0.5 6.7+0.1 5.9+0.4 5.02+0.1
Nitrate (mg/L) 0.03£0.01 0.03+0.03 0.04+0.002 0.02+0.009 0.02+0.002
Phosphate(mg/L) 0.005+0.002 0.007+0.001 0.005+0.0008 0.008+0.01 0.005+0.001
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PERMANOVA confirmed significant differences in
community composition between marginal and reference
reefs (F = 6.02, p = 0.001), with reef type explaining 37.6%
of the observed variation (Figure 3). This segregation in
community structure is consistent with environmental
filtering processes documented in other marginal
environments worldwide. For instance, in the extreme
temperature environments of the Persian Gulf, distinct
coral assemblages develop that differ significantly from
adjacent, more favorable sites (Burt et al. 2020), while in
eastern Pacific upwelling-affected reefs, unique community
compositions emerge in response to chronic environmental
stress (Glynn et al. 2016). The explanatory power of reef
type in our study (37.6%) appears stronger than values
reported in some other marginal systems, such as the
Florida Reef Tract (28% explained by environmental stress;
Lirman et al. 2018), though direct comparisons should be
made cautiously given differences in study design and
environmental contexts.

The observed decoupling of abundance and diversity
patterns—where coral populations are substantially reduced
and there may be a shift in the taxa present but generic
richness remains largely intact—may have implications for
reef resilience. A similar phenomenon has been documented
in other Southeast Asian marginal reefs, including at sites
in the Java Sea (Cleary et al. 2019) and the Philippines
(Torres et al. 2021), where diverse coral communities
persist despite chronic environmental challenges. However,
the observational nature of our study design limits
definitive conclusions about causal mechanisms or long-
term resilience outcomes.

Water quality and coral abundance relationship

Water quality assessment revealed a clear distinction
between marginal and reference sites (Table 3). Marginal
sites had moderate water quality status with STORET
scores ranging from 12 to 18 (mean = 14.7+3.1), while
reference sites maintained good water quality with scores
of 4. Coral abundance showed a parallel gradient, with
reference sites supporting 2.6% higher colony counts than
marginal sites (Table 3). The Pangkep marginal site had the
poorest water quality (STORET score = 18) but the highest
coral abundance among marginal sites (90 colonies), while
Bone had both moderate water quality (score = 14) and the
lowest coral abundance (36 colonies). The 10.7-point
difference in mean water quality scores between marginal
and reference categories indicates a substantial environmental
gradient across our study sites.

Water quality scores had a strong negative correlation
with coral abundance (r = -0.82, p<0.05), where poorer
water quality (higher STORET scores) corresponded with
reduced coral population density. However, the relationship
between water quality and generic diversity was weaker (r
= -0.45, p>0.05), suggesting that generic diversity may be
less affected by water quality stress than population
abundance (Figure 4). The progressive decline in coral
abundance from reference sites (mean = 160 colonies) to
marginal sites (mean = 62.3 colonies) aligns with this water
quality gradient. This pattern is consistent with findings
from other marginal reef systems in Southeast Asia, where
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water quality parameters influence coral community
structure while taxonomic diversity exhibits greater
resistance to environmental stress (Cvitanovic et al. 2024).
The observed relationship between water quality degradation
and coral abundance mirrors patterns documented in other
anthropogenically influenced reef systems, such as urban
reefs in Singapore (Lai et al. 2014) and sediment-impacted
reefs in the Java Sea (Tanzil et al. 2019).

Table 3. Water quality STORET scores and classification for the
five sampling sites. Marginal sites exhibited moderate water
quality (scores 12-18), while reference sites showed good water
quality (score 4)

. STORET Water qualit Coral

Site score classiﬁ(iationy abundance Reef type
Makassar 12 Moderate 61 Marginal
Pangkep 18 Moderate 90 Marginal
Bone 14 Moderate 36 Marginal
Makassar 4 Good 133 Reference
Reference

Bone 4 Good 186 Reference
Reference

Note: STORET classification follows Indonesian Government
Regulation No. 22/2021. Coral abundance = Total colonies
recorded across three 50-m transects. Generic diversity expressed
as mean number of genera per transect+standard deviation

Coral Community Shift : Marginal vs Reference
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Figure 3. Non-Metric Multidimensional Scaling (NMDS) ordination
of coral community composition based on genus-level abundance
data (stress = 0.18). Points represent sampling stations: red/orange
hues = marginal sites (Bone, Makassar, Pangkep), blue/purple
hues = reference sites (Bone Reference, Makassar Reference).
Although convex hulls are not displayed, clear separation is
evident along NMDS1. PERMANOVA confirmed significant
community separation by reef type (pseudo-F = 6.02, df =1, p =
0.001, R>=0.376)
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Despite the strong relationship with abundance, water
quality stress showed a weaker effect on generic diversity,
with marginal sites maintaining 93% of the generic richness
found in reference sites (see Table 4 for site-specific data).
This preservation of diversity under environmental stress
has been observed in other marginal systems, including
turbid reefs (Muller-Karanassos et al. 2021) and thermally
variable reefs (Burt et al. 2020), suggesting a common
pattern of diversity resilience in sub-optimal environments.
However, the correlational nature of these relationships
warrants caution in inferring direct causal mechanisms.
Furthermore, this pattern was observed at the generic
diversity level, and the conservation of taxonomic diversity
may be less evident at the species level, where the reduced
number of individuals of a given genus may belong to
fewer species within the genus.

Identification of resilient genera and community
composition shifts (performance ratio)

The performance ratio analysis (Figure 5) revealed a
spectrum of ecological responses among coral genera across
the marginal-reference gradient. Notably, Turbinaria was
found exclusively in marginal sites (indicating effectively
infinite PR), followed by Platygyra (PR = 4.60), Dipsastraea
(PR = 4.00), and Galaxea (PR = 3.13)—all demonstrating

performance ratios >3.0 and suggesting strong potential
adaptation to sub-optimal conditions. These genera not
only persisted but demonstrated enhanced performance in
marginal environments relative to reference sites, indicating
possible local adaptation to conditions characterized by
moderate water quality (Aeby et al. 2020). Importantly,
restoration planning must consider both adaptive potential
(PR) and existing ecological dominance. Despite its modest
PR (0.26), Porites warrants special attention as it
maintained the highest absolute abundance across all sites
(184 colonies total, 36.3% of all recorded colonies) and
substantial populations in marginal environments (51
colonies). This pattern mirrors observations from other
marginal reef systems where Porites demonstrates context-
dependent resilience—maintaining ecological dominance
despite environmental stress (Lee et al. 2021).

The performance of Platygyra and Galaxea in marginal
conditions corresponds with findings from other turbid reef
systems in Southeast Asia, where these genera exhibit
comparable stress tolerance patterns (Zweifler et al. 2021;
Doropoulos et al. 2022). These genera not only persisted
but demonstrated enhanced performance in marginal
environments relative to reference sites, indicating possible
local adaptation to sub-optimal conditions.

Table 4. Coral colonies recorded (genus and abundance) at the sampling sites (three marginal reefs and two reference reefs) in South

Sulawesi, Indonesia

Marginal reef site Reference site

Coral family Coral genus Bone Makassar Pangkep Makassar Bone
Acroporidae Acropora 0 0 2 2 0
Acroporidae Astreopora 0 0 0 0 1
Agariciidae Coeloseris 0 0 1 6 0
Merulinidae Cyphastrea 0 0 7 3 9
Merulinidae Dipsastraea 0 8 4 0 2
Lobophylliidae Echinopora 1 0 1 2 0
Euphylliidae Euphyllia 2 0 1 1 0
Merulinidae Dipsastrea 0 1 1 4 0
Merulinidae Favites 0 2 3 1 13
Poritidae Goniopora 8 2 1 12 2
Euphylliidae Galaxea 0 3 11 2 1
Merulinidae Goniastrea 0 1 3 0 0
Acroporidae Isopora 0 0 0 0 8
Lobophylliidae Lobophyllia 0 0 3 0 0
Acroporidae Montipora 3 3 1 15 37
Merulinidae Merulina 0 1 2 1 0
Pocilloporidae Pocillopora 0 2 0 6 8
Agariciidae Pachyseris 4 0 0 3 0
Agariciidae Pavona 2 1 5 15 4
Poritidae Porites 14 16 21 47 86
Merulinidae Platygyra 0 6 8 1 2
Clavariidae Paraclavarina 0 0 2 0 0
Pocilloporidae Stylophora 0 0 2 0 3
Pocilloporidae Seriatopora 1 7 0 4 8
Lobophylliidae Symphillia 0 3 3 1 0
Dendrophylliidae Turbinaria 0 4 3 0 0
Total number of colony colonies 35 60 85 126 184
Total number of genera 8 15 22 18 14
Total number of families 6 8 9 7 6
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Figure 4. Plot of coral abundance (number of colonies) versus
water quality (STORET scores) for marginal and reference reefs
in South Sulawesi, Indonesia
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Figure 5. Performance ratios (marginal/reference abundance) for
coral genera with PR>1.0

The differential performance among genera highlights
the multidimensional nature of coral resilience. While
Porites showed reduced relative performance (PR = 0.26),
its maintained high absolute abundance in marginal sites
underscores its ecological importance and practical value
for restoration. This pattern aligns with observations from
other Southeast Asian marginal reefs where Porites
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maintains structural dominance despite environmental
stress (Lee et al. 2021). The contrast between high-PR
genera (Turbinaria, Platygyra, Dipsastraea, Galaxea) and
high-abundance genera (Porites) suggests complementary
roles in marginal reef ecosystems: The former may
represent specialized adaptations to local stressors, while
the latter provides ecological continuity and structural
complexity.

Non-Metric Multidimensional Scaling (NMDS) revealed
clear separation between marginal and reference reef
communities along the primary axis (Figure 3), confirming
distinct community assemblages between the two reef types.
Marginal sites were characterized by higher representation
of resilient genera, including Platygyra, Dipsastraea,
Galaxea, and Turbinaria, which formed a defined cluster
associated with moderate water quality conditions. This
community composition resembles patterns observed in
other marginal systems, such as the sediment-impacted
reefs of Jakarta Bay (Cleary et al. 2019) and turbid reefs of
Western Australia (Zweifler et al. 2021), where stress-
tolerant taxa dominate under suboptimal conditions.

Conversely, reference sites showed greater abundance
of typically sensitive genera, including Pocillopora,
Montipora, Seriatopora, and, which are predominantly found
under optimal water quality conditions. The sensitivity of
these genera to environmental stress has been consistently
documented across multiple reef systems, including the
Caribbean (Lirman et al. 2018) and the Great Barrier Reef
(Hughes et al. 2025), confirming their utility as indicators
of reef health.

The stress value of 0.18 for the NMDS solution
indicates a good representation of the community patterns
in two-dimensional space, with reef type explaining 37.6%
of the observed wvariation in community composition
(PERMANOVA: F = 6.02, p = 0.001). This explanatory
power is comparable to, though somewhat higher than,
values reported from other marginal reef studies in the
region (e.g., 29% in the Java Sea (Cleary et al. 2019), 32%
in Philippine marginal reefs (Torres et al. 2021)),
suggesting relatively strong environmental filtering in
South Sulawesi reef systems.

However, the interpretation of our findings must
consider sampling design limitations. As the representation
of 'reef type' (marginal vs. reference) was not fully
balanced across locations (e.g., Pangkep had only marginal
representation), it is possible that regional differences in
biogeography or unmeasured disturbance sources also
contributed to the observed coral community patterns.
Therefore, claims of specific adaptation to marginal
conditions require future confirmation through studies with
stronger spatial replication and a paired design between
marginal and reference sites within the same region.

This clear segregation underscores the role of
environmental filtering in structuring coral assemblages,
where marginal conditions select for stress-adapted (resilient)
taxa, while reference conditions support more sensitive
taxa that are competitively superior in the conditions to
which they are adapted. The identification of taxa resilient
to local stressors can be valuable when selecting suitable
candidates for targeted rehabilitation programs in degraded
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reef environments, following examples from other regions
where stress-adapted corals have been utilized in restoration
efforts (Burt et al. 2020; Defilippo et al. 2022).

Ecological mechanisms and resilience patterns

Our study revealed ecological trade-offs in coral reef
communities across environmental gradients in South
Sulawesi, demonstrating how environmental filtering
shapes distinct community assemblages while maintaining
functional diversity. The significant reduction in coral
abundance (2.6x lower) at marginal sites, despite preserved
generic diversity (93% of reference site richness), aligns
with ecological theory suggesting that diversity can persist
through species replacement even as overall abundance
declines under environmental stress (Riegl et al. 2017;
Stewart et al. 2021). This pattern is evident in our study
system, where the community segregation observed in the
NMDS analysis (37.6% explained by reef type) exceeds
values reported from other Southeast Asian marginal
systems, including Singapore's turbid reefs (28% (Guest et
al. 2016) and Java Sea sediment-impacted reefs (32%,
(Cleary et al. 2019), suggesting strong selective pressures
in South Sulawesi marginal environments.

The performance of genera such as Platygyra (PR =
4.60), Dipsastraea (PR = 4.00), and Galaxea (PR = 3.13)
under marginal conditions may reflect physiological
adaptations to suboptimal water quality. Platygyra's massive
growth form and sediment rejection capabilities (Chang et
al. 2024), Dipsastraea 's heterotrophic plasticity (Wang et
al. 2024) and Galaxea's competitive abilities in fluctuating
environments (Yu et al. 2024), provide potential explanations
for their resilience at these sites. Conversely, the reduced
performance of typically robust genera such as Porites
(ratio = 0.26) highlights the context-dependent nature of
coral resilience, where tolerance to thermal stress may not
confer advantages under sedimentation and nutrient
enrichment—a pattern observed in other urbanized reef
systems (Lee et al. 2021). These genus-specific responses
underscore that coral resilience is multidimensional and
stressor-specific, requiring nuanced understanding for
conservation planning.

The maintenance of high generic diversity in marginal
reefs, despite reduced abundance, positions these
environments as important reservoirs of genetic diversity
and potential sources of climate-resilient genotypes. This
finding challenges traditional conservation paradigms that
prioritize reefs with high coral cover, and supports the
growing recognition of marginal reef ecosystems'
conservation value (Camp et al. 2018). The diverse coral
communities persisting in South Sulawesi's marginal
conditions may represent important evolutionary incubators
for developing climate resilience, similar to patterns
observed in other environmentally extreme reef systems
such as the Persian Gulf (Burt et al. 2020) and turbid reefs
in Palau (Muller-Karanassos et al. 2021).

Conservation implications and management
recommendations

The identification of coral genera with varying resilience
patterns provides a nuanced, science-based foundation for
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developing targeted rehabilitation strategies in South
Sulawesi and similar degraded environments. Our analysis
supports a two-tiered restoration approach based on
complementary ecological attributes:

High-performance-ratio genera

Turbinaria (exclusively present in marginal sites),
Platygyra (PR = 4.60), Dipsastraea (PR = 4.00), and Galaxea
(PR = 3.13) demonstrate exceptional relative success in
marginal conditions, likely reflecting specialized adaptations
to  sediment-rich, nutrient-influenced environments.
Platygyra's remarkable performance probably reflects
sediment management capabilities, while Dipsastraea's
success suggests heterotrophic plasticity under reduced
light conditions.

Ecologically dominant stress-tolerant genera

Despite its modest PR (0.26), Porites represents a
practical restoration candidate due to its high absolute
abundance (36.3% of all colonies), proven stress tolerance
in other systems, and existing established populations in
marginal sites. Its inclusion ensures ecological continuity
and structural function while higher-PR genera established.

Rather than relying solely on traditionally dominant
species or exclusively on high-PR taxa, we recommend a
combined strategy: prioritizing propagation of high-PR
genera to leverage their adaptive advantages, while
strategically including ecologically dominant, stress-
tolerant genera like Porites to enhance initial establishment
success and ecosystem function. This approach aligns with
emerging examples from other regions, including the use of
sediment-tolerant corals in Singapore's turbid reef restoration
(Guest et al. 2016) and mixed-species approaches in Great
Barrier Reef rehabilitation (Matz et al. 2020). Platygyra's
remarkable performance likely reflects specialized sediment
management capabilities, with its massive growth form and
documented mucus production providing critical advantages
in high-turbidity conditions (TSS: 15-22 mg/L) where
sedimentation excludes more sensitive taxa. Dipsastraea's
success suggests heterotrophic plasticity, allowing for
maintained energy acquisition through particle feeding
when photosynthetic efficiency declines under reduced
light penetration. Galaxea's competitive superiority in
spatially heterogeneous environments may stem from
aggressive mesenterial filaments that provide advantages in
the disturbance-prone habitats characteristic of marginal
reefs. Rather than relying primarily on traditionally
dominant species from pristine reefs, our results suggest
prioritizing these locally adapted resilient genera that have
demonstrated specific stressor-specific performance. This
approach aligns with emerging examples from other regions,
including the use of sediment-tolerant corals in Singapore's
turbid reef restoration (Guest et al. 2016) and thermally
resilient corals in Great Barrier Reef rehabilitation (Matz et
al. 2020). The stressor-specific adaptations of Platygyra,
Dipsastraea, and Galaxea make them promising candidates
for propagation in degraded areas with similar
environmental challenges.

Finally, the resilience patterns we observed, while robust
within our sampling framework, should be interpreted with
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due consideration of the study's limited temporal scope.
Our August 2025 surveys captured community dynamics
during seasonal conditions of relatively low environmental
stress in South Sulawesi. Future investigations across
multiple seasons would clarify whether the performance
advantages of genera like Platygyra and Dipsastraea
persist under different environmental regimes, particularly
during and after periods of increased rainfall and terrestrial
influence.

Limitation and future direction

Several limitations should be addressed in future
research. The small sample size (n = 5 sites) and single-
season sampling (August 2025) limit the generalizability of
our findings; multi-season and inter-annual studies are
needed to capture temporal variability in coral performance
under marginal conditions. Additionally, our genus-level
analysis may mask species-specific responses, and the
inferred adaptive mechanisms require confirmation through
physiological =~ measurements, reciprocal  transplant
experiments, and genomic analyses. Future studies should
also investigate the underlying drivers of resilience,
including symbiont associations, reproductive biology, and
recruitment dynamics of high-performance genera. Finally,
long-term monitoring (>3-5 years) of restoration plots
incorporating the recommended two-tier strategy (high-PR
genera combined with ecologically dominant taxa) is
essential to validate the effectiveness of this approach
under field conditions. As climate change and local
stressors continue to impact coral reefs, the patterns
observed in South Sulawesi's marginal reefs highlight the
value of understanding nature's existing responses to
environmental challenges, with implications for reef
restoration across the Coral Triangle and similar marginal
environments globally.

In conclusion, this study documented coral community
shifts and identified genera with varying resilience patterns
in South Sulawesi's marginal reefs, providing insights for
reef conservation strategies. Three key findings emerge, all
verified against corrected community data. First, marginal
reefs support significantly lower coral abundance (2.6x
reduction) compared to reference sites, yet maintain
comparable generic diversity (16.3 vs 17.5 genera),
demonstrating their capacity to preserve biodiversity under
sub-optimal conditions. Second, water quality STORET
scores had a strong negative relationship with coral
abundance (r = -0.82) but a weaker effect on diversity,
indicating differential responses to environmental stress.
Third, we identified coral genera with complementary
resilience signatures: Turbinaria, Platygyra, Dipsastraea,
and Galaxea showed exceptional performance ratios (>3.0
or exclusive marginal presence), indicating strong potential
adaptation to marginal conditions, while Porites maintained
high absolute abundance despite moderate PR (0.26),
highlighting its ecological dominance and practical restoration
value. The clear community segregation between marginal
and reference reefs (37.6% explained by reef type)
indicates environmental filtering shapes coral assemblages,
while the persistence of diverse genera in marginal
environments suggests these systems may act as reservoirs
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of stress-associated taxa and potentially stress-adapted
genotypes. Our findings suggest that marginal reefs could
contribute to climate resilience, pending verification by
genetic and long-term studies. For rehabilitation practitioners,
our results refine existing restoration approaches by
demonstrating how performance ratios provide an empirical,
site-specific metric for identifying candidate genera beyond
simply selecting locally common or traditionally hardy
taxa, thus extending traditional restoration paradigms.
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