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Anthropogenic stressors, including those associated with water quality influence
reef benthic communities. This study assesses how changes in water quality
influence the benthic composition of an urban reef system in Fiji, by first
characterizing reef substrate composition in Suva, assessing substrate
composition change across a water quality gradient, and identifying key water
quality parameters associated with shifts in benthic composition. Results reveal
an urban reef stabilized at coral coverage of ca. 30%, below Fiji's typical range
(45%), but consistent with prior levels (22-33%) from 2006-2007. Predictive
modelling identifies temperature as the most consistent predictor of benthic
composition (appearing in 77.5% of top models), highlighting its role in
structuring communities through physiological and nutrient-cycling effects.
Turbidity and nutrients further drive substrate patterns, with turbidity likely
promoting sediment accumulation, and elevated nutrients influencing phase
shifts towards alternative regimes. Our results demonstrate how urbanization
filters benthic communities, creating distinct configurations with varying
resilience. Notably, sites with moderate anthropogenic stress levels are
characterized by the coexistence of scleractinian coral, seagrass, and soft
coral, differing from typical coral-to-algae dominance shifts. While Suva’s reefs
currently persist in a degraded-but-stable state, sustained pressures risk further
decline. We emphasize targeted strategies (e.g., reef crest protection, watershed
management) and long-term monitoring to inform adaptive management. These
insights are critical for Fiji and other Pacific Island nations facing similar urban reef
stressors, offering a framework for balancing conservation with development.

urban coral reefs, anthropogenic reefs, Pacific Island Countries and Territories, reef
resilience, reef substrate, phase shifts
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1 Introduction

Globally, tropical coastal reef systems are recognized amongst
the most biodiverse and economically valuable ecosystems on earth
(Camp et al,, 2018; Burt et al.,, 2020). These ecosystems are generally
characterized by their dominance of scleractinian corals, which are
the primary builders and calcifiers, forming complex, colorful three-
dimensional structures (Graham and Nash, 2013; Guest et al,
2016). While aptly referred to as coral reefs, it is important to
recognize that these systems are not monolithic structures made
solely of scleractinian corals, but rather are a complex aggregation
composed of numerous prominent biological assemblages and
diverse substrate types (Tebbett et al., 2023a, b). Beyond the
foundational scleractinian corals, these systems include other
calcifiers such as crustose coralline algae (CCA) and hydrocorals,
as well as habitat-forming organisms such as sponges and
octocorals, all of which contribute to reef structural complexity
(Graham and Nash, 2013; Tan et al., 2016; Tebbett et al., 2023a).
Various fleshy algae, seagrass and other biotic constituents like
bivalves and ascidians, as well as non-living components such as
sand, sediment, and rubble, all contribute to the composition and
complexity of the benthic substrate (Swierts and Vermeij, 20165
Abrego et al,, 2021; Carturan et al.,, 2022). The interplay between
these diverse biological and physical components creates an
intricate network of niches and habitats that drive essential
ecological processes and functioning of the reef (Graham and
Nash, 2013; Carturan et al,, 2022). Understanding the various
benthic assemblages and substrate types is crucial for assessing
the overall structure and resilience of the reef, as well as the
ecosystem services it supports (Chong-Seng et al., 2012).

Numerous natural and anthropogenic pressures, operating at
both local and global scales, are known to influence the composition
of benthic assemblages and substrate types, often resulting in
significant shifts in substrate structure. Local pressures are
diverse, often including coastal encroachment, overfishing,
sedimentation, nutrient loading, and pollution while global
pressures are centered around climate change, ocean warming
and acidification (Hughes et al., 2018; Tebbett et al., 2023a, b;
Estradivari et al., 2025). Conventionally, it has been understood that
such shifts favor a proliferation of fleshy algae (i.e., algal phase shift),
whereby fleshy algae outcompete and replace scleractinian corals to
become the dominant benthic structure (Ban et al., 2015; Cruz et al.,
2018; Roth et al., 2018). However, several studies suggest a more
nuanced transition involving multiple benthic regime types
(Jouffray et al., 2015; Tebbett et al., 2023a, b). For example, Smith
et al. (2016) found no consistent evidence of coral to algal phase
shift across their dataset covering the central western Pacific
(Mariana Archipelago, Hawaiian Archipelago, Line Islands,
Phoenix Islands and American Samoa). Instead, they observed
that reefs surrounding inhabited islands were predominantly
composed of fleshy, non-reef-building organisms (particularly turf
algae), while benthic communities on uninhabited islands were
more variable, but generally supported a higher abundance of
calcifiers and active reef builders. Similarly, a spatially extensive
study from Pacific Island Countries and Territories (PICTs) found
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reefs subject to higher levels of human impacts had less hard coral
and more turf algae, but not more fleshy algae, than reefs further
removed from humans, and found that benthic community
relationships to biophysical drivers became less predictable with
higher human impacts (Williams et al., 2015; Ford et al,, 2020;
Kurihara et al, 2021; Kim et al, 2022). Despite these emerging
insights, there remains a broad consensus that anthropogenic
stressors, in particular overfishing and urbanization, are key local
drivers of benthic change (Lai et al., 2015; Portugal et al,, 20165
Tebbett et al,, 2023b). This study focuses specifically on local
pressures, particularly on nutrient and sediment loading from
urban terrestrial runoff and coastal development.

Amongst the PICTs, coastal reefs are not only recognized as
biodiversity hotspots but also serve as essential ecosystems that
support livelihoods, food security, and cultural practices of local
communities (Kitolelei et al., 2021; Thomas et al., 2021; Veitayaki,
2021). However, these ecosystems face persistent, acute stress from
land-based pressures, particularly those driven by rapid
urbanization (Hoegh-Guldberg et al., 2011; Dutra et al, 2021).
Fiji’s Greater Suva Urban Area (GSUA) exemplifies these
challenges. As the most heavily urbanized metropolitan area
within the PICTs (outside of Papua New Guinea), the GSUA is
home to approximately one third (~300,000) of Fiji’s population
and exerts a mounting pressure on its adjacent coastal marine
environment (Phillips and Keen, 2016; Shiiba et al., 2023; Dehm
et al,, 2024). Key stressors influencing nearshore water quality, and
consequently benthic habitats, include urban runoff, wastewater
discharge, and riverine inputs from domestic, agricultural, and
industrial sources (Arikibe and Prasad, 2020; Pratap et al., 2020;
Dehm et al., 2024). These anthropogenic activities create distinct
spatial variability in exposure, ranging from heavily urban-
impacted nearshore areas to less-impacted offshore reefs. For
instance, Dehm et al. (2025) identified water quality clusters
within the Suva coastal environment where nearshore areas,
particularly around river mouths and the Kinoya Sewage
Treatment Plant outfall, show elevated turbidity, total suspended
solids (TSS), and high concentrations of nutrients including
ammonia, nitrite, and dissolved inorganic phosphate (DIP). In
contrast, offshore sites and outer reef areas are generally
characterized by clear, oxygen-rich, and nutrient-poor waters due
to oceanic influences.

While the general patterns of water quality degradation and its
impacts on benthic substrates are well documented globally, there
remains a gap in fine-scale spatial studies that comprehensively link
water quality and benthic substrate composition across urban
gradients, particularly in PICT contexts. Reefs in the Pacific
region are diverse and strongly influenced by oceanic conditions,
and although hard coral cover has remained relatively stable over
the last three decades, the number of people living within 5km of
reefs has increased by 28.7% since 2000 (Wicquart et al., 2025). By
linking water quality gradients to benthic assemblages in an urban
Pacific reef, this study contributes to the growing discourse on reef
persistence under marginal environmental conditions. The findings
will support more informed coastal management strategies in Fiji
and other PICTs where urban migration and the urge for
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modernization is rapidly expanding urbanization within coastal
marine systems, making the balance between development and reef
conservation increasingly critical. Therefore, this study aims to
assess how urbanization-driven changes in water quality influence
benthic substrate composition on Pacific Island coral reefs, using
Suva’s reef system (Fiji) as a case study. Specifically, we (i)
characterize the benthic substrate composition of Suva’s urban
reef system, (ii) compare substrate composition across a water
quality gradient, and (iii) identify key water quality parameters
associated with shifts in benthic composition.

2 Materials and methods

2.1 Study area

This study was centered along the southeastern coastline of Viti
Levu, Fiji, specifically along the urban reef system of the GSUA
(approximately 178.14°S, 178.45°E, Figure 1A). The region is
characterized as a typical tropical island coastline with fringing
and barrier reefs, a network of mangroves, and lagoons. Multiple
urban stressors are present (Dehm et al., 2024), including untreated
and treated wastewater discharge from inadequate or aging sewage
infrastructure (Morrison et al., 2005), and urban stormwater runoft
(Veitayaki, 2010). These pressures are compounded by freshwater
inputs from the Rewa River and smaller tributaries, which transport

10.3389/fmars.2025.1659324

sediment loads and terrestrial contaminants, such as nutrients and
chemical pollutants into the coastal marine environment,
subsequently influencing coral reef regime and diversity (Rodda,
2005; Tamata et al., 2010; Dehm et al., 2025).

2.2 Survey design

Field surveys to characterize coral reef substrate composition
were conducted between May and July 2022 across 51 sites
(Figure 1B). The sampling was designed to encompass the four
major urban ref systems, including Namuka Fringing Reef, Suva
Barrier Reef, Laucala Barrier Reef, and Nasoata Fringing Reef
(Dehm et al,, 2024). To ensure we captured potential spatial
variation in reef substrate composition, the survey area was
extended slightly beyond these core systems, to include part of
Nasilai Reef (included in the Nasoata system to the east, 18.13°S,
178.68°E), and part of Naqara Reef (included in the Namuka system
to the west; 18.167°S, 178.31°E).

Sampling followed methods adapted from (Hill and Wilkinson,
2004; Roelfsema and Phinn, 2008; Roth et al., 2018). In summary, at
each of the sites, three 50 meter transects were laid parallel to the
reef flat, spaced approximately 50 meters apart to ensure spatial
independence. This resulted in a total of 153 transects (51 sites x 3
transects per site). Along each transect, a 1 x 1 meter photo quadrat
(Hill and Wilkinson, 2004), was taken every 2 meters, resulting in
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FIGURE 1

Study area and reef survey design in relation to the Greater Suva Urban Area (GSUA), Fiji. (A) Location of the GSUA on the island of Viti Levu, with
inset map showing its position within Fiji and globally. (B) Reef survey sites along four major reef systems adjacent to the GSUA: Namuka Fringing
Reef System, Suva Barrier Reef System, Laucala Barrier Reef System, and Nasoata Fringing Reef System. Sites are color-coded by water quality

clusters, adapted from Dehm et al. (2025). Cluster 5 is not represented, as no transects were conducted near the Kinoya Sewage Treatment Plant
(KSTP) outfall. (C) Tabulated summary of coastal water quality gradients across the GSUA, based on clusters of similar physiochemical properties.

Adapted from Dehm et al. (2025).
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TABLE 1 Substrate categories and definitions used for benthic analysis.

Substrate

Category Definition

Consolidated hard substrate of calcareous,

Consolidated substrate terrigenous or anthropogenic origin, often covered

with turf algae.

Crustose coralline

E i Icifi 1
algae (CCA) ncrusting, calcified red algae

Includes macroalgae and long filamentous algae
Fleshy algae - o
(e.g., Chlorodesmis, Sargassum, Turbinaria, Ulva)

Hard coral Scleractinian corals and Millepora (fire coral).

e Minor biotic constituents (e.g., sponges, ascidians,
Other biotic substrate . (‘ §- Spong
anemones, bivalves, zoanthids).

Seagrass Seagrasses (e.g. Halodule, Halophila, Syringodium)

Soft coral Order Alcyonacea

i Loose, movable material including sediment, sand,
Unconsolidated substrate i X
and rubble, occasionally covered with turf algae.

25 photographs per transect (75 per site, 3825 in total). Photographs
were captured 1 meter above the substrate using a digital camera
(Olympus TG6) mounted on a plumb line to ensure consistency in
scale and perspective (Lerma and Cabrelles, 2007).

2.3 Image analysis and benthic substrate
characterization

All photographs were manually analyzed using Coral Point
Count with Excel Extensions (CPCe, v.4.1) (Kohler and Gill, 2006).
Fifty randomly generated points per image were classified into
substrate categories (Table 1) following standardized definitions
adapted from Tebbett et al. (2023a) and Teichberg et al. (2018). We
followed a coarse categorization scheme to maximize dataset
compatibility, aligning with a recommended framework for global
standardization (Tebbett et al., 2023a). Care was taken to ensure the
‘other’ biotic substrate category (including sponges, ascidians,
anemones, bivalves and zoanthids) did not comprise dominant
benthic components, although we acknowledge finer-resolution
classifications could provide additional ecological insights. For
each site, the percentage cover of each substrate category was
calculated as the proportion of points assigned to that category,
relative to the total number of points analyzed across all
photographs captured for that site (objective 1; Figure 2). To
assess spatial patterns, substrates were compared across
predefined reef zones (Reef Crest, Reef Flat, Back Reef, Patch
Reef), and to individual reef systems Kruskal-Wallis tests,
followed by Dunn’s post hoc pairwise comparisons where
significant differences were detected (p < 0.05). Substrate cover is
presented as mean percent cover (mean + SE%). All analyses were
conducted in Python (v. 3.11) using pandas (v 2.2, McKinney,
2010), scipy (v. 1.15, Virtanen et al., 2020), seaborn (v. 0.13,
Waskom, 2021), and scikit-posthocs (v. 0.11, Terpilowski, 2019).
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2.4 Substrate composition across water
quality gradients

To contextualize substrate composition across water quality
gradients (objective 2), this study utilized the spatial framework and
clustering analysis of Dehm et al. (2025), who characterized coastal
water quality along the GSUA over 12 months of sampling (97
stations and six campaigns spanning wet/dry seasons). Their study,
employing conductivity—temperature-depth (CTD) profiling and
colorimetric nutrient analysis, identified six distinct water quality
clusters (Figure 1C), driven by oceanic processes, riverine inputs,
and anthropogenic pressures. Key findings revealed severe nutrient
enrichment near urban centers (e.g., NH; >17.8 mg/L at Kinoya
sewage outfall; NO;—/NO,— peaks of 0.24 + 0.06 mg/L near rivers)
and elevated turbidity and total suspended solids during
wet seasons (up to 3.5 NTU, 14.7 mg/L), contrasting with
oligotrophic offshore waters.

For our analysis, reef survey sites were assigned to five of the six
clusters that overlapped with a reef system, enabling comparison of
benthic community composition across water bodies of varying
water quality. Following Shapiro-Wilk test for normality, substrate
data was normalized using log(x-1) transformation and Levene’s
test was conducted to assess homogeneity of variances. Based on the
outcome of Levene’s test, Welch’s ANOVA was applied to hard
coral, unconsolidated substrate, CCA, seagrass, consolidated
substrate soft coral and fleshy algae, while standard one-way
ANOVA was conducted on the ‘other’ category. For substrates
exhibiting significant variation (p < 0.05), post-hoc pairwise
comparisons were conducted using Games-Howell post-hoc tests
to identify specific cluster differences. All analyses were performed
in Python using pandas (v 2.2, McKinney, 2010), pingouin (v 0.5.5,
Vallat, 2018), scipy (v. 1.15, Virtanen et al., 2020), statsmodels
(v.0.14, Seabold and Perktold, 2010), and seaborn (v. 0.13,
Waskom, 2021).

2.5 Environmental drivers of substrate
composition

To identify the key water quality parameters associated with
shifts in benthic composition (objective 3), we correlated yearly
averaged water quality parameters extracted from Dehm et al.
(2025) with substrate data, using an information-theoretic model
selection approach by means of generalized linear models (GLMs)
followed by automated model dredging (Bolker et al., 2009).
Predictors included physical parameters (temperature, salinity,
dissolved oxygen, turbidity, and total suspended solids) and
nutrient metrics (nitrate, nitrite, ammonium, dissolved inorganic
phosphorus, and chemical oxygen demand). All eight substrate
categories were subjected as response variables.

For each substrate type, we fitted all possible additive GLMs,
using up to a maximum of 3 predictors, (excluding interactions for
parsimony) and ranked them using Akaike’s Information Criterion
(AIC) (Salkind, 2007), with lower AIC values indicating better
trade-offs between model fit and complexity. After ranking, the
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FIGURE 2

Overview of the data analysis workflow used to address the three study objectives. The schematic outlines key methodological steps, including data
processing, statistical analysis, and visualization techniques applied to each objective. Water quality clusters are color-coded consistently with
Figure 1C, allowing for easy extrapolation between figures and interpretation of how each cluster corresponds to reef location, degree of oceanic
influence, key physical conditions, nutrient levels, and anthropogenic pressures.

top five models per substrate were further evaluated using adjusted
R? to assess explanatory power and to compare models with
different numbers of predictors. While we acknowledge that
interactions among environmental variables are ecologically
plausible, especially in marine systems, we prioritized model
interpretability and comparability across substrate types, both of
which become increasingly difficult to maintain when including
interaction terms. As such we used AIC to guide model selection
and considered adjusted R* and predictor interpretability to support
final choices. Model validation included residual diagnostics for
homoscedasticity and normality, alongside variance inflation factor
checks (< 5) for multicollinearity, following a conservative
threshold used in prior studies (McClanahan et al,, 2024), to
reduce redundancy among predictors and preserve meaningful
relationships. Analyses were conducted in Python using pandas
(v.2.2, McKinney, 2010), statsmodels (v.0.14, Seabold and Perktold,
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2010), and by adapting R’s MuMIn:dredge (v.1.48, Barton, 2010)
methodology in using itertools (Python Software Foundation v 3.13,
2024) for systematic model comparison. This approach allowed
systematic identification of key environmental predictors while
accounting for model uncertainty.

3 Results

On average, hard coral cover had the highest mean coverage (30.68 +
2.18%), followed by unconsolidated substrate (21.8 + 2.07%),
consolidated substrate (18.59 + 1.33%) and fleshy algae (17.17 +
1.24%) (Figure 3). Seagrass (5.78 + 1.02%) and CCA (3.56 + 0.45%)
were minor contributors to the substrate type while other biotic substrate
(1.26 + 0.09%) and soft coral (1.16 + 0.28%) show sporadic presence
across the entirety of the reef systems studied.
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FIGURE 3

Proportions of substrate coverage throughout the four major reef systems of the Greater Suva Urban Area (GSUA).

Across all four reef systems, substrate composition was
comparable, with no statistically significant differences noted
among substrate categories (p > 0.05, Supplementary Table 1).
However, across reef zones, significant differences (p < 0.05) in
substrate composition were observed (Table 2, Figure 4). On reef
crests, the dominant substrate type was hard corals (44.11 + 2.41%),
with significantly higher (p < 0.01) coverage than in other zones.
This was followed by consolidated substrate (23.06 + 2.16%) and
CCA (5.76 * 0.72%), both of which also had significantly greater
cover compared to certain other zones. Specifically, CCA was
significantly more (p < 0.01) abundant on reef crests than on reef
flats (1.62 £+ 0.36%) and patch reefs (0.28% + 0.10), while
consolidated substrate was significantly higher (p < 0.01) on
crests than reef flats. On reef flats, the dominant substrate type
was unconsolidated substrate (33.14 2.30%), which was
significantly higher (p < 0.01) than on crests (8.01 + 1.49%) and

+

patch reefs (27.82 + 1.38%). Seagrass (11.48 + 1.96%) and soft corals
(3.22 £ 0.73%) were also notably more abundant on flats than in all
other zones, with soft coral cover significantly higher (p < 0.01) than
elsewhere. Along the back reefs, unconsolidated substrate again
dominated (35.05 + 2.72%), significantly exceeding (p < 0.01) cover
on crests and being comparable to that on flats. Seagrass (9.87 +
2.57%) was also relatively abundant, with significantly higher (p <
0.01) coverage than on crests. Patch reefs exhibited a distinct profile,
with fleshy algae being the dominant cover type (30.86 + 1.59%),
significantly greater (p < 0.05) than on reef flats (14.25 + 1.77%) and
back reefs (15.73 + 2.56%). These sites also had substantial
consolidated substrate cover (20.93 + 1.35%), though not
significantly (p > 0.05) different from other zones. Other biotic
substrates were generally limited across all zones but were
significantly more (p=0.04) represented on reef crests (1.52 *
0.17%) compared to back reefs (0.98 + 0.16%).

TABLE 2 Substrate composition across reef zones (mean percent cover + SE) and statistical comparisons across the four major reef systems of the GSUA.

Reef Crest Reef Flat Back Reef

Substrate Type

Patch Reef

Significance
(p-value)

Significant

AU Comparisons (p < 0.05)

Consolidated Substrate 23.06 + 2.16 11.65 + 1.69 16.62 + 2.20 20.93 + 1.35 14.649 Yes (0.0021) Crest, Patch > Flat, Back
CCA 576 £0.72 1.62 + 0.36 2.44 +0.48 0.28 + 0.10 18.811 Yes (0.0003) Crest > Flat, Patch
Fleshy algae 17.12 £ 1.89 14.25 + 1.77 15.73 + 2.56 30.86 + 1.59 8.961 Yes (0.0298) Patch > Flat, Back
Hard Coral 44.11 + 241 23.58 + 2.06 17.84 + 1.99 11.82 + 0.77 31.596 Yes (<0.0001) Crest > Flat, Back, Patch
Other 1.52 +0.17 1.06 + 0.06 0.98 = 0.16 1.16 £ 0.28 8.022 Yes (0.0456) Crest > Back
Seagrass 0.37 £ 0.23 11.48 + 1.96 9.87 £ 2.57 7.06 + 1.35 35.490 Yes (<0.0001) Crest < Flat, Back, Patch
Soft Coral 0.04 + 0.02 322 +0.73 1.46 + 0.54 0.05 + 0.02 29.389 Yes (<0.0001) Crest < Flat, Back; Flat > Back
Un;izss‘;l:i:ted 8.01 + 1.49 33.14+230 | 3505 +2.72 27.82 + 138 35418 Yes (<0.0001) Crest < Flat’f;caljkpa‘“h; Patch
Detailed pairwise comparison results in Supplementary Table 2.
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Proportions of substrate coverage between reef zones across the four major reef systems of the Greater Suva Urban Area (GSUA).

Five of the six distinct water quality clusters (Clusters 1, 2, 3, 4,
and 6) identified by Dehm et al. (2025) overlapped with the benthic
survey sampling sites, across which substrate composition varied
significantly (Table 3). Cluster 1 stood out as markedly distinct, as it
had the highest mean hard coral (47.66 + 0.79%) and CCA (6.78 +
0.56%) coverage, significantly higher (p < le-43) than all other
clusters (Figure 5). In contrast, unconsolidated substrate was far less
abundant in cluster 1 (6.77 + 0.61%) compared to all other clusters
(26.4-33.1%). Similarly, seagrass cover was minimal in cluster 1
(~0.04 £ 0.03%) but reached up to 11.98 + 1.20% in cluster 6.
Consolidated substrate coverage varied, with cluster 4 highest
(30.10 + 1.80%) and cluster 6 lowest (11.31 + 0.84%) among all
clusters, while soft coral coverage was significantly higher (p < 2e-8)
within cluster 6 (3.29 + 0.50%) than in cluster 1 (0.05 + 0.03%).
Fleshy algae coverage was significantly highest (p < 2e-7) in cluster 4
(25.61 £ 1.00%) compared to all other clusters. Other substrate
types showed no significant (p=0.33) variation between water

quality clusters.

Predictive models, selected using AIC and evaluated with
adjusted R?, showed varying ability to resolve relationships
between water quality parameters and substrate categories, with
model fit values ranging from an R* of 0.08 to 0.61 (Table 4). For
fleshy algae, the highest-ranking model (AIC=364.07, Adj R*=0.13)
identified temperature, salinity, and dissolved oxygen as key
predictors. Among these, salinity showed a moderately negative
relationship (Slope=-1.6, p=0.072; Figure 6), while temperature and
dissolved oxygen had weakly positive but non-significant
associations (Slope=0.99 and 8.6, respectively; p > 0.4). For CCA,
the best model (AIC=233.71, Adj R=0.48), designated temperature
and total suspended solids as having the highest influence, both
showing significantly negative effects on cover (temperature:
slope=-4.3, p=4.3e-06; TSS: slope=-0.81, p=2.2e-05). Hard coral
models had the highest explanatory power overall, with the top
model (AIC=379.94, Adj R*=0.61) identifying significantly highly
negative relationships with temperature (slope=-21, p=2.4e-06) and
turbidity (slope=-21, p=1.1e-07) as key drivers of cover. For

TABLE 3 Statistical summary of substrate differences among clusters across the four major reef systems of the GSUA.

Substrate F-statistic

Significant (p-value)

Significant Differences (Pairwise, p < 0.01)

Consolidated Substrate Welch's ANOVA 26.72 Yes (< 4e-11) Cluster 4 > Cluster 1; Cluster 6 < Cluster 1, 4, 3
CCA Welch's ANOVA 51.09 Yes (< le-18) Cluster 1 > Clusters 2, 3,4, 6
Fleshy algae Welch's ANOVA 12.69 Yes (< 2e-7) Cluster 4 > Clusters 1, 2, 3, 6
Hard Coral Welch's ANOVA 397.51 Yes (< 1le-43) Cluster 1 > Clusters 2, 3,4, 6
Other Standard ANOVA 1.16 No (0.33) No significant differences

Seagrass Welch's ANOVA 37.60 Yes (< 4e-11) Clusters 2, 3, 4, 6 > Cluster 1

Soft Coral Welch's ANOVA 14.52 Yes (< 2e-8) Cluster 6 > Cluster 1; Cluster 3 > Cluster 1
Unconsolidated Welch's ANOVA 144.00 Yes (< le-24) Clusters 2, 3, 4, 6 > Cluster 1

Detailed pairwise comparison results are reported in Supplementary Table 3.
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Substrate composition relative to water bodies of varying water quality clusters across the four major reef systems of the Greater Suva Urban Area (GSUA).

consolidated substrate, the top model (AIC=356.21, Adj R=0.35)
featured a negative correlation to temperature (slope=-6.6,
p=0.027), and a significantly strong relationship to nitrite
(slope=37, p=0.017), and dissolved inorganic phosphorus
(slope=22, p=0.0025); with other models including combinations
of dissolved inorganic phosphorus, turbidity, and nitrate. Seagrass
cover increased strongly with temperature (Slope=9.5, p=6.5e-06)
and moderately with turbidity (Slope=4.3, p=0.04) (AIC=317.21,
Adj R?=0.49). Soft coral showed significant reductions with higher
dissolved oxygen (Slope=-9.8, p=0.00012) (AIC=184.26, Adj
R?=0.50), while unconsolidated substrates expanded markedly
with temperature (Slope=20, p=2.7e-06) and included chemical
oxygen demand (Slope=0.19, p=0.17), and turbidity (Slope=13,
p=0.00094) (AIC=391.92, Adj R®=0.46). Other substrates
demonstrated minor but significant temperature-linked declines
(Slope=-0.61, p=0.0029) insignificant decline relative to turbidity
(Slope=-0.12, p=0.55), and displayed positive relationship with
Salinity (Slope=0.07, p=0.25), (AIC=91.34, Adj R*=0.27).

4 Discussion

Water quality is a key factor influencing substrate composition
in reef ecosystems, with different conditions driving distinct shifts
in benthic communities. Our analysis examines these patterns along
an extensive system of interconnected reefs in Suva, Fiji where
gradients of water quality, shaped by urbanization, form distinct
clusters that reflect differential impacts on benthic communities.
The results reveal several important trends regarding how water
quality shapes reef composition and show a progressive decline in
calcifying benthic taxa as water quality deteriorates. These patterns

Frontiers in Marine Science

highlight the importance of managing water quality to protect key
reef-building organisms and functional diversity, which are
essential for maintaining ecosystem resilience reducing risk and
sustaining coastal livelihoods (Raymundo et al, 2009; Huang
et al,, 2024).

The benthic assemblage of Suva’s urban reefs demonstrates
patterns consistent with long-term urban degradation. Observed
hard coral cover (~30%) remains lower than Fiji’s average (45%)
range (Morris and Mackay, 2021), it falls within the 22-33% range
documented in Suva during 2006-2007 surveys (Morris, 2007),
suggesting stability over time in this urban setting. Surprisingly, this
cover also exceeds average coral cover reported across Pacific reefs
2000 (Wicquart et al., 2025), indicating that despite chronic local
stressors, Suva’s urban reefs may retain a degree of ecological
resilience. In addition, substrate composition follows general
patterns of marginal assemblages dominated by hard coral
followed by unconsolidated sediment (21.8 + 2.07%), consolidated
substrate (18.59 + 1.33%), and fleshy algae (17.17 + 1.24%), with
minor contributions from seagrass (5.78 + 1.02%) and CCA (3.56 +
0.45%). This depressed coral cover coupled with elevated cover of
algae, unconsolidated sediment and consolidated substrate reflects
the known impacts of urban stressors, consistent with Samperiz
et al. (2025), whereby reduced coral growth was observed under
turbidity and thermal stress in Fijian inshore reefs.

The GSUA study region maintains strong ecological zonation,
with reef crests having the highest coral cover (44.11 + 2.41%) while
nearshore areas transition to algal and unconsolidated sediment
dominance; a pattern mirroring other tropical nearshore reef
systems. For example, studies along the Great Barrier Reef (Gordon
et al,, 2016; Tebbett et al, 2018), and along the Spermonde
Archipelago (Teichberg et al, 2018; Syafruddin et al,, 2025) have
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TABLE 4 Top predictive models of substrate-water quality relationships across the four major reef systems of the GSUA.

10.3389/fmars.2025.1659324

Substrate Rank Predictors AIC Adj R?
Temperature + Nitrite + Dissolved inorganic phosphorus 356.21 0.35
Temperature + Dissolved inorganic phosphorus 356.27 0.34
Consolidated substrate Temperature + Turbidity + Dissolved inorganic phosphorus 356.93 0.34
Temperature + Nitrate + Dissolved inorganic phosphorus 357.51 0.33
Temperature + Salinity + Dissolved inorganic phosphorus 357.62 0.33
Temperature + Total suspended solids 233.71 0.48
Temperature + Salinity 234.34 0.48
cca Temperature + Dissolved inorganic phosphorus + Chemical 23468 048
oxygen demand
Temperature + Nitrate + Total suspended solids 234.97 0.48
Temperature + Nitrite + Total suspended solids 235.06 0.48
Temperature + Salinity + Dissolved oxygen 364.07 0.13
Salinity + Dissolved oxygen 365.29 0.09
Fleshy algae Dissolved oxygen + Nitrate + Nitrite 365.47 0.11
Dissolved oxygen + Nitrate 365.60 0.09
Dissolved oxygen + Total suspended solids 365.72 0.08
Temperature + Turbidity 379.94 0.61
Temperature + Dissolved oxygen + Turbidity 380.91 0.61
Hard coral Temperature + Salinity 380.91 0.60
Temperature + Salinity + Turbidity 381.57 0.60
Temperature + Turbidity + Nitrate 381.67 0.60
Temperature + Turbidity + Total suspended solids 317.21 0.49
Temperature + Dissolved oxygen + Dissolved inorganic phosphorus 321.53 0.44
Seagrass Temperature + Dissolved oxygen 321.76 0.43
Temperature + Dissolved oxygen + Total suspended solids 321.89 0.44
Dissolved oxygen + Nitrite + Dissolved inorganic phosphorus 322.08 0.44
Dissolved oxygen + Total suspended solids 184.26 0.50
Temperature + Dissolved oxygen + Total suspended solids 184.34 0.51
Soft coral Dissolved oxygen + Nitrite + Total suspended solids 184.51 0.51
Dissolved oxygen + Turbidity 184.81 0.50
Dissolved oxygen + Ammonia + Total suspended solids 185.47 0.50
Temperature + Salinity + Turbidity 91.34 0.27
Temperature + Salinity + Total suspended solids 97.24 0.18
Other Temperature 97.31 0.15
Temperature + Dissolved oxygen 98.69 0.14
Temperature + Salinity 98.94 0.14
(Continued)
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TABLE 4 Continued

10.3389/fmars.2025.1659324

Substrate Rank Predictors AIC Adj R?
1 | Temperature + Turbidity + Chemical oxygen demand 391.92 0.46
2 | Temperature + Turbidity + Dissolved inorganic phosphorus 392.54 0.45
Unconsolidated sediment 3 | Temperature + Turbidity + Total suspended solids 393.98 0.44
4 Temperature + Turbidity + Nitrite 394.00 0.44
5 | Temperature + Turbidity + Nitrate 394.22 0.43

Models are ranked by Akaike Information Criterion (AIC) with explanatory power (Adj R?) shown.

documented increasing sediment accumulation and turf algal
dominance in inshore zones, where elevated sediment loads and
greater algae cover persist. Similar patterns of zonation are also
observed across other smaller PICTs such as Federated States of
Micronesia, Guam, and Palau, where in addition to sediment runoft
and associated contaminants, in addition to wave energy and
prevailing currents have been linked to substrate distribution
(Ferreira et al., 2023; Kim et al., 2022; Kurihara et al., 2021; Mills
et al,, 2023). While our study does not explicitly assess wave energy
and consider sediment load and nutrient levels as proxies of human
pressure, we acknowledge that other harmful contaminant, such as
heavy metals, hydrocarbons, and plastics, were not considered. These
stressors may be critical in shaping substrate composition across
Suva’s reef systems (Dehm et al., 2020; Pratap et al., 2020; Varea et al.,
2021), warranting further investigation. Of particular concern is the
fleshy algal dominance on patch reefs, (30.86 + 1.59%) and depressed
CCA levels (0.28 + 0.10%), highlighting vulnerable habitats needing
targeted management. These substrate conditions, particularly the

prevalence of unconsolidated sediment and fleshy algae, are likely to
impede coral recruitment and thus recovery potential (Kuffner et al,,
2006; Kenyon et al., 2023). In contrast, reef flats, with their moderate
hard coral (23.58 + 2.06%) and intermediate seagrass (11.48 + 1.96%)
coverages and comparatively high soft coral (3.22 + 0.73%); may
represent more resilient zones, as habitat heterogeneity and
functional redundancy are known to support ecological stability
and recovery (Brown et al., 2002; Carturan et al,, 2022; Roth et al.,
2018; Violette et al., 2024. Altogether, these findings reveal an urban
reef ecosystem that has stabilized at lower coral cover levels, as
coverage levels and types have remained consistent between
observations by Morris (2007) and our findings.

Hard coral and CCA coverage decrease abruptly from the water
quality clusters defined by oceanic conditions (cluster 1) to a cluster
defined by high anthropogenic input (cluster 4, high fluvial and urban
runoff); where noticeable increases in turbidity, temperature, and
nutrients coupled with declines in oxygen availability and salinity are
evident, suggesting these foundational reef organisms are particularly
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FIGURE 6

Regression plots along with the slope and p-value for each substrate type showing the relationship between substrate cover (%) and top ranked AIC-

selected environmental predictors.
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vulnerable to declining water quality conditions (Fabricius, 2005).
Substrate within water quality cluster 4 shows minimal hard coral
coverage and nearly absent CCA, instead being dominated by fleshy
algae and consolidated substrate (covered by turf algae).
Furthermore, an additional distinct community configuration,
where moderate coral cover (~22.3%) and algae (~15.1%) coexists
with the highest levels of seagrass (~12.0%) and soft coral (~3.3%), is
noted within water clusters defined as having moderate
anthropogenic influence (clusters 2 and 6), where flushing is low
and isolated, and water is generally described as being warm, saline
and low in oxygen and turbidity levels. This suggests that these
conditions may foster an alternative reef state that differs from the
typical coral dominated or algal dominated configurations seen
elsewhere. This finding is in line with growing global consensus
that reef ecosystems may respond to environmental pressures in
more complex ways than a simple linear decline from coral to algal
dominance (Tebbett et al., 2023a). For example, along Singapore’s
urbanized coastline massive plating species persist in environments
shaped by urbanization, Ng et al. (2021), and Smith et al. (2016)
found that in the central-northern Pacific archipelagos, reefs show no
correlation between coral and fleshy macroalgae but rather turf algae
and CCA. Similarly, Roth et al. (2018) conceptualized mosaic
reef dynamics in the Red Sea, whereby a network of patches
exists alongside each other dominated by either algae or by
calcifiers. These examples support the notion that urbanized or
degraded reefs may not follow classical trajectories, but instead
settle into novel, functionally distinct states that challenge
conventional assumptions of reef phase shifts and underscore the
importance of considering localized drivers for predicting reef
community dynamics.

Predictive models of substrate-water quality relationships
depict distinct water quality parameters that influence benthic
substrate composition, with temperature identified as the most
consistent predictor, appearing in 77.5% of the top 5 models,
across all substrate types. This finding aligns with established
literature demonstrating how temperature regulates metabolic
processes. Although the observed range of yearly average
temperature across our sites is within 2°C (26.7°C to 28.7°C), it is
ecologically meaningful, especially in tropical reef systems and
similar gradients have been shown in past studies to alter coral-
algal dynamics, recruitment success and bleaching susceptibility
(Roth et al., 2018; Abrego et al.,, 2021; Boonnam et al., 2022; Jiang
et al., 2024). While temperature may also covary with other
environmental factors, it consistently appeared in top performing
models across all substrates (Table 4). This underscores its
fundamental role in structuring benthic communities, likely
through both direct physiological effects and indirect impacts on
microbial and nutrient cycling.

Turbidity and nutrient dynamics emerged as secondary but
critical drivers, with varying effects across substrates. Turbidity
showed particularly strong associations with hard coral (negative)
and unconsolidated substrate (positive) distributions, likely due to
light limitation or smothering during coral recruitment and growth,
while promoting sediment accumulation. This aligns with studies
showing that elevated turbidity reduces light penetration, limiting
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photosynthesis and calcification of corals. Turbidity has also been
shown to influence larval settlement by masking orientation queues
and smothering settlement surfaces (e.g., CCA), or by directly
smothering juvenile or adult corals directly (Adjeroud et al., 20105
Lal et al, 2018; Abrego et al, 2021). Nutrient variables exhibited
substrate-specific relationships, i.e., dissolved inorganic phosphorus
was most relevant for consolidated substrates, while nitrite/nitrate
influenced fleshy algae and soft coral distributions. These patterns
suggest phosphorus may mediate CCA recruitment on hard surfaces,
whereas nitrogen availability favors fleshy algae and filter-feeding soft
corals (Kumar and Bera, 2020; Nguyen et al., 2020).

The high explanatory power of models for foundational taxa like
hard corals and CCA (adj. R up to 0.61) contrasts with weaker fits for
algae dominated substrates, suggesting abiotic factors primarily
constrain calcifying taxa, while algal communities are also strongly
influenced by unmeasured biotic interactions. For example, studies
regularly show that herbivory by both fish and invertebrates regulate
growth and expansion of algal beds (Houk et al., 2010; McAndrews
et al., 2019; Estradivari et al, 2025), while other studies depict
competitive interactions as a regulator, whereby turf and
macroalgae rapidly occupy space and release allelopathic
compounds that chemically inhibit coral and CCA growth (Swierts
and Vermeij, 2016; Altman-Kurosaki et al., 2024). This supports
prioritizing water quality management, particularly terrestrial runoff
(turbidity and nutrient) to maintain reef-building taxa, while
complementary measures like herbivore protection may be needed
to halt/slow algal phase shifts. Further to this, our results contrast
with previous work showing low model predictability in human-
impacted reefs. For example, Ford et al. (2020) found live coral cover
near populated areas to be largely unpredictable, and Williams et al.
(2015) reported that models explained 72% of variation on
uninhabited reefs but only 14.7% on reefs near human populations.
These differences may reflect the value of in situ water quality
measurements, which directly captured local abiotic conditions
rather than relying on proxies or remotely sensed data.

Taken together, our results demonstrate how urbanization
reshapes reef ecosystems through environmental filtering,
producing distinct benthic configurations. While Suva’s reefs
currently persist in a stable state, exemplifying the ‘urban reef
paradox’, continued urban pressures may drive phase shifts,
potentially reducing coral cover and triggering cascading effects
on overall ecosystem function. This emphasizes the need for
targeted management strategies and long-term monitoring. Zone
specific approaches are recommended, for example, protection of
reef crest zones should be prioritized to maintain coral cover and
preserve recovery potential, while within nearshore systems where
algal cover is highest, runoff mitigation through improved sewage
treatment and watershed management may be prioritized.
However, given the system’s current stability and the complexity
of urban stressors, we emphasize the importance of establishing
long term monitoring programs, through permanent transects and
fine-scale surveys, to track benthic changes and pollution levels.
Such efforts will enable adaptive management, allowing
interventions to be refined as the system responds to ongoing
urbanization and climate change. Ultimately, sustaining reef
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function in Suva will depend on both addressing immediate land
based pressures and implementing proactive monitoring to
anticipate future state shifts.

Our findings highlight the importance of managing water
quality to protect reef building organisms and functional diversity
of reefs, which are essential for maintaining reef resilience,
mitigating ecosystem phase shifts and for supporting livelihoods
in coastal systems. Additionally, the findings in this study have
broader relevance for PICTs facing similar urban pressures,
particularly atoll systems like Tarawa and Funafuti where limited
flushing may exacerbate pollution impacts. While this study
provides valuable insights into the spatial patterns of benthic
composition and water quality across Suva’s urban reef systems,
several limitations must be acknowledged, including the lack of
seasonal variation in water quality and fine scale substrate dynamics
that may mask important ecological transitions (e.g., emerging
cyanobacterial mats as degradation indicators) (Wenger et al,
2024). Furthermore, our study prioritized model interpretability
and comparability across substrate types and did not account for
cumulative and interactive effects. While we recognize that such
interactions are ecologically important and can shape benthic
trajectories in complex ways (McCarthy et al., 2025),
incorporating them would have substantially increased model
complexity and reduced the clarity of predictor-specific
interpretations. Looking forward, we recommend establishing
long term monitoring combining permanent transects with high
resolution surveys to track benthic shifts, alongside experimental
studies to disentangle local versus global climate stressors and
consequent cumulative interactions. Future research should
incorporate long-term monitoring frameworks that include both
ecological (e.g., coral growth, recruitment, herbivore biomass) and
biogeochemical indicators to better understand the trajectories of
urban reef ecosystems. Such advances will be critical for developing
adaptative management strategies that are responsive to the
complex, chronic stressors facing urban coral reef systems, while
providing scalable solution for other vulnerable PICT communities
that depend on these systems.
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