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ABSTRACT
Tropical coastal benthic communities will change in species composition and relative
dominance due to global (e.g., increasing water temperature) and local (e.g., increasing
terrestrial influence due to land-based activity) stressors. This study aimed to gain
insight into possible trajectories of coastal benthic assemblages in Raja Ampat,
Indonesia, by studying coral reefs at varying distances fromhuman activities andmarine
lakes with high turbidity in three temperature categories (<31 ◦C, 31–32 ◦C, and
>32 ◦C). The benthic community diversity and relative coverage of major benthic
groups were quantified via replicate photo transects. The composition of benthic
assemblages varied significantly among the reef and marine lake habitats. The marine
lakes <31 ◦C contained hard coral, crustose coralline algae (CCA), and turf algae with
coverages similar to those found in the coral reefs (17.4–18.8% hard coral, 3.5–26.3%
CCA, and 15–15.5% turf algae, respectively), while the higher temperaturemarine lakes
(31–32 ◦C and>32 ◦C) did not harbor hard coral or CCA. Benthic composition in the
reefs was significantly influenced by geographic distance among sites but not by human
activity or depth. Benthic composition in the marine lakes appeared to be structured by
temperature, salinity, and degree of connection to the adjacent sea. Our results suggest
that beyond a certain temperature (>31 ◦C), benthic communities shift away from coral
dominance, but new outcomes of assemblages can be highly distinct, with a possible
varied dominance of macroalgae, benthic cyanobacterial mats, or filter feeders such as
bivalves and tubeworms. This study illustrates the possible use of marine lake model
systems to gain insight into shifts in the benthic community structure of tropical coastal
ecosystems if hard corals are no longer dominant.

Subjects Biodiversity, Ecology, Marine Biology, Climate Change Biology
Keywords Benthic cover, Biodiversity, Coral reef, Marine lake, Anthropogenic pressures, Raja
Ampat (Indonesia)

INTRODUCTION
Tropical coastal ecosystems are changing rapidly due to global stressors caused by climate
change, predominantly in the form of increasing water temperatures (Hughes et al., 2018;
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Obura et al., 2022), as well as local anthropogenic activities that result in local pollution,
such as sedimentation and eutrophication (e.g., Duprey, Yasuhara & Baker, 2016; Otaño
Cruz et al., 2019; Lesser, 2021). Coral reefs are among the world’s most productive and
biodiverse ecosystems that support the livelihood of millions of people in tropical and sub-
tropical areas (Eddy et al., 2021;Mellin et al., 2022). It is therefore important to understand
how these ecosystems are changing under both increasing seawater temperatures and
local stressors. Eutrophication can decrease oxygen concentration and water quality, and
reduced algal grazing because of overfishing can disrupt the balance of the reef ecosystem
(Smith et al., 2003; Fabricius, 2011; Kennedy et al., 2013; Lesser, 2021). Coastal development
contributes to sedimentation and pollution, leading to high water turbidity levels, further
exacerbating coral reef deterioration (Fabricius, 2005; Pandolfi et al., 2005; Otaño Cruz et
al., 2019). The combination of global and local stressors can negatively impact the coverage
and dominance of corals while enhancing the growth of other benthic groups that can
colonize available substrate and thrive in the new environmental conditions (de Bakker et
al., 2016; de Bakker et al., 2017; Pawlik & McMurray, 2020; Tebbett, Connolly & Bellwood,
2023a).

Environmental stressors could cause a benthic community shift from coral-dominated
reefs towards reefs dominated by other emergent non-reef building groups (Tebbett et
al., 2023b). Most documented examples of shifts in community composition in the past
two decades are from coral-dominated to macroalgae-dominated or turf algae-dominated
systems (Pandolfi et al., 2005; Tebbett & Bellwood, 2019; Crisp, Tebbett & Bellwood, 2022;
Rivas et al., 2023). In recent years, there have been reports of other benthic groups, such as
benthic cyanobacterial mats (BCMs), sponges, and soft corals, becoming emergent players
in the reefs. For example, BCMs have become more prevalent in reefs in the Caribbean
(Brocke et al., 2015; de Bakker et al., 2017) and in some locations in the Indo-Pacific (Ford
et al., 2018; Ford et al., 2021). BCMs can be toxic (Nagle & Paul, 1998), cause local anoxia
(Brocke et al., 2015), and prevent coral larvae and other benthic organisms from settling due
to the production of harmful compounds and their disruptive impact on the surrounding
marine environment (Kuffner et al., 2006; Ford et al., 2018; Reverter et al., 2020). Sponges
are predicted to becomemore dominant in tropical reefs due to their resilience to rising sea
temperatures, as well as their potential to outcompete certain coral species under changing
environmental conditions (Bell et al., 2013; Bell et al., 2018; de Bakker et al., 2017; Pawlik
& McMurray, 2020). There has been a possible shift noticed to soft coral dominance in
benthic communities in tropical coastal ecosystems in the Indo-Pacific because soft coral
may be more resistant to warming temperatures and nutrient enrichment than hard coral
(Baum et al., 2016; Mezger et al., 2022; Reverter et al., 2022). Shifts from coral-dominated
reefs to reefs dominated by other taxonomic groups can negatively affect the coral reef
ecosystem (Hughes et al., 2010; Tebbett, Connolly & Bellwood, 2023a), since these shifts can
lead to decreases in structural complexity (Alvarez-filip et al., 2009), and a reduction in
both habitat availability for various reef species (Graham & Nash, 2013) and ecological
functions within the food webs (Ford et al., 2018; Nelson, Kelly & Haas, 2022; Mortimer et
al., 2023). The function of coastal tropical ecosystems could change significantly based on
these potential shifts in dominance of benthic groups.
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The Coral Triangle area is particularly suited to studying the impacts of stressors
on benthic community diversity and structure as it is the global hotspot for marine
biodiversity (Hoeksema, 2007; Veron et al., 2011). The Raja Ampat islands of Southwest
Papua, Indonesia, located in the center of the Coral Triangle area, are home to about 553
scleractinian coral species (Veron et al., 2011), with coral coverage ranging from 25–50%
(Hadi et al., 2019; Purwanto et al., 2021). However, like other reef ecosystems worldwide,
the Raja Ampat waters are facing challenges due to environmental changes associated
with human activity and climate change (Mangubhai et al., 2012; King, 2017; Ampou et
al., 2020). The number of tourists to the Raja Ampat islands continues to rise, which may
negatively impact the coastal ecosystem (King, 2017; Papilaya, Boli & Nikijuluw, 2019;Maas
et al., 2020; Purwanto et al., 2021). Coral bleaching and disease have also been observed
because of environmental stresses such as seawater temperature fluctuation, decreasing
salinity, high sedimentation, and turbidity (Ampou et al., 2020; Johan et al., 2020; Subhan
et al., 2020). Identifying the drivers of benthic community diversity in marine habitats is
crucial for gaining deeper insights into how the benthic communities may shift.

Most relevant research to date has focused on the ecological responses of reefs (time
scales of several decades and under ambient temperature conditions (de Bakker et al.,
2017; Giorgi et al., 2022; Caballero-aragón et al., 2023) or of selected species within an
experimental set up of a coral reef community to increased temperatures over short
time scales (weeks/months; Ullah et al., 2018; Grottoli et al., 2021; Mezger et al., 2022),
yet little is known about the long-term response of whole communities to changes in
temperature and environmental conditions. Marine lakes with high water temperatures
and high turbidity may provide insights into potential shifts in dominance of benthic
groups in tropical coastal ecosystems (Hamner & Hamner, 1998; Becking et al., 2011; Maas
et al., 2023). Marine lakes are anchialine systems, which are small bodies of landlocked
seawater with marine characteristics through subterranean connections to the sea through
tunnels, fissures, or pores in the surrounding karstic limestone (Holthuis, 1973; Hamner &
Hamner, 1998). The biota found in marine lakes originate from the sea as larval propagules
enter the lakes through these subterranean connections. Both environmental parameters
and degree of connection seem to influence genetic and species diversity in marine
lakes (Becking et al., 2016; Rapacciuolo et al., 2019; Cleary & Polónia, 2020; Aji et al., 2023;
Maas et al., 2023). The degree of connection between marine lakes and the sea varies,
with the higher the connection, the more similar their abiotic and biotic conditions due
to increased inflow of seawater into the marine lakes (Becking et al., 2011; Meyerhof et al.,
2016). Highly-connected marine lakes tend to have lower water retention and temperatures
because of dilution through seawater turnover, while marine lakes with low connectivity
experience higher water retention, and may have higher terrestrial nutrient input (runoff)
from surrounding tropical rainforests. Marine lakes provide natural states of predicted
environmental scenarios, including increased water temperatures and land-based turbidity.
Hence, marine lakes provide a system to understand the interactions of major benthic
groups under coastal conditions of high temperature and turbidity.

We studied 23 openwater reef sites and 11marine lakes with three temperature categories
(<31 ◦C, 31–32 ◦C, and >32 ◦C) in Raja Ampat, Southwest-Papua, Indonesia. The diversity
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and composition of benthic communities were compared among coral reefs and marine
lakes in Raja Ampat, Indonesia to give insight into which benthic groups emerge when
corals are no longer dominant. The objectives of this study were to: (i) quantify the
variation in benthic community diversity across different coral reef sites and marine lakes
in three temperature categories, and; (ii) identify the relative contributions of habitat,
environmental variables, geographic location, human activity, and depth to the variation
in benthic assemblages.

MATERIALS AND METHODS
Study sites and marine lake profiling
This study was conducted in Raja Ampat, Southwest Papua, Indonesia (Fig.
1). Field works were approved by Kementrian Riset, Teknologi, dan Pendidikan
Tinggi (1353/FRP/E5/Dit.KI/III/2018), and Lembaga Ilmu Pengetahuan Indonesia (B-
7/IPK.2/KS.01/I/2020). In total, 23 reef sites were surveyed from two regions of Raja
Ampat between April and May 2018. Specifically, six sites were surveyed in Dampier
Strait and 17 sites in Misool, at both 5m and 10m depths at all 23 sites (Fig. 1). Seawater
temperature and salinity was relatively stable across the period 2016–2020, approximating
30 ◦C and 30 ppt, respectively. In the Misool area, 11 marine lakes were surveyed from
January to February 2020 and classified into three temperature categories: <31 ◦C (two
marine lakes), 31–32 ◦C (four marine lakes), and >32 ◦C (five marine lakes; Fig. 1). The
temperature categories are split based on a 1 ◦C increase from <31 ◦C to 31–32 ◦C and
>32 ◦C. According to the Intergovernmental Panel on Climate Change (IPCC) scenario,
the sea surface temperature might rise by 2.58 ◦C by the year 2100 (IPCC, 2014). Therefore,
temperatures beyond 32 ◦C can be considered extreme for future coastal conditions. A
coding system consistent with Aji et al. (2023) was used for the names of the marine lakes.

In the marine lakes, a YSI Professional Plus handheld multi-parameter was used to
record abiotic environmental factors, including temperature (◦C) and salinity (h), at 1
m intervals starting one meter below the surface to a depth of 5 m. The water quality
measurements were done in the afternoon. The maximum depth of each marine lake
was measured using a handheld sonar system (Hawkeye), and the surface area (m2) was
approximated using Google Earth Pro. To compare tidal fluctuation inside and outside the
marine lake, HOBO water level loggers were deployed for at least 24 h in the marine lake
and in the sea as a proxy for the degree of connection. The calculation of the fraction of
tidal amplitude of the marine lake compared with the sea followed the methods outlined
byMaas et al. (2018). The degree of connection ranged from zero to one. The perimeter of
the marine lakes consisted mainly of karstic rock and the marine lake floors were covered
by fine sediments such as mud, plant litter from the surrounding forest, dead shells, and
rock.

Benthic surveys and analysis of photo quadrats
Benthic communities from the marine lakes and reefs were assessed using a photo quadrat
transect method (Hill & Wilkinson, 2004). The transects were laid out at random, and
subsequently the photos were photographed using an Olympus tough TG-6 digital camera
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Figure 1 Sampling sites from 23 reefs and 11 marine lakes. (A) Indonesia. (B) Overview of two geo-
graphic regions survey location in Raja Ampat, Southwest Papua. (C) Zoomed-in overview of Misool
showing the locations of 17 of the reefs and the 11 marine lakes. (D) Zoomed-in overview of Dampier
Strait showing the location of six of the reefs sampled in this study. (E) Aerial view of marine lake Papua 6
(photo credit: Christiaan de Leeuw) and (F) ground-level view of marine lake Papua 2 (photo credit: Ludi
P. Aji).

Full-size DOI: 10.7717/peerj.17132/fig-1

along the transect line continuously from the starting point until the end of the transect
line. In each of the coral reefs, three replicates consisting of three 15 m transect lines were
placed parallel to the coastline by SCUBA diving at 5 m and 10 m depths. Photo quadrats of
25× 25 cm were taken with 30 pictures per transect in the reef sites. The distance of human
activity—such as a homestay, resort, village, aquaculture activity, or tourism area—to the
reef sites was also determined as a proxy of anthropogenic pressure. Within each marine
lake, three 15 m transect lines were positioned parallel to the wall of the marine lake,
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approximately one meter below the lowest tide level. Each marine lake transect had a total
of 60 pictures taken with a frame size of 25 × 15 cm. The total surface area observed per
site was 6.75 m2 in each marine lake and 5.625 m2 in each coral reef. A statistical test was
conducted to verify that coverage estimates from benthic communities within the marine
lake from both frame sizes (25 × 25 cm versus 25 × 15 cm) did not differ significantly. A
pairwise comparison between frame sizes withinmarine lake Papua 4 showed no significant
differences in coverage estimates (Welch two paired sample t -test, t = 0, df 129.47, p= 1).

The frame photos were analyzed using the Coral Point Count with Excel extensions
(CPCe) program to estimate the coverage of the different benthic organisms (Kohler &
Gill, 2006). A uniform grid with 25 points per photo-quadrat was used and the benthic
groups underneath each of the points were identified using a two-step grouping system
with major (coarse functional group) and finer-scale categories of benthic groups (Table
S1). The finer-scale benthic groups (66 in total) were classified into ten major groups: hard
corals (14 groups), soft corals (3 groups), crustose coralline algae (1 group), turf algae
(2 groups), sponges (8 groups), macroalgae (6 groups), benthic cyanobacterial mats (3
groups), bivalves (4 groups), other invertebrates (17 groups), and substrates (8 groups).
The finer-scale benthic groups of hard corals and sponges were based on their growth
form, whereas other live benthic groups were based on their taxa at the genus or family
level. The presence/absence and abundance of benthic groups were identified through an
analysis of the photos. The CPCe files were then combined into one dataset for analysis.

Data analysis
All analyses were performed in R v.4.0.2 (R Core Team, 2022). For the environmental
variables, a Pearson correlation analysis was employed to test for collinearity between the
degree of connection, temperature, and salinity of the marine lakes.

The total number of live finer-scale benthic groups in each site was then used to calculate
group richness. The Shannon diversity index was calculated on the abundance data per
finer-scale benthic group with the diversity function in the vegan package (Oksanen et al.,
2019). The Shannondiversity index considers group richness and evenness, with a high value
indicating a high diversity and a lack of dominance by certain groups (Shannon & Weaver,
1949). This was followed by testing differences in Shannon diversity by habitat category
using one-way non-parametric Kruskal–Wallis and then post-hoc Dunn test pairwise
comparisons between habitats. In addition, Pearson correlation tests were performed
between Shannon diversity and degree of connection and surface area of marine lakes.

For analyzing benthic community structure, data normality was tested before analysis
using the shapiro.test function and visualized using the hist function in R. The homogeneity
of variances was checked using the levene test. As the assumption of normality and
homogeneity were violated for the raw data, square root transformation was used to
normalize the data and correct for the influence of highly abundant benthic groups. Then,
the prob.table function in R was used to calculate the proportions of benthic composition.
The difference in proportions of each benthic group was tested using the non-parametric
Kruskal–Wallis test followed by pairwise comparisons with a post-hoc Dunn test to
determine which habitats differed significantly. Stacked bar graphs and boxplots were used
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to visualize the coverage of the 10 major benthic groups per site and habitat category,
respectively.

A permutationalmultivariate analysis with 999 permutations (PERMANOVA;Anderson,
2001) was performed using the adonis function (vegan package v.2.6.2) to test significant
differences in community composition among habitat categories (Oksanen et al., 2019).
The composition of benthic communities among habitats was visualized using non-metric
multidimensional scaling (NMDS; Legendre & Gallagher, 2001). NMDS is an unconstrained
ordination method used to find compositional variation and to relate this variation to the
observed environmental variation (Kenkel & Orlóci, 1986). The metaMDS function was
implemented with the Bray–Curtis dissimilarity matrix as input from benthic coverage
data. Bray–Curtis distance, a measure to identify differences among groups of samples
(Bray & Curtis, 1957), was constructed using the vegdist function in the vegan package
(Oksanen et al., 2019). The stress value and Shepard diagram were assessed to determine
the appropriateness of the NMDS. An enfvit analysis was then performed to analyze the
effect of the explanatory variables (marine lakes: degree of connection (serving as proxy for
temperature and turbidity), and geographic distance; reefs: geographic distance, human
activity, and depth) on the benthic community assemblage across sites. The function envfit
from the vegan package was used to fit explanatory variable vectors and finer-scale benthic
group factors on the NMDS to assess the significance of these variables.

To identify benthic organisms that contributed most to the composition of the habitat
(indicator species), the indicspecies package v.1.7.12 in R was used on the finer-scale
benthic group coverage data across habitats (De Cáceres & Legendre, 2009). The multipatt
function and permutational p-value were generated to determine finer-scale benthic groups
associated with each habitat. The effects of geographic distance on community composition
were then tested using the Mantel test (Mantel, 1967) with the mantel function from the
vegan R package (Oksanen et al., 2019). The geographic distance variable referred to the
distance between survey sites and was calculated as the minimum pairwise distance in
meters between coordinates from the center of each site using the distm function from
the geosphere R package (Hijmans et al., 2022). Mantel tests were conducted on marine
lake and reef sites across Misool area, only marine lakes, and only reef sites. To check
for correlation between distance matrices, the Mantel test was performed using the vegan
package with 999 permutations. Since the data were not normally distributed and variances
were not homogeneous, Spearman correlations were performed.

RESULTS
Environmental conditions and characteristics
The environmental conditions and characteristics of the marine lakes and reefs included
in this study are presented in Table 1. Temperatures ranged from approximately 30 ◦C
to 38 ◦C, and salinity ranged from approximately 15 ppt to 30 ppt. Higher variations in
temperature and salinity were found in >32 ◦C marine lake Papua 21 (standard deviation
1.04 ◦C and 2.14 ppt) and Papua 22 (standard deviation 3.01 ◦C and 3.53 ppt) than in
any other marine lakes. The surface area of the marine lakes ranged between 3,700 m2
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Table 1 Characterization and environmental parameters (mean± standard deviation based on three
sites per marine lake from 1–5m) in marine lakes in Raja Ampat, Indonesia. Connection to the sea is the
ratio of the maximum tidal fluctuation in a marine lake divided by that of the adjacent open sea. Codes for
the marine lakes based on Aji et al. (2023).

Code Habitat Temperature
(◦C)

Salinity
(ppt)

Connection
to the sea

Surface
area (m2 )

Maximum
depth (m)

Papua 15 <31 ◦C 30.5± 0.04 30.2± 0.13 0.9 10,300 34
Papua 11 <31 ◦C 30.7± 0.07 28.4± 0.45 0.8 27,300 9
Papua 5 31–32 ◦C 31.3± 0.32 29.1± 0.30 0.3 3,700 5
Papua 18 31–32 ◦C 31.6± 0.18 28.7± 0.32 0.8 7,000 5
Papua 4 31–32 ◦C 31.7± 0.36 26.0± 0.82 0.8 13,750 20
Papua 6 31–32 ◦C 31.8± 0.26 28.3± 0.27 0.8 2,950 12
Papua 3 >32 ◦C 32.4± 0.40 27.4± 0.98 0.5 20,800 8
Papua 2 >32 ◦C 33.5± 0.35 25.3± 0.40 0.2 12,200 7
Papua 21 >32 ◦C 34.9± 1.04 23.9± 2.14 0.1 18,950 13
Papua 7 >32 ◦C 35.4± 0.15 15.3± 0.61 0.2 9,700 8
Papua 22 >32 ◦C 37.6± 3.01 18.5± 3.53 0.1 23,100 12

and 27,300 m2. Pearson correlation tests showed evidence of collinearity in marine lakes
between the degree of connection and temperature (r =−0.82, p = 0.002) and salinity (r
= 0.69, p = 0.019), as well as between temperature and salinity (r =−0.89, p = 0.0002).

Diversity and coverage of benthic groups among habitats
Shannon diversity index and finer-scale group richness significantly differed among the
habitats (Shannon diversity: 2.27 ± 0.21 versus 1.47 ± 0.38; and richness: 26 ± 3.8 versus
16 ± 6.8, Kruskal–Wallis: p < 0.001). Shannon index (Fig. 2) was significantly different
among Reef 10m and >32 ◦Cmarine lakes (Dunn-test: p= 0.009) , Reef 10m and 31–32 ◦C
marine lakes (p= 0.032), Reef 5 m and >32 ◦Cmarine lakes (p= 0.013), and Reef 5 m and
31–32 ◦C marine lakes (p = 0.007). Benthic group richness (Fig. S1) was also significantly
different among Reef 10 m and >32 ◦C marine lakes (p= 0.017), Reef 10 m and 31–32 ◦C
marine lakes (p= 0.022), Reef 5 m and >32 ◦C marine lakes (p= 0.012) and Reef 5 m and
31–32 ◦Cmarine lakes (p= 0.017). There was a significant Pearson correlation between the
Shannon diversity index and degree of connection (r = 0.66, p = 0.028), but not between
the Shannon diversity index and surface area (r = 0.41, p = 0.21; Fig. S2).

Major benthic group coverage varied across habitats (Fig. 3, Fig. S3, Table S2). Hard and
soft coral was only observed in Reef 10 m (mean ± SD: 17.6% ± 6.1% and 6.6% ± 3.9%,
respectively), Reef 5 m (18.1% ± 4.7% and 7.6% ± 4.1%, respectively), and <31 ◦C
marine lakes (18% ± 1% and 0.5% ± 0.7%, respectively). Reef 10 m and Reef 5 m
had a significantly higher live benthic coverage of CCA (8.2% ± 4.4% and 9.4% ± 4.1%,
respectively) compared to 31–32 ◦C(0.7%± 0.9%) and>32 ◦Cmarine lakes (0.5%± 1.2%).
Hard coral was the most dominant group observed in reef sites, followed by turf algae and
BCM. The most dominant group in <31 ◦C marine lakes was also hard coral, followed
by CCA and turf algae. The coverage percent of Bivalvia from Reef 10 m (0.2% ± 0.4%)
and Reef 5 m (0.2% ± 0.3%) was significantly lower than 31–32 ◦C (15.7% ± 13.9%)
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Figure 2 Boxplot of Shannon diversity index based on finer-scale benthic groups among habitats.Dif-
ferent letters indicate significant differences (Kruskal–Wallis chi-squared= 24.541, df = 4, p< 0.001).

Full-size DOI: 10.7717/peerj.17132/fig-2

and >32 ◦C marine lakes (9% ± 6%). There were no significant differences in the cover
of turfalgae, sponges, macroalgae, BCMs, ‘other invertebrates’, and substrate. The highest
coverage was detected for turfalgae in Reef 10 m (15.7% ± 4.8%), sponges in >32 ◦C
marine lakes (13.8% ± 7.1%), macroalgae in 31–32 ◦C marine lakes (21.9% ± 18.2%),
BCM in 31–32 ◦C marine lakes (15.5% ± 12.6%), ‘other invertebrates’ in >32 ◦C marine
lakes (12% ± 9.1%), and substrate in >32 ◦C marine lakes (24% ± 16.1%).

The cover of macroalgae, BCMs, Bivalvia, ‘other invertebrates’, and substrate in >32 ◦C
and 31–32 ◦C marine lakes was relatively higher and had larger variation than <31 ◦C
marine lakes, Reef 10 m, and Reef 5 m (Figs. 3 and 4 and Table S2). The bivalves found in
the marine lakes predominantly comprised of mussels of the species Brachidontes. In the
>32 ◦C marine lakes, no macroalgae detected from Papua 22 and Papua 7, but there was
high coverage of Caulerpa in Papua 21 (33.8%). Similarly, in the 31–32 ◦Cmarine lakes, no
macroalgae were detected in Papua 18, but there was a high coverage ofHalimeda in Papua
2 (25.9%) andCladophora in Papua 5 (35.9%). Themost abundantmacroalgae in reefs were
Halimeda followed by Padina and Sargassum. The distribution of filter feeding organisms
such as the mussel Brachidontes, Polychaetes, and Ascidians had a higher abundance in
31–32 ◦C and >32 ◦C marine lakes than in coral reefs. Whereas the abundance of those in
marine lakes <31 ◦C was relatively similar to reefs and 31–32 ◦C and >32 ◦C marine lakes.

Benthic community assemblage
There was a significant difference in benthic community composition across all the habitats
(Adonis: r2 = 0.26, p < 0.001). Specifically, there were significant differences among >32 ◦C
marine lakes and Reef 5 m (pairwise adonis, r2 = 0.35, p = 0.01), >32 ◦C marine lakes
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Figure 3 The coverage of major benthic groups from each habitat category.Different letters on Hard
coral, Soft coral, CCA, and Bivalvia indicate significant differences across habitats (vertical line). Note:
CCA, Crustose Coralline Algae; BCM, Benthic Cyanobacterial Mats.

Full-size DOI: 10.7717/peerj.17132/fig-3

and Reef 10 m (pairwise adonis, r2 = 0.34, p = 0.01), 31–32 ◦C marine lakes and Reef
5 m (pairwise adonis, r2 = 0.34, p = 0.01), and 31–32 ◦C marine lakes and Reef 10 m
(pairwise adonis, r2 = 0.33, p= 0.01). There were no significant differences in community
composition among Reef 5 m and Reef 10 m, nor in comparisons among the reefs and
<31 ◦C marine lakes.

NMDS ordination methods were used to show the clustering of benthic group
composition (Fig. 5), where reef sites clustered together (Fig. 5A). The <31 ◦C marine
lakes clustered towards the reef sites and were characterized by the presence of Millepora,
mushroom coral, encrusting coral, excavating sponges, and CCA. The other marine lakes
(31–32 ◦C and >32 ◦Cmarine lakes) did not cluster together. Finer-scale benthic groups of
mussel, other BCM, and ball sponges were primarily found in marine lakes sites, whereas
benthic groups of mushroom coral, CCA, branching coral, encrusting coral, massive coral,
and other soft coral were most commonly found in reef sites, where they were abundant.
Geographic location UTM_Easting (r2 = 0.3, p = 0.002) and UTM_Northing (r2 = 0.41,
p = 0.001) influenced the composition of benthic communities in reef sites but depth
(r2 = 0.1, p = 0.1) and human activity (r2 = 0.06, p = 0.25) did not (Fig. 5B). Degree
of connection (r2 = 0.62, p = 0.026), serving as a proxy for temperature, turbidity, and
salinity, influenced benthic community composition in marine lakes, but geographic
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Figure 4 Representative of benthic appearance from (A) Reef with branching Acropora, (B)<31 ◦C
marine lake with massive coral, (C and D) 31–32 ◦Cmarine lake, and (E and F)>32 ◦Cmarine lake.
Photo A (credit: Christiaan de Leeuw) and photos B–F (credit: Ludi P. Aji) were taken during data collec-
tion.

Full-size DOI: 10.7717/peerj.17132/fig-4

location UTM_Easting (r2 = 0.06, p = 0.755) and UTM_Northing (r2 = 0.37, p = 0.16)
did not (Fig. 5C).

The envfit analysis showed that habitat was an important driver of benthic community
assemblages (r2 = 0.56, p < 0.001). The indicator finer-scale benthic group analysis (p
< 0.05) identified three groups (other gastropoda, mussels, and other BCM) associated
with >32 ◦Cmarine lakes; three groups (macroalgae Cladophora, mussels, and other BCM)
associated with 31–32 ◦C marine lakes; seven groups (massive coral, submassive coral,
encrusting coral, Millepora, CCA, excavating sponge, and digitate sponge) associated with
<31 ◦C marine lakes; and 13 groups (branching Acropora, branching coral, foliose coral,
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Figure 5 Non-metric Multidimensional Scaling (NMDS) ordination plot based on Bray–Curtis dis-
tances of benthic groups (A) from all marine lakes and reefs combined, (B) reefs, and (C) 11 marine
lakes. Benthic groups that significantly (p< 0.001) influenced the community assemblage are shown. The
arrows represent environmental (temperature and salinity), physical characteristics (degree of connection
and depth), geographic location (UTM_Easting and UTM_Northing), and human activity. Note: CCA,
Crustose Coralline Algae; BCM, Benthic Cyanobacterial Mats.

Full-size DOI: 10.7717/peerj.17132/fig-5

massive coral, submassive coral, encrusting coral, mushroom coral, CCA, Gorgonian, other
softcoral, Crinoid, Ascidian colonial, and Hydroid) associated with reef sites.

Mantel tests revealed significant correlations between benthic group composition
(Bray–Curtis dissimilarity) and geographic distance. Specifically, a significant correlation
was found when combining marine lakes and reefs from Misool (r = 0.15, p = 0.013), as
well as when only including the reefs fromMisool and Dampier strait (r = 0.21, p= 0.011).
However, when we only included marine lakes, no significant correlation was observed
between benthic communities and geographic distance (r = 0.03, p = 0.38). These results
indicated that community assemblages of reefs were similar to other close reef sites, but
this was not the case among marine lakes. However, the data showed a lot of spread and
the correlation coefficient (r-value) was low, indicating a weak correlation between the
variables (Fig. S4).
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DISCUSSION
Tropical coastal ecosystems are changing due to both global and local pressures (Pandolfi et
al., 2005; de Bakker et al., 2016; de Bakker et al., 2017; Teichberg et al., 2018; Xiao et al.,
2022). A key research question is how tropical coastal ecosystems could transition
when subjected to continuous pressure from increased temperature and land-induced
turbidity. This study of benthic communities across coral reef sites and marine lakes in
three temperature categories (<31 ◦C, 31–32 ◦C, >32 ◦C) found that elevated seawater
temperatures led to a decrease in biodiversity. Strikingly, themarine lakes with temperatures
of 31 ◦C, despite the turbid conditions, had a similar relative coverage of hard corals, CCA,
and macroalgae to the coral reef ecosystem. In marine lakes with temperatures higher
than 31 ◦C, composition shifted towards the dominance of other benthic groups, such
as macroalgae, BCM, and/or filter feeders, whereas hard corals and CCA were no longer
present. The variation in the assemblage of benthic communities in the reef sites was
significantly influenced by geographic distance between the sites, while temperature,
salinity, and the degree of connection influenced the structure of benthic communities in
marine lakes. The findings of the current study are further discussed below.

Variation in composition among coral reef sites
The variation in the composition of assemblages in the reefs sites observed in this study
can be explained primarily by geographic distance between the sites, and reef depth did not
appear to influence community composition. These results are consistent with other studies
that show geographic location to be a strong predictor of variation in benthic community
composition in reefs (McClanahan et al., 2014; Rattray et al., 2016; Yang et al., 2018; Obura
et al., 2022). Sites that are in closer proximity likely have similar (a)biotic and environmental
conditions leading to similar relative coverage of benthic groups (Rattray et al., 2016; Yang
et al., 2018). Contrary to the results of the present study, community composition has
frequently been reported to be significantly different at different depths (Cleary et al.,
2005; Williams et al., 2013; Roberts et al., 2015; de Bakker et al., 2016; de Bakker et al., 2017;
Cartwright et al., 2023). However, most of these previous studies were conducted at varying
depths from shallow water (∼3 m) to 40 m, differing from the 5 m and 10 m constant
depths per site measured in the present study. It is possible that the physicochemical
conditions at 5 m and 10 m are more similar within sites which support the turnover of
larval benthic organisms (Torruco, Gonzalez & Ordaz, 2003; Maldonado, 2006; Rattray et
al., 2016; Yang et al., 2018). Benthic larval propagules rely on water current for dispersal
and are more likely to settle in the same site at a different depth than they are to settle
at the same depth but in a farther site. The influence of depth on benthic community
composition across reef sites could likely be detected by differences in light transparency,
hydrodynamic energy, and physicochemical conditions if measured at deeper sites than
the present study (more than 10 m).

The variation in the community structure in the coral reefs in Raja Ampat was not
explained by the distance to human activity. These findings differ from previous studies in
Indonesia, specifically those in the Thousand Islands (Jakarta Bay; van der Meij, Moolenbeek
& Hoeksema, 2009; Cleary et al., 2014; Baum et al., 2015), and Spermonde Archipelago
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(Cleary et al., 2005; Becking et al., 2006; Teichberg et al., 2018), which found that reefs closer
to the mainland as the source of anthropogenic activity and eutrophication (decreasing
water quality) caused nutrient enrichment which lead to the decreased biodiversity and
coral coverage. Raja Ampat differs in two ways: (1) the area does not have large and highly-
populated cities such as Makassar and Jakarta, which are significant sources of pollution
(Heery et al., 2018), and (2) Raja Ampat has a geomorphology of multiple small islands
intersected by profound depths and strong currents (Sapin et al., 2009; Verstappen, 2010),
which is fundamentally different from the relatively shallow coastal shelves in the Thousand
Islands and the Spermonde Archipelago, with clear land-sea cross-shelf gradients. The level
of pollution caused by the types of human activities in Raja Ampat (pearl farms, villages,
homestays, resorts) are possibly lower than seen in other studies (Cleary et al., 2005; Baum
et al., 2015; Teichberg et al., 2018) and their effects may be further diluted by the strong
currents and deep water close to the coasts of the islands. As currents were not considered
in this study, and only the distance from the reef transect to the source of human activity
was measured, this study may be missing a potential signal of the anthropogenic impact
on benthic community assemblage. Future studies could include these variables as well as
a direct measurement of in-situ water quality measurements.

This study showed a relatively lower coral coverage (average = 18.1%; range = 5.1–
32.1%) than other reef monitoring in Indonesia. Raja Ampat is known for its relatively
pristine coral reef sites with many sites lauded by scuba divers for high coral diversity
(Mangubhai et al., 2012; Yuanike et al., 2019; Maas et al., 2020; Purwanto et al., 2021).
However, the current study did not specifically target the best dive-sites, nor the best
protected sites within the Marine Protected Areas, but rather systematically chose sites that
were close to the marine lake sites for comparison and targeted similar coastal settings to
avoid confounding factors. To protect coral reef ecosystems, the Indonesian government
has implemented the Coral Reef Rehabilitation andManagement Program - Coral Triangle
Initiative (Coremap-CTI), which performs coral reef monitoring across Indonesian reefs
(Hadi et al., 2019). This initiative categorizes the hard coral coverage in coastal reefs as:
poor (<25%), fair (25%–50%), good (50%–75%), or excellent (>75%). Monitoring results
in Raja Ampat found the average (min-max) percentage of live hard coral coverage was:
28% (10.1–44.9%) in Salawati Batanta (Rondonuwu et al., 2019), 26% (5.8–47.2%) in
Wayag (Abrar et al., 2015), 38% (17.8–68.9%) in West Waigeo (Rizqi et al., 2019), 64%
(44.2–86.8%) in Dampier straits (Yuanike et al., 2019), 31% (18.1–61.3% in year 2019) in
North Raja Ampat, and 39% (34.3–46.3%) in South Raja Ampat (Purwanto et al., 2021).
These monitoring results indicate that overall coral coverage in Raja Ampat’s reefs, which
are mostly located in marine protected areas, can be categorized as fair to good (Hadi
et al., 2019; Pakiding et al., 2019; Purwanto et al., 2021). Survey results of 1,153 locations
across Indonesian reefs surveyed through the Coremap-CTI program in 2019 using the
same methods as the present study (underwater photographic transect) resulted in 390
(33.8%) reef sites classified as having poor coral coverage, 431 (37.4%) having fair coral
coverage, 258 (22.4%) having good coral coverage, and 74 (6.4%) reef sites having excellent
coral coverage (Hadi et al., 2019). Thus, continued monitoring in a diversity of habitats
is essential to assess the general health condition of the coral reefs in Raja Ampat and to
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provide a better understanding of the primary factors influencing the condition of these
coral reefs.

Coral communities in marine lakes
Themarine lakeswith temperatures of <31 ◦Ccontained a cover of hard coral (17.4–18.8%),
CCA (3.5–26.3%), and turf algae (15–15.5%) that was similar to the coral reef sites. Using
the conceptual framework introduced by Schoepf et al. (2023) to define marginal and
extreme coral communities, marine lakes in this study appeared to harbour extreme coral
communities, as they can survive under the chronic extreme environmental conditions of
higher temperatures, land-based sedimentation and in some cases with lower salinity levels.
It is important to note that the marine lakes in the current study that contained corals had
an average temperature of 30.4 ◦C, which is markedly higher than the average temperatures
recorded in the reefs of Raja Ampat of 27.9 ◦C (averaged from 2009–2011; Purwanto et al.,
2012, 27.3 ◦C (year 2019; Patty et al., 2020), and 28.5 ◦C (Nugraha et al., 2018). While the
diversity of the major benthic groups was similar among the reef sites and the marine lakes
of <31 ◦C, the diversity of coral growth forms was lower in the marine lakes compared
to the reefs. The corals in the marine lakes were predominantly massive, submassive, and
encrusting, which are known to be more common in coral communities under turbid and
extreme environmental conditions (Santodomingo, Renema & Johnson, 2016; Camp et al.,
2018; Evans et al., 2020; Schoepf et al., 2023). In contrast, branching Acropora, branching
coral, foliose coral and soft coral were primarily found in the coral reef sites and were rare
in marine lakes. These groups are generally not resilient to high sedimentation and limited
current flow (Loya et al., 2001; De’ath & Fabricius, 2010; Qin et al., 2020). The Millepora
hydrocoral was abundant in marine lakes and seemed to be adapted to the marine lake
environment, as they are fast-growing and can recover rapidly from disturbance (Lewis,
2006; Brown & Edmunds, 2013). Further study of coral species diversity is required to
determine which species can tolerate marine lake environments.

Decline in diversity and shift in dominant benthic groups
The diversity in the marine lakes was lower as temperatures rose. Corals and CCA
(encrusting and calcifying red algae) were not found in the marine lakes with temperatures
of more than 31 ◦C. High temperatures, suspended particulate matter, and dissolved
inorganic nutrients can inhibit fertilization, fecundity, and larval settlement of coral
(Fabricius, 2005; Haas et al., 2016). CCA, which contribute to building and solidifying
the reef structure (Lewis, Kennedy & Diaz-Pulido, 2017; Weiss & Martindale, 2017; Chen
et al., 2020) and offer settlement cues for coral larvae (Whitman et al., 2020; Deinhart,
Mills & Schils, 2022; Abdul Wahab et al., 2023), have been found to be sensitive to thermal
stress (Webster et al., 2011; Vásquez-Elizondo & Enríquez, 2016). A positive correlation was
observed between increased CCA fragments and an increase in species, type, and coverage
of hard corals (Weiss & Martindale, 2017; Whitman et al., 2020; Abdul Wahab et al., 2023).
This suggests that an increased availability of CCA in the ecosystem likely increases the
diversity and coverage of hard corals. A decrease in biodiversity might be accompanied
by a lack of functional redundancy (Rosenfeld, 2002; Biggs et al., 2020) and have a severe

Aji et al. (2024), PeerJ, DOI 10.7717/peerj.17132 15/33

https://peerj.com
http://dx.doi.org/10.7717/peerj.17132


effect on interactions across trophic levels, leading to unexpected changes in community
dynamics (Palumbi, McLeod & Grünbaum, 2008).

The composition of assemblages in the marine lakes varied greatly in this study and
was mostly explained by water temperature. In the marine lakes with higher temperatures
(31–32 ◦C and >32 ◦C), where there was no coral dominance, the systems were dominated
bymacroalgae (both fleshy and calcareous), BCMs, sponges, filter feeders, or a combination
of these groups.

Macroalgae are generally associated with shifts in dominance of coral reefs that are
under stress from high temperatures, nutrient pollution, and overfishing (Vroom et al.,
2006; Littler, Littler & Brooks, 2009; Fulton et al., 2019; Reverter et al., 2020; Crisp, Tebbett
& Bellwood, 2022). Macroalgae coverage in the current study, however, varied widely
among marine lakes with higher temperatures (>31 ◦C). In particular, in the marine
lakes with the highest temperatures, macroalgae were absent or only present with low
coverage percentages. This variation in dominance could be due to differences in the
macroalgae species present in different marine lakes. Macroalgae can be classified as fleshy,
filamentous, or calcareous taxa, and differentmacroalgae species have different responses to
environmental variables (Vroom et al., 2006; Diaz-Pulido et al., 2009; Cannon et al., 2023).
The fleshy macroalgae Caulerpa was dominant in Papua 21, the filamentous macroalgae
Cladophora was dominant in Papua 5, and the calcareous macroalgae Halimeda was
dominant in Papua 2. Calcareous macroalgae, such as Halimeda and Peyssonnelia, which
are less harmful for hard corals, were found in <31 ◦C marine lakes where hard coral is
present. It is possible that when the temperatures rise beyond a certain level, the dominance
of macroalgae shift to other benthic groups that are more stress tolerant, such as BCMs
(Tebbett et al., 2022a) and filter feeders (Huhn, 2016). Conversely, turf algae, which is a
heterogenous consortium of fleshy, short filamentous algae, juvenile macroalgae, and
cyanobacteria (Adey & Steneck, 1985; Bender, Diaz-Pulido & Dove, 2014; Harris, Lewis &
Smith, 2015; Tebbett et al., 2022b), had similar coverage across all the reef sites and marine
lakes in this study. Turf algae is opportunistic (Bender, Diaz-Pulido & Dove, 2014; Connell,
Foster & Airoldi, 2014) and can rapidly occupy open space (Harris, Lewis & Smith, 2015;
Tebbett et al., 2022b), particularly when the conditions are not optimal for corals (Fong
& Paul, 2011). This suggests that turf algae may dominate space under various stress
conditions and disturbances. Both macroalgae and turf algae can inhibit coral recruitment,
coral reproduction, overgrow/shade coral, disrupt the coral microbiome, and increase
pathogenic bacteria (Fong & Paul, 2011; Wild, Jantzen & Kremb, 2014; Harris, Lewis &
Smith, 2015; Haas et al., 2016; Fulton et al., 2019), allowing them to outcompete coral in
reef ecosystems.

BCMs, which are a consortium of microbes often dominated by cyanobacteria (Charpy
et al., 2012; Huisman et al., 2018), were present across all coral reefs and marine lakes in
this study, ranging from 3% to 33% coverage. The highest coverage was found in 31–32 ◦C
marine lake Papua 18, followed by >32 ◦C marine lake Papua 7. Red-brown mat was the
most common BCM type found in both marine lakes and coral reefs. This is similar to the
finding of Stuij et al. (2023) that red-brown mat was one of the most observed BCM on
coral reefs of Koh Tao in the Gulf of Thailand. BCMs are becoming emerging players in

Aji et al. (2024), PeerJ, DOI 10.7717/peerj.17132 16/33

https://peerj.com
http://dx.doi.org/10.7717/peerj.17132


coral communities as several studies have documented an increased abundance of BCMs
in response to elevated temperatures, nutrient availability, and reduced water quality (de
Bakker et al., 2017; Ford et al., 2017; Ford et al., 2018; Ford et al., 2021; Tebbett et al., 2022a;
Stuij et al., 2023). In large quantities, BCMs could negatively affect ecosystems as they can
cause local anoxia, contain pathogens, smother benthos, and prevent larvae from settling
(Nagle & Paul, 1998; Charpy et al., 2012; Ford et al., 2018; Ford et al., 2021). In a study of
an inshore reef system in Fiji, Ford et al. (2021) found that BCMs are herbivory-resistant
primary producers, as the fish that typically eat algae or corals showed little interest in
consuming BCMs. There are less fish in marine lakes than in coral reef ecosystems, with
most fish being small omnivores (pers. obs.; Becking et al., 2011). Because of this, marine
lakes could be considered a proxy for an ‘overfished’ system, where BCMs and algae have
little top-down control. Mesocosm experiments under future climate conditions found that
the systems shifted with BCMs having more biomass under high temperature conditions
(Ullah et al., 2018; Nagelkerken et al., 2020). With increasing temperatures and external
organic matter input in tropical coastal ecosystems, heat-tolerant BCMs will likely be able
to rapidly transform external organic matter into biomass, leading to rapid growth and
possible dominance in benthic coverage (Charpy et al., 2012; Brocke et al., 2015).

Sponges have been hypothesized to be a possible emerging benthic group in the
transformation of coral reef ecosystems as they have a competitive advantage to corals
through temperature tolerance, chemical defenses, symbiotic relationships, adaptation to
variable conditions, and mixotrophic and sponge-loop mechanisms (Bell et al., 2018;
Pawlik, Loh & McMurray, 2018; Zuschin, Hohenegger & Steininger, 2001). Whilst we
observed sponges across all of the marine lakes and the coverage was high in some, we did
not find any evidence that sponge cover varied significantly with differences in temperature.
As such, our work does not show that sponges necessarily replace corals as environmental
stress increases (for example through increases in temperature or eutrophication). Further
analysis of the variation in sponge species would provide more insight into how sponge
species communities adapt in response to the environmental change.

We found that filter feeders, such as bivalves and polychaetes, dominate high temperature
and turbid marine lakes. Our results align with various studies that have shown that
degraded reefs under eutrophic settings can have a high abundance of coral-associated
bivalves and polychaetes (Chazottes et al., 2002; Hutchings & Peyrot-Clausade, 2002;
Mohammed & Yassien, 2008; Hoeksema et al., 2022). Tubeworms have been seen to form
associations with hard corals and sponges, exhibiting increased abundance in environments
characterized by turbidity, increased exposure, and eutrophic and harsh conditions (Ben-
Eliahu, Safriel & Ben-Tuvia, 1988; Schwindt, Bortolus & Iribarne, 2001;Hutchings & Peyrot-
Clausade, 2002; Hoeksema et al., 2022). As they are bioeroding, these filter feeders weaken
the structural strength of the reefs (Schwindt, Bortolus & Iribarne, 2001; Fabricius, 2011),
which can result in the development of abnormal growth forms that inflict damage on hard
coral hosts, leading to an increase in dead hard coral patches that are utilized as substrate
by other benthic groups such as sponges and algae (Hoeksema et al., 2022).

The mussel Brachidontes of the Mytilidae family was found in all marine lakes in this
study and was highly abundant in marine lakes with temperatures above 31 ◦C, where
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they attached themselves to the hard substrata or mangrove roots (Becking et al., 2011;
Aji et al., 2023). Mussels are frequently seen to dominate the benthic biomass in marine
lake ecosystems in response to turbidity and nutrient enrichment (de Leeuw et al., 2020;
Aji et al., 2023). High turbidity limits light, negatively impacting benthic phototrophic
species, but promoting heterotrophic filter feeders (Fabricius, 2005; Fabricius, 2011). High
phytoplankton and particulate organic matter load in eutrophic aquatic environments may
increase the survival of bivalves (Nakamura & Kerciku, 2000). The mussel Brachidontes,
as a primary consumer, can survive under large fluctuations in salinity and temperature
conditions that are usually lethal for the majority of other benthic groups (Safriel &
Sasson-Frostig, 1988; Sarà et al., 2008; Astudillo, Bonebrake & Leung, 2017). Huhn (2016)
showed that bivalve mussels are more heat resistant and can tolerate temperatures up to
39 ◦C. This suggests that Brachidontesmay be able to physiologically regulate and maintain
feeding and food acquisition in a broad range of environmental conditions. Therefore,
filter feeder organisms could be a potential opportunistic benthic group that is able to
dominate tropical coastal ecosystems with high temperatures and turbidity.

Marine lakes as possible model systems
In recent years there has been heightened interest in corals that live at the edge of their
environmental limits as they can provide insights into how coral communities may survive
and adapt to future changes to marine environments (e.g., Schoepf et al., 2023). The current
average temperature of reefs in Raja Ampat is around 29 ◦C (Purwanto et al., 2012;Nugraha
et al., 2018; Patty et al., 2020). Marine lakes, however, naturally represent possible climate
change scenarios predicted by the IPCCunder the worst case emissionsmodel. For example,
marine lakes Papua 7 and Papua 22 have temperatures >35 ◦C, as well as an anoxic layer
in the water column. Under the most severe IPCC scenario (RCP8.5), global sea surface
temperature is projected to rise by approximately 2.58 ◦C by the year 2100 (IPCC, 2014).
This increase in temperature, coupled with melting ice caps and increased rain, may lead
to reduced oceanic salinity (IPCC, 2021). Some evidence suggests that the Coral Triangle
Area was more brackish during the Last Glacial Maximum (17–18 K years ago), with the
last melting of the ice caps, than it is now (Hoeksema, 2007). Increase water temperatures,
salinity changes, together with increased land-based pollution of nutrients from runoff
of agricultural fertilizers and sediment, are expected to promote stratification in coastal
waters, leading to more frequent hypoxic or anoxic events (Gooday et al., 2009; Zhang et
al., 2010).

Marine lakes are not exact predictors for climate change effects in coastal systems,
but are highly informative for four reasons: (1) marine lakes have high temperatures
and turbidity on a sufficiently large spatial and temporal scale to integrate ecosystem
processes; (2) marine lakes provide an understanding of interactions of major benthic
groups under variable environments and during dominance of certain benthic groups; (3)
in the Indo-Pacific geomorphology of the reefs, particularly in karstic systems such as West
Papua, multitudes of basins with restricted waterflow are common; and (4) proxies and
island systems, such as hydrothermal vents, have been useful indicators in the past (Pichler
et al., 2019; Schoepf et al., 2023). Further research is needed on how BCMs, filter feeders,
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and sponges, together with corals, macroalgae, and turf algae, will develop under changing
conditions as the major groups that are dominating the marine lakes appear to be the
same as those emerging in the reefs. The marine lake setting may provide an opportunity
to understand and identify what bottom-up processes could lead to major shifts in the
ecosystem.

CONCLUSIONS
Studying the benthic communities in both coral reefs and marine lakes provides insights
into potential changes in tropical coastal ecosystems when environmental variables and
water quality change. The biodiversity of benthic communities decreased with increased
seawater temperatures, with a shift from coral-algae dominated systems to those dominated
by macroalgae, BCMs, filter feeders, sponges, or a combination of these groups. Our results
suggest that beyond a certain temperature (>31 ◦C), tropical benthic communities may
shift away from coral dominance, but new outcomes of assemblages can be highly distinct,
with a possible varied dominance of macroalgae, benthic cyanobacterial mats, or filter
feeders such as bivalves and tubeworms. Macroalgae were not present in the marine lakes
with the highest temperatures (>35 ◦C), which were dominated by BCMs and filter feeders.
A key question that needs further research is what a shift in dominance to BCMs and
filter feeders may mean for the functioning of coastal communities, as this shift may lead
to altered ecological function and affect energy flow from primary producers to higher
consumers (Goldenberg et al., 2017; Ford et al., 2018; Cissell & Mccoy, 2022). In conclusion,
while marine lakes do not directly translate to coastal reef systems, they can provide insights
into the interactions of major benthic groups under variable environmental conditions
and the bottom-up processes that could lead to shifts in dominance within tropical coastal
marine ecosystems if hard corals are no longer dominant.

ACKNOWLEDGEMENTS
Wewould like to thankAugy Syahailatua, Syafri, RicardoTapilatu, Purwanto, AliOherenan,
Stephanie Martinez, Robin Olde Wolbers, Inez van Erp, Merethe, Anika, Esmee, Max
Ammer, Andy Miners, UPTD BLUD, Universitas Papua, Conservation International
Indonesia, Baseftin Foundation, Raja Ampat Research and Conservation Center, Papua
Diving, and Misool Eco Resort. We would also like to thank the reviewers for their support
in improving the manuscript.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was financially supported by the Endowment Fund for Education (LPDP)
Scholarship from the Ministry of Finance of the Republic of Indonesia for Ludi Parwadani
Aji and the Dutch Research Council (NWO) project VI.Vidi.193.137 for Leontine Becking.
The funders had no role in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

Aji et al. (2024), PeerJ, DOI 10.7717/peerj.17132 19/33

https://peerj.com
http://dx.doi.org/10.7717/peerj.17132


Grant Disclosures
The following grant information was disclosed by the authors:
Ministry of Finance of the Republic of Indonesia.
Dutch Research Council: VI.Vidi.193.137.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Ludi Parwadani Aji conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.
• Diede Louise Maas conceived and designed the experiments, analyzed the data, authored
or reviewed drafts of the article, and approved the final draft.
• Agustin Capriati performed the experiments, authored or reviewed drafts of the article,
and approved the final draft.
• Awaludinnoer Ahmad performed the experiments, authored or reviewed drafts of the
article, and approved the final draft.
• Christiaan de Leeuw performed the experiments, authored or reviewed drafts of the
article, and approved the final draft.
• Leontine Elisabeth Becking conceived and designed the experiments, authored or
reviewed drafts of the article, and approved the final draft.

Field Study Permissions
The following information was supplied relating to field study approvals (i.e., approving
body and any reference numbers):

Field works were approved by Kementrian Riset, Teknologi, dan Pendidikan
Tinggi (1353/FRP/E5/Dit.KI/III/2018), and Lembaga Ilmu Pengetahuan Indonesia
(B-7/IPK.2/KS.01/I/2020)

Data Availability
The following information was supplied regarding data availability:

The raw measurements are available in the Supplementary File.
The GPS coordinate location of marine lakes in Raja Ampat is restricted to protect

the vulnerable ecosystems. The location must be requested from Bayu Prayudha,
bayu005@brin.go.id, from Research Center for Oceanography - BRIN. The requester
should be a scientist from an academic research institute, must include a statement of
purpose of the scientific use of the coordinate, and must sign an agreement not to share the
coordinate to third parties. Requests will be evaluated and responded to within 1 month.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.17132#supplemental-information.

Aji et al. (2024), PeerJ, DOI 10.7717/peerj.17132 20/33

https://peerj.com
http://dx.doi.org/10.7717/peerj.17132#supplemental-information
http://dx.doi.org/10.7717/peerj.17132#supplemental-information
http://dx.doi.org/10.7717/peerj.17132#supplemental-information
http://dx.doi.org/10.7717/peerj.17132


REFERENCES
AbdulWahabMA, Ferguson S, Snekkevik VK, McCutchan G, Jeong S, Severati

A, Randall CJ, Negri AP, Diaz-Pulido G. 2023.Hierarchical settlement be-
haviours of coral larvae to common coralline algae. Scientific Reports 13:5795
DOI 10.1038/s41598-023-32676-4.

Abrar M, Siringoringo RM, Arbi UY, Sari NWP, Dharmawan IWE, Tanda L, Adji AS,
Sutiadi Rasyidin A, SinagaM, Irawan . 2015. Baseline survei kesehatan terumbu
karang dan ekosistem terkait di suaka alam perairan kepulauan Waigeo sebelah barat
dan laut sekitarnya, Kabupaten Raja Ampat, Papua Barat. Jakarta: Coremap CTI -
LIPI.

AdeyWH, Steneck RS. 1985.Highly productive Eastern Caribbean reefs: synergistic
effects of biological, chemical, physical, and geological factors. In: NOAA Symposia
Series for Undersea Research, 163–187.

Aji LP, Goud J, vander Steeg S, Tapilatu R, Maas DL, Becking LE. 2023. The diversity
of molluscan faunas in marine lakes of Raja Ampat, West Papua, Indonesia.
Contributions to Zoology 92:1–40 DOI 10.1163/18759866-bja10047.

Alvarez-filip L, Dulvy NK, Gill JA, Watkinson AR, Co IM. 2009. Flattening of Caribbean
coral reefs: region-wide declines in architectural complexity. Proceedings of the Royal
Society 276:3019–3025 DOI 10.1098/rspb.2009.0339.

Ampou EE, Manessa MDM, Hamzah F,Widagti N. 2020. Study of sea surface tem-
perature (SST), Does it affect coral reefs? Jurnal Ilmiah Perikanan dan Kelautan
12:199–213 DOI 10.20473/jipk.v12i2.20316.

AndersonMJ. 2001. Permutation tests for univariate or multivariate analysis of variance
and regression. Canadian Journal of Fisheries and Aquatic Sciences 58:626–639
DOI 10.1139/cjfas-58-3-626.

Astudillo JC, Bonebrake TC, Leung KMY. 2017. The recently introduced bivalve Xenos-
trobus securis has higher thermal and salinity tolerance than the native Brachidontes
variabilis and establishedMytilopsis sallei.Marine Pollution Bulletin 118:229–236
DOI 10.1016/j.marpolbul.2017.02.046.

BaumG, Januar HI, Ferse SCA, Kunzmann A. 2015. Local and regional impacts of
pollution on coral reefs along the Thousand Islands North of the megacity Jakarta,
Indonesia. PLOS ONE 10(9):e0138271 DOI 10.1371/journal.pone.0138271.

BaumG, Januar I, Ferse SCA,Wild C, Kunzmann A. 2016. Abundance and physiology
of dominant soft corals linked to water quality in Jakarta Bay, Indonesia. PeerJ
4:e2625 DOI 10.7717/peerj.2625.

Becking LE, Cleary DFR, de Voogd NJ, RenemaW, de Beer M, van Soest RWM, Hoek-
sema BW. 2006. Beta diversity of tropical marine benthic assemblages in the Sper-
monde Archipelago, Indonesia.Marine Ecology 27:76–88
DOI 10.1111/j.1439-0485.2005.00051.x.

Becking LE, de Leeuw CA, Knegt B, Maas DL, de Voogd NJ, Abdunnur Suyatna I,
Peijnenburg KTCA. 2016.Highly divergent mussel lineages in isolated Indonesian
marine lakes. PeerJ 4:e2496 DOI 10.7717/peerj.2496.

Aji et al. (2024), PeerJ, DOI 10.7717/peerj.17132 21/33

https://peerj.com
http://dx.doi.org/10.1038/s41598-023-32676-4
http://dx.doi.org/10.1163/18759866-bja10047
http://dx.doi.org/10.1098/rspb.2009.0339
http://dx.doi.org/10.20473/jipk.v12i2.20316
http://dx.doi.org/10.1139/cjfas-58-3-626
http://dx.doi.org/10.1016/j.marpolbul.2017.02.046
http://dx.doi.org/10.1371/journal.pone.0138271
http://dx.doi.org/10.7717/peerj.2625
http://dx.doi.org/10.1111/j.1439-0485.2005.00051.x
http://dx.doi.org/10.7717/peerj.2496
http://dx.doi.org/10.7717/peerj.17132


Becking LE, RenemaW, Santodomingo NK, Hoeksema BW, Tuti Y, de Voogd NJ. 2011.
Recently discovered landlocked basins in Indonesia reveal high habitat diversity in
anchialine systems. Hydrobiologia 677:89–105 DOI 10.1007/s10750-011-0742-0.

Bell JJ, Davy SK, Jones T, Taylor MW,Webster NS. 2013. Could some coral reefs
become sponge reefs as our climate changes? Global Change Biology 19:2613–2624
DOI 10.1111/gcb.12212.

Bell JJ, Rovellini A, Davy SK, Taylor MW, Fulton EA, DunnMR, Bennett HM, Kandler
NM, Luter HM,Webster NS. 2018. Climate change alterations to ecosystem
dominance: how might sponge-dominated reefs function? Ecology 99:1920–1931
DOI 10.1002/ecy.2446.

Ben-EliahuMN, Safriel UN, Ben-Tuvia S. 1988. Environmental stability is low where
polychaete species diversity is high: quantifying tropical vs temperate within-habitat
features. Oikos 52:255–273 DOI 10.2307/3565199.

Bender D, Diaz-Pulido G, Dove S. 2014.Warming and acidification promote
cyanobacterial dominance in turf algal assemblages.Marine Ecology Progress Series
517:271–284 DOI 10.3354/meps11037.

Biggs CR, Yeager LA, Bolser DG, Bonsell C, Dichiera AM, Hou Z, Keyser SR, Khursi-
gara AJ, Lu K, Muth AF, Negrete B, Erisman BE. 2020. Does functional redundancy
affect ecological stability and resilience? A review and meta-analysis. Ecosphere
11:e03184 DOI 10.1002/ecs2.3184.

Bray JR, Curtis JT. 1957. An ordination of the upland forest communities of Southern
Wisconsin. Ecological Monographs 27:325–349 DOI 10.2307/1942268.

Brocke HJ, Polerecky L, De Beer D,Weber M, Claudet J, Nugues MM. 2015. Organic
matter degradation drives benthic cyanobacterial mat abundance on caribbean coral
reefs. PLOS ONE 10:e0125445 DOI 10.1371/journal.pone.0125445.

Brown D, Edmunds PJ. 2013. Long-term changes in the population dynamics of the
Caribbean hydrocoralMillepora spp. Journal of Experimental Marine Biology and
Ecology 441:62–70 DOI 10.1016/j.jembe.2013.01.013.

Caballero-aragón H, Perera-valderrama S, Cobián-rojas D, Gonzalez ZH, Méndez JG,
La Guardia ED. 2023. A decade of study on the condition of western Cuban coral
reefs, with low human impact. PeerJ 11:e15953 DOI 10.7717/peerj.15953.

Camp EF, Schoepf V, Mumby PJ, Hardtke LA, Rodolfo-metalpa R, Smith DJ,
Suggett DJ. 2018. The future of coral reefs subject to rapid climate change:
Lessons from natural extreme environments. Frontiers in Marine Science 5:4
DOI 10.3389/fmars.2018.00004.

Cannon SE, Donner SD, Liu A, Espinosa PCG, Baird AH, Baum JK, Bauman AG,
Beger M, Benkwitt CE, Birt MJ, Chancerelle Y, Cinner JE, Crane NL, Denis V,
Depczynski M, Fadil N, Fenner D, Fulton CJ, Golbuu Y, GrahamNAJ, Guest J,
Harrison HB, Hobbs JA, Hoey AS, Holmes TH, Houk P, Januchowski-Hartley FA,
Jompa J, Kuo C, Limmon GV, Lin YV, Mcclanahan TR, Muenzel D, PaddackMJ,
Planes S, Pratchett MS, Radford B, Reimer JD, Richards ZT, Ross CL, Rulmal J,
Sommer B,Williams GJ, Wilson SK. 2023.Macroalgae exhibit diverse responses

Aji et al. (2024), PeerJ, DOI 10.7717/peerj.17132 22/33

https://peerj.com
http://dx.doi.org/10.1007/s10750-011-0742-0
http://dx.doi.org/10.1111/gcb.12212
http://dx.doi.org/10.1002/ecy.2446
http://dx.doi.org/10.2307/3565199
http://dx.doi.org/10.3354/meps11037
http://dx.doi.org/10.1002/ecs2.3184
http://dx.doi.org/10.2307/1942268
http://dx.doi.org/10.1371/journal.pone.0125445
http://dx.doi.org/10.1016/j.jembe.2013.01.013
http://dx.doi.org/10.7717/peerj.15953
http://dx.doi.org/10.3389/fmars.2018.00004
http://dx.doi.org/10.7717/peerj.17132


to human disturbances on coral reefs. Global Change Biology 29:3318–3330
DOI 10.1111/gcb.16694.

Cartwright PJ, Browne NK, Belton D, Parnum I, Leary MO, Valckenaere J, Fearns
P, Lowe R. 2023. Long-term spatial variations in turbidity and temperature
provide new insights into coral-algal states on extreme/marginal reefs. Coral Reefs
42:859–782 DOI 10.1007/s00338-023-02393-5.

Charpy L, Casareto BE, LangladeMJ, Suzuki Y. 2012. Cyanobacteria in coral reef ecosys-
tems: a review. Journal of the Marine Biology 2012:259571 DOI 10.1155/2012/259571.

Chazottes V, Le Campion-Alsumard T, Peyrot-ClausadeM, Cuet P. 2002. The effects
of eutrophication-related alterations to coral reef communities on agents and
rates of bioerosion (Reunion Island, Indian Ocean). Coral Reefs 21:375–390
DOI 10.1007/s00338-002-0259-0.

ChenW,Wang Y, Huang Y,Wang T, Yi Z, KiesslingW. 2020. Reef-building red algae
from an uppermost Permian reef complex as a fossil analogue of modern coralline
algal ridges. Facies 66:1–14 DOI 10.1007/s10347-020-00606-9.

Cissell EC, Mccoy SJ. 2022.Marine cyanobacteria in the anthropocene: Are top-down
paradigms robust to climate change? Climate Change Ecology 3:100057
DOI 10.1016/j.ecochg.2022.100057.

Cleary DFR, Becking LE, de Voogd NJ, RenemaW, de Beer M, van Soest RWM,
Hoeksema BW. 2005. Variation in the diversity and composition of ben-
thic taxa as a function of distance offshore, depth and exposure in the Sper-
monde Archipelago, Indonesia. Estuarine, Coastal and Shelf Science 65:557–570
DOI 10.1016/j.ecss.2005.06.025.

Cleary DFR, Polónia ARM. 2020.Marine lake populations of jellyfish, mussels and
sponges host compositionally distinct prokaryotic communities. Hydrobiologia
847:3409–3425 DOI 10.1007/s10750-020-04346-3.

Cleary DFR, Polónia ARM, RenemaW, Hoeksema BW,Wolstenholme J, Tuti Y, De
Voogd NJ. 2014. Coral reefs next to a major conurbation: a study of temporal change
(1985–2011) in coral cover and composition in the reefs of Jakarta, Indonesia.
Marine Ecology Progress Series 501:89–98 DOI 10.3354/meps10678.

Connell SD, Foster MS, Airoldi L. 2014.What are algal turfs? Towards a better descrip-
tion of turfs.Marine Ecology Progress Series 495:299–307 DOI 10.3354/meps10513.

Crisp SK, Tebbett SB, Bellwood DR. 2022. A critical evaluation of benthic phase shift
studies on coral reefs.Marine Environmental Research 178:105667
DOI 10.1016/j.marenvres.2022.105667.

de Bakker DM, van Duyl FC, Bak RPM, Nugues MM, Nieuwland G, Meesters EH.
2017. 40 Years of benthic community change on the Caribbean reefs of Curaçao
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are there any winners? Frontiers in Marine Science 3:247
DOI 10.3389/fmars.2016.00247.

Aji et al. (2024), PeerJ, DOI 10.7717/peerj.17132 23/33

https://peerj.com
http://dx.doi.org/10.1111/gcb.16694
http://dx.doi.org/10.1007/s00338-023-02393-5
http://dx.doi.org/10.1155/2012/259571
http://dx.doi.org/10.1007/s00338-002-0259-0
http://dx.doi.org/10.1007/s10347-020-00606-9
http://dx.doi.org/10.1016/j.ecochg.2022.100057
http://dx.doi.org/10.1016/j.ecss.2005.06.025
http://dx.doi.org/10.1007/s10750-020-04346-3
http://dx.doi.org/10.3354/meps10678
http://dx.doi.org/10.3354/meps10513
http://dx.doi.org/10.1016/j.marenvres.2022.105667
http://dx.doi.org/10.1007/s00338-016-1534-9
http://dx.doi.org/10.3389/fmars.2016.00247
http://dx.doi.org/10.7717/peerj.17132


De Cáceres M, Legendre P. 2009. Associations between species and groups of sites:
indices and statistical inference. Ecology 90:3566–3574 DOI 10.1890/08-1823.1.

de Leeuw CA, Peijnenburg KTCA, Gillespie RG, Maas DL, Hanzawa N, Tuti Y, Toha
AHA, Aji LP, Becking LE. 2020. First come, first served: possible role for priority
effects in marine populations under different degrees of dispersal potential. Journal of
Biogeography 47:1649–1662 DOI 10.1111/jbi.13873.

De’ath G, Fabricius K. 2010.Water quality as a regional driver of coral biodiversity
and macroalgae on the Great Barrier Reef. Ecological Applications 20:840–850
DOI 10.1890/08-2023.1.

Deinhart M, Mills MS, Schils T. 2022. Community assessment of crustose cal-
cifying red algae as coral recruitment substrates. PLOS ONE 17:e0271438
DOI 10.1371/journal.pone.0271438.

Diaz-Pulido G, McCook LJ, Dove S, Berkelmans R, Roff G, Kline DI, Weeks S, Evans
RD,Williamson DH, Hoegh-Guldberg O. 2009. Doom and boom on a resilient
reef: climate change, algal overgrowth and coral recovery. PLOS ONE 4:e5239
DOI 10.1371/journal.pone.0005239.

Duprey NN, Yasuhara M, Baker DM. 2016. Reefs of tomorrow: eutrophication reduces
coral biodiversity in an urbanized seascape. Global Change Biology 22:3550–3565
DOI 10.1111/gcb.13432.

Eddy TD, LamVWY, Reygondeau G, Cisneros-Montemayor AM, Greer K, Palo-
mares MLD, Bruno JF, Ota Y, CheungWWL. 2021. Global decline in ca-
pacity of coral reefs to provide ecosystem services. One Earth 4:1278–1285
DOI 10.1016/j.oneear.2021.08.016.

Evans RD,Wilson SK, Fisher R, Ryan NM, Babcock R, Blakeway D, Bond T, Dorji P,
Dufois F, Fearns P, Lowe RJ, Stoddart J, Thomson DP. 2020. Early recovery dynam-
ics of turbid coral reefs after recurring bleaching events. Journal of Environmental
Management 268:110666 DOI 10.1016/j.jenvman.2020.110666.

Fabricius KE. 2005. Effects of terrestrial runoff on the ecology of corals and coral reefs:
review and synthesis.Marine Pollution Bulletin 50:125–146
DOI 10.1016/j.marpolbul.2004.11.028.

Fabricius KE. 2011. Factors determining the resilience of coral reefs to eutrophi-
cation: a review and conceptual model. In: Dubinsky Z, Stambler N, eds. Coral
reefs: an ecosystem in transition. Dordrecht: Springer Netherlands, 493–505
DOI 10.1007/978-94-007-0114-4_28.

Fong P, Paul VJ. 2011. Coral reef algae. In: Dubinsky Z, Stambler N, eds. Coral reefs: an
ecosystem in transition. Dordrecht: Springer Netherlands, 241–272.

Ford AK, Bejarano S, Nugues MM, Visser PM, Albert S, Ferse SCA. 2018. Reefs under
siege—the rise, putative drivers, and consequences of benthic cyanobacterial mats.
Frontiers in Marine Science 5:18 DOI 10.3389/fmars.2018.00018.

Ford AK, Van Hoytema N, Moore BR, Pandihau L,Wild C, Ferse SCA. 2017.High
sedimentary oxygen consumption indicates that sewage input from small islands
drives benthic community shifts on overfished reefs. Environment Conservation
44:405–411 DOI 10.1017/S0376892917000054.

Aji et al. (2024), PeerJ, DOI 10.7717/peerj.17132 24/33

https://peerj.com
http://dx.doi.org/10.1890/08-1823.1
http://dx.doi.org/10.1111/jbi.13873
http://dx.doi.org/10.1890/08-2023.1
http://dx.doi.org/10.1371/journal.pone.0271438
http://dx.doi.org/10.1371/journal.pone.0005239
http://dx.doi.org/10.1111/gcb.13432
http://dx.doi.org/10.1016/j.oneear.2021.08.016
http://dx.doi.org/10.1016/j.jenvman.2020.110666
http://dx.doi.org/10.1016/j.marpolbul.2004.11.028
http://dx.doi.org/10.1007/978-94-007-0114-4_28
http://dx.doi.org/10.3389/fmars.2018.00018
http://dx.doi.org/10.1017/S0376892917000054
http://dx.doi.org/10.7717/peerj.17132


Ford AK, Visser PM, van HerkMJ, Jongepier E, Bonito V. 2021. First insights into the
impacts of benthic cyanobacterial mats on fish herbivory functions on a nearshore
coral reef. Scientific Reports 11:1–14 DOI 10.1038/s41598-021-84016-z.

Fulton CJ, Abesamis RA, Berkström C, Depczynski M, GrahamNAJ, Holmes TH,
Kulbicki M, Noble MM, Radford BT, Tano S, Tinkler P, Wernberg T,Wilson
SK. 2019. Form and function of tropical macroalgal reefs in the Anthropocene.
Functional Ecology 33:989–999 DOI 10.1111/1365-2435.13282.

Giorgi A, Monti M, Radawski JD, Olson JB. 2022. Long term benthic survey
demonstrates a shift in the composition of benthic reef communities at shal-
low sites in Roatán, Honduras. Biodiversity and Conservation 31:1689–1708
DOI 10.1007/s10531-022-02421-w.

Goldenberg SU, Nagelkerken I, Ferreira CM, Ullah H, Connell SD. 2017. Boosted
food web productivity through ocean acidification collapses under warming. Global
Change Biology 23:4177–4184 DOI 10.1111/gcb.13699.

Gooday AJ, Jorissen F, Levin LA, Middelburg JJ, Naqvi SWA, Rabalais NN, Scranton
M, Zhang J. 2009.Historical records of coastal eutrophication-induced hypoxia.
Biogeosciences 6:1707–1745 DOI 10.5194/bg-6-1707-2009.

GrahamNAJ, Nash KL. 2013. The importance of structural complexity in coral reef
ecosystems. Coral Reefs 32:315–326 DOI 10.1007/s00338-012-0984-y.

Grottoli AG, Toonen RJ, vanWoesik R, Thurber RV,Warner ME, McLachlan RH,
Price JT, Bahr KD, Baums IB, Castillo KD, CoffrothMA, Cunning R, Dobson
KL, DonahueMJ, Hench JL, Iglesias-Prieto R, KempDW, Kenkel CD, Kline DI,
Kuffner IB, Matthews JL, Mayfield AB, Padilla-Gamiño JL, Palumbi S, Voolstra
CR,Weis VM,WuHC. 2021. Increasing comparability among coral bleaching
experiments. Ecological Applications 31:e02262 DOI 10.1002/eap.2262.

Haas AF, Fairoz MF, Kelly LW, Nelson CE, Dinsdale EA, Edwards RA, Giles S, Hatay M,
Hisakawa N, Knowles B, Lim YW,Maughan H, Pantos O, Roach TN, Sanchez SE,
Silveira CB, Sandin S, Smith JE, Rohwer F. 2016. Global microbialization of coral
reefs. Nature Microbiology 1:6042 DOI 10.1038/nmicrobiol.2016.42.

Hadi TA, Abrar M, Giyanto Prayudha B, Johan O, Budiyanto A, Dzumalex AR, Alifatri
LO, Sulha S, Suharsono . 2019. The status of Indonesian coral reefs 2019 (Jakarta).

HamnerWM, Hamner PP. 1998. Stratified marine lakes of Palau (Western Caroline
Islands). Physical Geography 19:175–220 DOI 10.1080/02723646.1998.10642647.

Harris JL, Lewis LS, Smith JE. 2015. Quantifying scales of spatial variability in al-
gal turf assemblages on coral reefs.Marine Ecology Progress Series 532:41–57
DOI 10.3354/meps11344.

Heery EC, Hoeksema BW, Browne NK, Reimer JD, Ang PO, Huang D, Friess DA,
Chou LM, Loke LHL, Saksena-Taylor P, Alsagoff N, Yeemin T, Sutthacheep
M, Vo ST, Bos AR, Gumanao GS, Syed HusseinMA,Waheed Z, Lane DJW,
Johan O, Kunzmann A, Jompa J, Suharsono Taira D, Bauman AG, Todd PA.
2018. Urban coral reefs: degradation and resilience of hard coral assemblages in
coastal cities of East and Southeast Asia.Marine Pollution Bulletin 135:654–681
DOI 10.1016/j.marpolbul.2018.07.041.

Aji et al. (2024), PeerJ, DOI 10.7717/peerj.17132 25/33

https://peerj.com
http://dx.doi.org/10.1038/s41598-021-84016-z
http://dx.doi.org/10.1111/1365-2435.13282
http://dx.doi.org/10.1007/s10531-022-02421-w
http://dx.doi.org/10.1111/gcb.13699
http://dx.doi.org/10.5194/bg-6-1707-2009
http://dx.doi.org/10.1007/s00338-012-0984-y
http://dx.doi.org/10.1002/eap.2262
http://dx.doi.org/10.1038/nmicrobiol.2016.42
http://dx.doi.org/10.1080/02723646.1998.10642647
http://dx.doi.org/10.3354/meps11344
http://dx.doi.org/10.1016/j.marpolbul.2018.07.041
http://dx.doi.org/10.7717/peerj.17132


Hijmans RJ, Karney C,Williams E, Vennes C. 2022. Package geosphere: Spherical
trigonometry. Available at https://cran.r-project.org/web/packages/geosphere/index.
html .

Hill J, Wilkinson C. 2004.Methods for ecological monitoring of coral reefs. Townsville:
Australian Institute of Marine Science DOI 10.1017/CBO9781107415324.004.

Hoeksema BW. 2007. Delineation of the Indo-Malayan centre of maximum marine
biodiversity: the Coral Triangle. In: Willem R, ed. Biogeography, time, and place:
distributions, barriers, and islands. Dordrecht: Springer Netherlands, 117–178
DOI 10.1007/978-1-4020-6374-9_5.

Hoeksema BW, Timmerman RF, Spaargaren R, Smith-Moorhouse A, van der Schoot
RJ, Langdon-Down SJ, Harper CE. 2022.Morphological modifications and injuries
of corals caused by symbiotic feather duster worms (Sabellidae) in the Caribbean.
Diversity 14(5):332 DOI 10.3390/d14050332.

Holthuis LB. 1973. Caridean shrimps found in land-locked saltwater pools at four
Indo-West Pacific localities (Sinai Peninsula. Funafuti Atoll, Maui and Hawaii
Islands), with the description of one new genus and four new species. Zoologische
Verhandelingen 128:1–48.

Hughes TP, GrahamNAJ, Jackson JBC, Mumby PJ, Steneck RS. 2010. Rising to
the challenge of sustaining coral reef resilience. Trends in Ecology & Evolution
25:633–642 DOI 10.1016/j.tree.2010.07.011.

Hughes TP, Kerry JT, Baird AH, Connolly SR, Dietzel A, Eakin CM, Heron SF, Hoey
AS, HoogenboomMO, Liu G, McWilliamMJ, Pears RJ, Pratchett MS, SkirvingWJ,
Stella JS, Torda G. 2018. Global warming transforms coral reef assemblages. Nature
556:492–496 DOI 10.1038/s41586-018-0041-2.

HuhnM. 2016. The relevance of food availability for the tolerance to environmental
stress in Asian green mussels, Perna viridis, from coastal habitats in Indonesia. PhD
thesis, Christian-Albrechts-Universität Kiel, Kiel, Germany.

Huisman J, Codd GA, Paerl HW, Ibelings BW, Verspagen JMH, Visser PM.
2018. Cyanobacterial blooms. Nature Reviews Microbiology 16:471–483
DOI 10.1038/s41579-018-0040-1.

Hutchings PA, Peyrot-ClausadeM. 2002. The distribution and abundance of
boring species of polychaetes and sipunculans in coral substrates in French
Polynesia. Journal of Experimental Marine Biology and Ecology 269:101–121
DOI 10.1016/S0022-0981(02)00004-7.

IPCC. 2014. Climate change 2014: synthesis report. In: Contribution of working groups
I, II and III to the fifth assessment report of the Intergovernmental Panel on Climate
Change. Geneva: IPCC.

IPCC. 2021. Climate change 2021: the physical science basis (Cambridge, United
Kingdom, and New York, USA).

Johan O, Purwanto , Rumengan I, Awaludinnoer . 2020. Kelimpahan penyakit karang
di Kepulauan Ayau dan Asia Kabupaten Raja Ampat. Jurnal Riset Akuakultur
15:121–128.

Aji et al. (2024), PeerJ, DOI 10.7717/peerj.17132 26/33

https://peerj.com
https://cran.r-project.org/web/packages/geosphere/index.html
https://cran.r-project.org/web/packages/geosphere/index.html
http://dx.doi.org/10.1017/CBO9781107415324.004
http://dx.doi.org/10.1007/978-1-4020-6374-9_5
http://dx.doi.org/10.3390/d14050332
http://dx.doi.org/10.1016/j.tree.2010.07.011
http://dx.doi.org/10.1038/s41586-018-0041-2
http://dx.doi.org/10.1038/s41579-018-0040-1
http://dx.doi.org/10.1016/S0022-0981(02)00004-7
http://dx.doi.org/10.7717/peerj.17132


Kenkel NC, Orlóci L. 1986. Applying metric and nonmetric multidimensional scaling to
ecological studies, some new results. Ecology 67:919–928 DOI 10.2307/1939814.

Kennedy EV, Perry CT, Halloran PR, Iglesias-Prieto R, Schönberg CHL,WisshakM,
Form AU, Carricart-Ganivet JP, Fine M, Eakin CM,Mumby PJ. 2013. Avoiding
coral reef functional collapse requires local and global action. Current Biology
23:912–918 DOI 10.1016/j.cub.2013.04.020.

King C. 2017. Tourism in Raja Ampat: new chances and challenges. Independent Study
Project Collection 2618:1–43.

Kohler KE, Gill SM. 2006. Coral Point Count with Excel extensions (CPCe): a vi-
sual basic program for the determination of coral and substrate coverage using
random point count methodology. Computational Geosciences 32:1259–1269
DOI 10.1016/j.cageo.2005.11.009.

Kuffner IB,Walters LJ, BecerroMA, Paul VJ, Ritson-Williams R, Beach KS. 2006.
Inhibition of coral recruitment by macroalgae and cyanobacteria.Marine Ecology
Progress Series 323:107–117 DOI 10.3354/meps323107.

Legendre P, Gallagher ED. 2001. Ecologically meaningful transformations for ordination
of species data. Oecologia 129:271–280 DOI 10.1007/s004420100716.

Lesser MP. 2021. Eutrophication on coral reefs: what is the evidence for phase
shifts, nutrient limitation and coral bleaching. Bioscience 71:1216–1233
DOI 10.1093/biosci/biab101.

Lewis B, Kennedy EV, Diaz-Pulido G. 2017. Seasonal growth and calcification of a reef-
building crustose coralline alga on the Great Barrier Reef.Marine Ecology Progress
Series 568:73–86 DOI 10.3354/meps12074.

Lewis JB. 2006. Biology and ecology of the hydrocoralMillepora on coral reefs. Advances
in Marine Biology 50:1–55 DOI 10.1016/S0065-2881(05)50001-4.

Littler MM, Littler DS, Brooks BL. 2009.Herbivory, nutrients, stochastic events,
and relative dominances of benthic indicator groups on coral reefs: a review and
recommendations. Smithsonian Contributions to the Marine Sciences 38:401–414
DOI 10.5479/si.01960768.38.401.

Loya Y, Sakai K, Nakano Y, Sambali H, VanWoesik R. 2001. Coral bleaching: the win-
ners and the losers. Ecology Letters 4:122–131 DOI 10.1046/j.1461-0248.2001.00203.x.

Maas DL, Capriati A, Ahmad A, ErdmannMV, Lamers M, de Leeuw CA, Prins
L, Purwanto Putri, AP, Tapilatu RF, Becking LE. 2020. Recognizing pe-
ripheral ecosystems in marine protected areas: a case study of golden jelly-
fish lakes in Raja Ampat, Indonesia.Marine Pollution Bulletin 151:110700
DOI 10.1016/j.marpolbul.2019.110700.

Maas DL, Prost S, Bi K, Smith LL, Armstrong EE, Aji LP, Toha AHA, Gillespie RG,
Becking LE. 2018. Rapid divergence of mussel populations despite incomplete
barriers to dispersal.Molecular Ecology 27:1556–1571 DOI 10.1111/mec.14556.

Maas DL, Prost S, de Leeuw CA, Bi K, Smith LL, Purwanto P, Aji LP, Tapilatu RF,
Gillespie RG, Becking LE. 2023. Sponge diversification in marine lakes: implications
for phylogeography and population genomic studies on sponges. Ecology and
Evolution 13:1–18 DOI 10.1002/ece3.9945.

Aji et al. (2024), PeerJ, DOI 10.7717/peerj.17132 27/33

https://peerj.com
http://dx.doi.org/10.2307/1939814
http://dx.doi.org/10.1016/j.cub.2013.04.020
http://dx.doi.org/10.1016/j.cageo.2005.11.009
http://dx.doi.org/10.3354/meps323107
http://dx.doi.org/10.1007/s004420100716
http://dx.doi.org/10.1093/biosci/biab101
http://dx.doi.org/10.3354/meps12074
http://dx.doi.org/10.1016/S0065-2881(05)50001-4
http://dx.doi.org/10.5479/si.01960768.38.401
http://dx.doi.org/10.1046/j.1461-0248.2001.00203.x
http://dx.doi.org/10.1016/j.marpolbul.2019.110700
http://dx.doi.org/10.1111/mec.14556
http://dx.doi.org/10.1002/ece3.9945
http://dx.doi.org/10.7717/peerj.17132


MaldonadoM. 2006. The ecology of the sponge larva. Canadian Journal of Zoology
84:175–194 DOI 10.1139/Z05-177.

Mangubhai S, ErdmannMV,Wilson JR, Huffard CL, Ballamu F, Hidayat NI, Hitipeuw
C, Lazuardi ME, Muhajir Pada D, Purba G, Rotinsulu C, Rumetna L, Sumolang
K,WenW. 2012. Papuan bird’s head seascape: emerging threats and challenges in
the global center of marine biodiversity.Marine Pollution Bulletin 64:2279–2295
DOI 10.1016/j.marpolbul.2012.07.024.

Mantel N. 1967. Cancer research. Cancer Research 27:209–220
DOI 10.1126/science.35.913.979.

McClanahan TR, AteweberhanM, Darling ES, GrahamNAJ, Muthiga NA. 2014.
Biogeography and change among regional coral communities across the western
Indian Ocean. PLOS ONE 9(4):e93385 DOI 10.1371/journal.pone.0093385.

Mellin C, Hicks CC, FordhamDA, Golden CD, KjellevoldM,MacNeil MA, Maire E,
Mangubhai S, Mouillot D, Nash KL, Omukoto JO, Robinson JPW, Stuart-Smith
RD, Zamborain-Mason J, Edgar GJ, GrahamNAJ. 2022. Safeguarding nutrients
from coral reefs under climate change. Nature Ecology and Evolution 6:1808–1817
DOI 10.1038/s41559-022-01878-w.

Meyerhof MS,Wilson JM, DawsonMN,Michael Beman J. 2016.Microbial community
diversity, structure and assembly across oxygen gradients in meromictic marine
lakes, Palau. Environmental Microbiology 18:4907–4919
DOI 10.1111/1462-2920.13416.

Mezger SD, Klinke A, Tilstra A, El-Khaled YC, Thobor B,Wild C. 2022. The
widely distributed soft coral Xenia umbellata exhibits high resistance against
phosphate enrichment and temperature increase. Scientific Reports 12:22135
DOI 10.1038/s41598-022-26325-5.

Mohammed TA, YassienMH. 2008. Bivalve assemblages on living coral species
in the northern Red sea, Egypt. Journal of Shellfish Research 27:1217–1223
DOI 10.2983/0730-8000-27.5.1217.

Mortimer CL, Bury S, DunnMR, Haris A, Jompa J, Bell JJ. 2023. Transitions from
coral to sponge-dominated states alter trophodynamics in associated coral reef fish
assemblages. Anthropocene 43:100392 DOI 10.1016/j.ancene.2023.100392.

Nagelkerken I, Goldenber SU, Ferreir CM, Ullah H, Connell SD. 2020. Trophic
pyramids reorganize when food web architecture fails to adjust to ocean change.
Science 369:829–832 DOI 10.1126/science.aax0621.

Nagle DG, Paul VJ. 1998. Chemical defense of a marine cyanobacterial bloom. Journal of
Experimental Marine Biology and Ecology 225:29–38
DOI 10.1016/S0022-0981(97)00205-0.

Nakamura Y, Kerciku F. 2000. Effects of filter-feeding bivalves on the distribution of
water quality and nutrient cycling in a eutrophic coastal lagoon. Journal of Marine
Systems 26:209–221 DOI 10.1016/S0924-7963(00)00055-5.

Nelson CE, Kelly LW, Haas AF. 2022.Microbial interactions with dissolved organic
matter are central to coral reef ecosystem function and resilience. Annual Review of
Marine Science 15:20.1–20.30 DOI 10.1146/annurev-marine-042121-080917.

Aji et al. (2024), PeerJ, DOI 10.7717/peerj.17132 28/33

https://peerj.com
http://dx.doi.org/10.1139/Z05-177
http://dx.doi.org/10.1016/j.marpolbul.2012.07.024
http://dx.doi.org/10.1126/science.35.913.979
http://dx.doi.org/10.1371/journal.pone.0093385
http://dx.doi.org/10.1038/s41559-022-01878-w
http://dx.doi.org/10.1111/1462-2920.13416
http://dx.doi.org/10.1038/s41598-022-26325-5
http://dx.doi.org/10.2983/0730-8000-27.5.1217
http://dx.doi.org/10.1016/j.ancene.2023.100392
http://dx.doi.org/10.1126/science.aax0621
http://dx.doi.org/10.1016/S0022-0981(97)00205-0
http://dx.doi.org/10.1016/S0924-7963(00)00055-5
http://dx.doi.org/10.1146/annurev-marine-042121-080917
http://dx.doi.org/10.7717/peerj.17132


Nugraha AP, Purba NP, Junianto , Sunarto . 2018. Ocean currents, temperature,
and salinity at Raja Ampat islands and the boundaries seas.World Scientific News
110:197–209.

Obura D, GudkaM, Samoilys M, Osuka K, Mbugua J, Keith DA, Porter S, Roche R,
van Hooidonk R, Ahamada S, Araman A, Karisa J, Komakoma J, Madi M, Ravinia
I, Razafindrainibe H, Yahya S, Zivane F. 2022. Vulnerability to collapse of coral
reef ecosystems in the Western Indian Ocean. Nature Sustainability 5:104–113
DOI 10.1038/s41893-021-00817-0.

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin PR,
O’Hara RB, Simpson GL, Solymos P, Stevens MHH,Wagner H. 2019. Vegan:
community ecology package. Version 2.5-6.

Otaño Cruz A, Montañez Acuña AA, García-Rodríguez NM, Díaz-Morales DM,
Benson E, Cuevas E, Ortiz-Zayas J, Hernández-Delgado EA. 2019. Caribbean
near-shore coral reef benthic community response to changes on sedimentation
dynamics and environmental conditions. Frontiers in Marine Science 6:551
DOI 10.3389/fmars.2019.00551.

Pakiding F, Matualage D, Salosso K, Purwanto Ratih Anggriyani I, Ahmad A, Andradi-
Brown D, Claborn K, De NardoM, Veverka L, Glew L, Ahmadia G, Rumengan
I, MonimHFY, Pangulimang J, PaembonanM, Pada D, Mascia MB. 2019. State
of the Bird’s Head Seascape marine protected area network 2019, (Manokwari,
Indonesia, Jakarta, Indonesia, and Washington-DC, United States). Available at
https://tritonbaydivers.com/wp-content/uploads/2020/12/State-of-Seascape_Final_
August_2020.pdf .

Palumbi SR, McLeod KL, GrünbaumD. 2008. Ecosystems in action: lessons from
marine ecology about recovery, resistance, and reversibility. Bioscience 58:33–42
DOI 10.1641/B580108.

Pandolfi JM, Jackson JBC, Baron N, Bradbury RH, GuzmanHM, Hughes TP, Kappel
CV, Micheli F, Ogden JC, PossinghamHP, Sala E. 2005. Are US, coral reefs on the
slippery slope to slime? Science (80-. ) 307:1725–1726 DOI 10.1126/science.1104258.

Papilaya RL, Boli P, Nikijuluw VPH. 2019. Carrying capacity of diving tourism in
Dampier strait marine conservation area –District of Raja Ampat. In: IOP conference
series: earth and environmental science, 246 DOI 10.1088/1755-1315/246/1/012060.

Patty SI, Rizqi MP, Huwae R, Kainama F. 2020.Water quality status of Raja Ampat
island natural marine reserve based on the seawater physical parameters. Jurnal
Ilmiah PLATAX 8:95–101 DOI 10.35800/jip.8.1.2020.28292.

Pawlik JR, Loh TL, McMurray SE. 2018. A review of bottom-up vs. top-down control of
sponges on Caribbean fore-reefs: what’s old, what’s new, and future directions. PeerJ
6:e4343 DOI 10.7717/peerj.4343.

Pawlik JR, McMurray SE. 2020. The emerging ecological and biogeochemical im-
portance of sponges on coral reefs. Annual Review of Marine Science 12:315–337
DOI 10.1146/annurev-marine-010419-010807.

Pichler T, Biscéré T, Kinch J, Zampighi M, Houlbrèque F, Rodolfo-Metalpa R. 2019.
Suitability of the shallow water hydrothermal system at Ambitle Island (Papua New

Aji et al. (2024), PeerJ, DOI 10.7717/peerj.17132 29/33

https://peerj.com
http://dx.doi.org/10.1038/s41893-021-00817-0
http://dx.doi.org/10.3389/fmars.2019.00551
https://tritonbaydivers.com/wp-content/uploads/2020/12/State-of-Seascape_Final_August_2020.pdf
https://tritonbaydivers.com/wp-content/uploads/2020/12/State-of-Seascape_Final_August_2020.pdf
http://dx.doi.org/10.1641/B580108
http://dx.doi.org/10.1126/science.1104258
http://dx.doi.org/10.1088/1755-1315/246/1/012060
http://dx.doi.org/10.35800/jip.8.1.2020.28292
http://dx.doi.org/10.7717/peerj.4343
http://dx.doi.org/10.1146/annurev-marine-010419-010807
http://dx.doi.org/10.7717/peerj.17132


Guinea) to study the effect of high pCO2 on coral reefs.Marine Pollution Bulletin
138:148–158 DOI 10.1016/j.marpolbul.2018.11.003.

Purwanto , Andradi-Brown DA, Matualage D, Rumengan I, Awaludinnoer , Pada D,
Hidayat NI, Amkieltiela Fox, EH, FoxM,Mangubhai S, Hamid L, Lazuardi ME,
Mambrasar R, Maulana N, Mulyadi Tuharea S, Pakiding F, Ahmadia GN. 2021.
The Bird’s Head Seascape Marine Protected Area network—preventing biodiversity
and ecosystem service loss amidst rapid change in Papua, Indonesia. Conservation
Science and Practice 3:e393 DOI 10.1111/csp2.393.

Purwanto , Muhajir Wilson J, Ardiwijaya R, Mangubhai S. 2012. Coral reef monitoring
in Kofiau and Boo Islands Marine Protected Area, Raja Ampat, West Papua.
Available at https://www.conservationgateway.org/Documents/Report_Kofiau_Reef%
20Health_2009-2011_FINAL_ENG1.pdf .

Qin Z, Yu K, Liang Y, Chen B, Huang X. 2020. Latitudinal variation in reef coral
tissue thickness in the South China Sea: potential linkage with coral toler-
ance to environmental stress. Science of the Total Environment 711:134610
DOI 10.1016/j.scitotenv.2019.134610.

Rapacciuolo G, Beman JM, Schiebelhut LM, DawsonMN. 2019.Microbes and macro-
invertebrates show parallel β-diversity but contrasting α-diversity patterns in a
marine natural experiment. Proceedings of the Royal Society B: Biological Sciences
286:20190 DOI 10.1098/rspb.2019.0999.

Rattray A, Andrello M, Asnaghi V, Bevilacqua S, Bulleri F, Cebrian E, Chiantore M,
Claudet J, Evans J, Fraschetti S, Guarnieri G, Schembri PJ, Terlizzi A, Benedetti-
cecchi L. 2016. Geographic distance, water circulation and environmental conditions
shape the biodiversity of Mediterranean rocky coasts.Marine Ecology Progress Series
553:1–11 DOI 10.3354/meps11783.

R Core Team. 2022. R: a language and environment for statistical computing. Vienna: R
Foundation for Statistical Computing. Available at https://www.r-project.org .

Reverter M, Helber SB, Rohde S, de Goeij JM, Schupp PJ. 2022. Coral reef benthic
community changes in the Anthropocene: biogeographic heterogeneity, over-
looked configurations, and methodology. Global Change Biology 28:1956–1971
DOI 10.1111/gcb.16034.

Reverter M, JacksonM, Daraghmeh N, VonMach C, Milton N. 2020. 11-yr of coral
community dynamics in reefs around Dahab (Gulf of Aqaba, Red Sea): the
collapse of urchins and rise of macroalgae and cyanobacterial mats. Coral Reefs
39:1605–1618 DOI 10.1007/s00338-020-01988-6.

Rivas N, Gómez CE, Millán S, Mejía-Quintero K, Chasqui L. 2023. Coral reef
degradation at an atoll of the Western Colombian Caribbean. PeerJ 11:e15057
DOI 10.7717/PEERJ.15057.

Rizqi MP, Souhoka J, Makatipu P, Aji LP, Kusnadi A, Nurdiansah D, Patty S, Dzu-
malek AR. 2019.Monitoring kesehatan terumbu karang dan ekosistem terkait suaka
alam perairan Raja Ampat Provinsi Papua Barat, tahun 2019. Jakarta: Coremap CTI -
LIPI.

Aji et al. (2024), PeerJ, DOI 10.7717/peerj.17132 30/33

https://peerj.com
http://dx.doi.org/10.1016/j.marpolbul.2018.11.003
http://dx.doi.org/10.1111/csp2.393
https://www.conservationgateway.org/Documents/Report_Kofiau_Reef%20Health_2009-2011_FINAL_ENG1.pdf
https://www.conservationgateway.org/Documents/Report_Kofiau_Reef%20Health_2009-2011_FINAL_ENG1.pdf
http://dx.doi.org/10.1016/j.scitotenv.2019.134610
http://dx.doi.org/10.1098/rspb.2019.0999
http://dx.doi.org/10.3354/meps11783
https://www.r-project.org
http://dx.doi.org/10.1111/gcb.16034
http://dx.doi.org/10.1007/s00338-020-01988-6
http://dx.doi.org/10.7717/PEERJ.15057
http://dx.doi.org/10.7717/peerj.17132


Roberts TE, Moloney JM, Sweatman HPA, Bridge TCL. 2015. Benthic community
composition on submerged reefs in the central Great Barrier Reef. Coral Reefs
34:569–580 DOI 10.1007/s00338-015-1261-7.

Rondonuwu AB, Lumingas LJL, Bataragoa NE, Manengkey HK, Kondoy KIF, Rangan
JK, Makatipu P, Nurdiansah D, Tampanguma B, Kambey AG. 2019. Kegiatan
monitoring kesehatan terumbu karang dan ekosistem lainnya, Pulau Batanta dan Pulau
Salawati, Raja Ampat, Provinsi Papua Barat tahun 2019. Jakarta: Coremap CTI -
LIPI.

Rosenfeld JS. 2002. Functional redundancy in ecology and conservation. Oikos
98:156–162 DOI 10.1034/j.1600-0706.2002.980116.x.

Safriel UN, Sasson-Frostig Z. 1988. Can colonizing mussel outcompete indige-
nous mussel? Journal of Experimental Marine Biology and Ecology 117:211–226
DOI 10.1016/0022-0981(88)90058-5.

Santodomingo N, RenemaW, Johnson KG. 2016. Understanding the murky history of
the Coral Triangle: miocene corals and reef habitats in East Kalimantan (Indonesia).
Coral Reefs 35:765–781 DOI 10.1007/s00338-016-1427-y.

Sapin F, Pubellier M, Ringenbach J, Bailly V. 2009. Alternating thin versus thick-
skinned decollements, example in a fast tectonic setting: the Misool –Onin
–Kumawa ridge (West Papua). Journal of Structural Geology 31:444–459
DOI 10.1016/j.jsg.2009.01.010.

Sarà G, Romano C,Widdows J, Staff FJ. 2008. Effect of salinity and temperature on
feeding physiology and scope for growth of an invasive species (Brachidontes
pharaonis - Mollusca: Bivalvia) within the Mediterranean sea. Journal of Experimental
Marine Biology and Ecology 363:130–136 DOI 10.1016/j.jembe.2008.06.030.

Schoepf V, Baumann JH, Barshis DJ, Browne NK, Camp EF, Comeau S, Cornwall
CE, Guzmán HM, Riegl B, Rodolfo-Metalpa R, Sommer B. 2023. Corals at the
edge of environmental limits: a new conceptual framework to re-define marginal
and extreme coral communities. Science of the Total Environment 884:163688
DOI 10.1016/j.scitotenv.2023.163688.

Schwindt E, Bortolus A, Iribarne OO. 2001. Invasion of a reef-builder polychaete: direct
and indirect impacts on the native benthic community structure. Biological Invasions
3:137–149 DOI 10.1023/A:101457916818.

Shannon CE,WeaverW. 1949. The mathematical theory of communication. Urbana:
University of Illinois Press.

Smith SV, Swaney DP, Talaue-McManus L, Bartley JD, Sandhei PT, McLaughlin CJ,
Dupra VC, Crossland CJ, Buddemeier RW,Maxwell BA,Wulff F. 2003.Humans,
hydrology, and the distribution of inorganic nutrient loading to the ocean. Bioscience
53:235–245 DOI 10.1641/0006-35682003.053[0235:HHATDO]2.0.CO;2.

Stuij TM, Cleary DFR, Gomes NCM,Mehrotra R, Visser PM, Speksnijder AGCL,
Hoeksema BW. 2023.High diversity of benthic cyanobacterial mats on coral reefs of
Koh Tao, Gulf of Thailand. Coral Reefs 42:77–91 DOI 10.1007/s00338-022-02304-0.

Aji et al. (2024), PeerJ, DOI 10.7717/peerj.17132 31/33

https://peerj.com
http://dx.doi.org/10.1007/s00338-015-1261-7
http://dx.doi.org/10.1034/j.1600-0706.2002.980116.x
http://dx.doi.org/10.1016/0022-0981(88)90058-5
http://dx.doi.org/10.1007/s00338-016-1427-y
http://dx.doi.org/10.1016/j.jsg.2009.01.010
http://dx.doi.org/10.1016/j.jembe.2008.06.030
http://dx.doi.org/10.1016/j.scitotenv.2023.163688
http://dx.doi.org/10.1023/A:101457916818
http://dx.doi.org/10.1641/0006-35682003.053[0235:HHATDO]2.0.CO;2
http://dx.doi.org/10.1007/s00338-022-02304-0
http://dx.doi.org/10.7717/peerj.17132


Subhan B, Arafat D, Rahmawati F, Dasmasela YH, Royhan QM,Madduppa
H, Santoso P, Prabowo B. 2020. Coral disease at Mansuar Island, Raja Am-
pat, Indonesia. In: IOP Conf. Series: Earth and Environmental Science, 429
DOI 10.1088/1755-1315/429/1/012027.

Tebbett SB, Bellwood DR. 2019. Algal turf sediments on coral reefs: what’s known and
what’s next.Marine Pollution Bulletin 149:110542
DOI 10.1016/j.marpolbul.2019.110542.

Tebbett SB, Connolly SR, Bellwood DR. 2023a. Benthic composition changes on coral
reefs at global scales. Nature Ecology and Evolution 7:71–81
DOI 10.1038/s41559-022-01937-2.

Tebbett SB, Crisp SK, Evans RD, Fulton CJ, Pessarrodona A,Wernberg T,Wilson
SK, Bellwood DR. 2023b. On the challenges of identifying benthic dominance on
anthropocene coral reefs. Bioscience 73:220–228 DOI 10.1093/biosci/biad008.

Tebbett SB, Sgarlatta MP, Pessarrodona A, Vergés A,Wernberg T, Bellwood
DR. 2022b.How to quantify algal turf sediments and particulates on tropical
and temperate reefs: an overview.Marine Environmental Research 179:05673
DOI 10.1016/j.marenvres.2022.105673.

Tebbett SB, Streit RP, Morais J, Schlaefer JA, Swan S, Bellwood DR. 2022a. Benthic
cyanobacterial mat formation during severe coral bleaching at Lizard Island: the
mediating role of water currents.Marine Environmental Research 181:105752
DOI 10.1016/j.marenvres.2022.105752.

TeichbergM,Wild C, Bednarz VN, Kegler HF, LukmanM, Gärdes AA, Heiden JP,
Weiand L, Abu N, Nasir A, Miñarro S, Ferse SCA, Reuter H, Plass-Johnson
JG. 2018. Spatio-temporal patterns in coral reef communities of the Spermonde
Archipelago, 2012–2014, I: comprehensive reef monitoring of water and ben-
thic indicators reflect changes in reef health. Frontiers in Marine Science 5:33
DOI 10.3389/fmars.2018.00033.

Torruco D, Gonzalez A, Ordaz J. 2003. The role of environmental factors in the lagoon
coral community structure of Banco Chinchorro, Mexico. Bulletin of Marine Science
73:23–36.

Ullah H, Nagelkerken I, Goldenberg SU, FordhamDA. 2018. Climate change could
drive marine food web collapse through altered trophic flows and cyanobacterial
proliferation. PLOS Biology 16:e2003446 DOI 10.1371/journal.pbio.2003446.

van der Meij SET, Moolenbeek RG, Hoeksema BW. 2009. Decline of the Jakarta Bay
molluscan fauna linked to human impact.Marine Pollution Bulletin 59:101–107
DOI 10.1016/j.marpolbul.2009.02.021.

Vásquez-Elizondo RM, Enríquez S. 2016. Coralline algal physiology is more adversely
affected by elevated temperature than reduced pH. Scientific Reports 6:19030
DOI 10.1038/srep19030.

Veron JCEN, Devantier LM, Turak E, Green AL, Kininmonth S, Peterson N. 2011.
Coral reefs: an ecosystem in transition. In: Dubinsky Z, Stambler N, eds. The coral
triangle. 47–55 DOI 10.1007/978-94-007-0114-4.

Aji et al. (2024), PeerJ, DOI 10.7717/peerj.17132 32/33

https://peerj.com
http://dx.doi.org/10.1088/1755-1315/429/1/012027
http://dx.doi.org/10.1016/j.marpolbul.2019.110542
http://dx.doi.org/10.1038/s41559-022-01937-2
http://dx.doi.org/10.1093/biosci/biad008
http://dx.doi.org/10.1016/j.marenvres.2022.105673
http://dx.doi.org/10.1016/j.marenvres.2022.105752
http://dx.doi.org/10.3389/fmars.2018.00033
http://dx.doi.org/10.1371/journal.pbio.2003446
http://dx.doi.org/10.1016/j.marpolbul.2009.02.021
http://dx.doi.org/10.1038/srep19030
http://dx.doi.org/10.1007/978-94-007-0114-4
http://dx.doi.org/10.7717/peerj.17132


Verstappen HT. 2010. Indonesian landforms and plate tectonics. Indonesian Journal on
Geoscience 5:197–207.

Vroom PS, Page KN, Kenyon JC, Brainard RE. 2006. Algae-dominated reefs. American
Scientist 94:430–437 DOI 10.1511/2006.61.1004.

Webster NS, Soo R, Cobb R, Negri AP. 2011. Elevated seawater temperature causes a
microbial shift on crustose coralline algae with implications for the recruitment of
coral larvae. ISME Journal 5:759–770 DOI 10.1038/ismej.2010.152.

Weiss A, Martindale RC. 2017. Crustose coralline algae increased framework and diver-
sity on ancient coral reefs. PLOS ONE 12:e0181637
DOI 10.1371/journal.pone.0181637.

Whitman TN, Negri AP, Bourne DG, Randall CJ. 2020. Settlement of larvae from
four families of corals in response to a crustose coralline alga and its biochemical
morphogens. Scientific Reports 10:16397 DOI 10.1038/s41598-020-73103-2.

Wild C, Jantzen C, Kremb SG. 2014. Turf algae-mediated coral damage in coastal reefs of
Belize, Central America. PeerJ 2:e571 DOI 10.7717/peerj.571.

Williams GJ, Smith JE, Conklin EJ, Gove JM, Sala E, Sandin SA. 2013. Benthic commu-
nities at two remote pacific coral reefs: effects of reef habitat, depth, and wave energy
gradients on spatial patterns. PeerJ 1:e81 DOI 10.7717/peerj.81.

Xiao J, WangW,Wang X, Tian P, NiuW. 2022. Recent deterioration of coral
reefs in the South China Sea due to multiple disturbances. PeerJ 10:e13634
DOI 10.7717/peerj.13634.

Yang J, Jiang H, LiuW,Wang B. 2018. Benthic algal community structures and
their response to geographic distance and environmental variables in the
Qinghai-Tibetan lakes with different salinity. Frontiers in Microbiology 9:578
DOI 10.3389/fmicb.2018.00578.

Yuanike Y, Yulianda F, Bengen DG, Dahuri R, Souhoka J. 2019. A biodiversity
assessment of hard corals in dive spots within dampier straits marine pro-
tected area in Raja Ampat, West Papua, Indonesia. Biodiversitas 20:1198–1207
DOI 10.13057/biodiv/d200436.

Zhang J, Gilbert D, Gooday AJ, Levin L, Naqvi SWA,Middelburg JJ, ScrantonM, Ekau
W, Peña A, Dewitte B, Oguz T, Monteiro PMS, Urban E, Rabalais NN, Ittekkot
V, KempWM, Ulloa O, Elmgren R, Escobar-Briones E, Van der Plas AK. 2010.
Natural and human-induced hypoxia and consequences for coastal areas: synthesis
and future development. Biogeosciences 7:1443–1467 DOI 10.5194/bg-7-1443-2010.

ZuschinM, Hohenegger J, Steininger F. 2001.Molluscan assemblages on coral reefs
and associated hard substrata in the northern Red sea. Coral Reefs 20:107–116
DOI 10.1007/s003380100140.

Aji et al. (2024), PeerJ, DOI 10.7717/peerj.17132 33/33

https://peerj.com
http://dx.doi.org/10.1511/2006.61.1004
http://dx.doi.org/10.1038/ismej.2010.152
http://dx.doi.org/10.1371/journal.pone.0181637
http://dx.doi.org/10.1038/s41598-020-73103-2
http://dx.doi.org/10.7717/peerj.571
http://dx.doi.org/10.7717/peerj.81
http://dx.doi.org/10.7717/peerj.13634
http://dx.doi.org/10.3389/fmicb.2018.00578
http://dx.doi.org/10.13057/biodiv/d200436
http://dx.doi.org/10.5194/bg-7-1443-2010
http://dx.doi.org/10.1007/s003380100140
http://dx.doi.org/10.7717/peerj.17132

