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Scleractinian corals are vulnerable to a range of environmental disturbances, but
generally suffer the highest rates of mortality during early life-history stages, i.e., from
larval settlement until a few months post-settlement. Variations in survival rates of corals
during this period play a key role in structuring adult coral populations. Many coral
reefs have experienced reductions in herbivory rates due to overfishing and consequent
increases in macroalgae, however, the effect of increased coral-algal interactions may
vary between coral life-history stages and among locations. Therefore understanding
the relative importance of different drivers of mortality across early life-history stages,
under a range of environmental conditions, is essential to effectively manage and
restore coral reefs. To date, however, relatively few studies have (a) examined coral-
algal interactions across several early life-history stages (i.e., from planulae to juvenile
colonies) and (b) done so in highly disturbed reefs close to large urban centers. We
investigated the effect of algal-coral-herbivore interactions on early life history stages in
the coral Pocillopora acuta on coral reefs off mainland Singapore, a heavily disturbed
“urbanized reef environment”. Larval settlement rates were estimated in the presence
of six macroalgal species ex situ. The effect of direct interaction with two macroalgal
species on newly settled spat was examined in situ and the effect of reduced herbivory
was tested with exclusion cages on naturally settled 9-month-old juveniles in situ. We
found significant reductions in P. acuta settlement in the presence of four macroalgal
species. Newly settled spat of P. acuta had significantly lower survivorship when in
contact with Sargassum sp. on the reef crest but not with Bryopsis sp. on the reef flat.
Herbivore exclusion reduced survivorship of juvenile corals, which was associated with
increased sediment accumulation, but not with algal biomass. Our results suggest coral
recruitment on heavily disturbed reefs can be impacted by species-specific macroalgal
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effects via reduced settlement on ephemeral substrata and reduced survivorship when in
direct contact with Sargassum sp. Furthermore, recruitment may be negatively impacted
by reductions in herbivory, possibly via increased abundance of epilithic algal matrix
leading to sediment trapping.

Keywords: coral recruitment, settlement, post-settlement mortality, sedimentation, urban reefs, Pocillopora
acuta

INTRODUCTION

The world’s coral reefs are under sustained pressure from
multiple human impacts such as climate change, overfishing and
coastal land-use changes (Hughes, 1994). In response to these
anthropogenic stressors, coral cover, and structural complexity
have declined dramatically on many reefs in recent decades
(De’ath et al., 2012; Hughes et al., 2018). Relatively isolated reefs
can recover rapidly following natural disturbances if ecological
processes such as coral recruitment and herbivory have not been
compromised by previous human disturbances (e.g., Gilmour
et al., 2013). Much less is known about the recovery potential of
corals subjected to chronic disturbances found on inshore, highly
urbanized coral reefs (Cleary et al., 2014; Guest et al., 2016a) such
as turbidity, sedimentation, and pollution (Fabricius, 2005).

Recruitment is a key ecological process in the recovery and
persistence of coral reef communities. The early life history of
reef-building corals involves a series of critical stages, all of which
need to be successful for recruitment to occur (Vermeij and
Sandin, 2008; Ritson-Williams et al., 2009; Doropoulos et al.,
2016). These stages include a pelagic larval phase; a benthic
“searching” phase, for larvae to identify suitable substratum for
settlement and metamorphosis; and a period of somatic growth
and sexual maturation (Babcock and Mundy, 1996; Heyward
and Negri, 1999; Raimondi and Morse, 2000). Survivorship of
early life history stages for corals has been likened to “running
the gauntlet” (Arnold et al., 2010) because coral juveniles are
vulnerable to high mortality rates (i.e., type III survivorship, sensu
Deevey, 1947) during this period. Newly settled and juvenile
corals are also more vulnerable to removal, overgrowth, sediment
burial, shading and abrasion compared to adults due to their
smaller size and lack of height (Zilberberg and Edmunds, 2001;
Raymundo and Maypa, 2004; Birrell et al., 2005; Box and Mumby,
2007; Tebben et al., 2014). Thus, environmental perturbations
may have a greater effect on the survival of juvenile corals
compared to their adult counterparts and hence may strongly
influence the structuring of adult coral populations.

Interactions with macroalgae can be particularly damaging
to corals during the early life history stages. Reductions in
successful settlement can occur due to macroalgae occupying
potential settlement space (Olsen et al., 2015), direct inhibition
of settlement via allelochemicals (Paul et al., 2011; Dixson
et al., 2014), reductions in settlement surface due to increased
sediment trapping by algae (Birrell et al., 2005), reductions in
light availability (Strader et al., 2015), and direct physical abrasion
of newly settled and juvenile corals (Box and Mumby, 2007;
Venera-Ponton et al., 2011).

The extent of macroalgal herbivory on a reef can also govern
coral recruitment success (Hughes et al., 2007). When herbivory
is markedly reduced by overfishing, reef resilience is reduced and
there is a greater chance of a reef undergoing a shift towards
macroalgal dominance following acute disturbances (Hughes,
1994; Edwards et al., 2014). Paradoxically, fish herbivory may also
contribute to early coral mortality via accidental removal of newly
settled corals and coral juveniles (Brock, 1979; Baria et al., 2010;
Venera-Ponton et al., 2011). Therefore, understanding the effects
of macroalgae on recruitment success requires consideration of
other ecological processes such as fish herbivory.

Tropical coastal zones are experiencing unprecedented rates of
change, driven by human population growth and marked coastal
development (Dsikowitzky et al., 2016). As a result, an increasing
number of coral reefs will experience the effects of “urbanization”
in the Anthropocene. Urban coral reefs are considered a
distinctive group of marginal reefs characterized by extremely low
water quality, high abundance of macroalgae, low herbivory and
depth restricted coral communities composed of stress tolerant
taxa (reviewed by Heery et al., 2018). Despite the extreme
abiotic conditions, coral communities on some urbanized reefs
can actually be quite resilient to acute disturbances (e.g., Guest
et al., 2012, 2016a), suggesting that these reefs may have
significant ecological and conservation value. Unfortunately,
there are still relatively few studies examining coral-macroalgal-
herbivore interactions from highly disturbed inshore-reefs, with
studies limited to Kenya (Mwachireya et al., 2017) and India
(Manikandan and Ravindran, 2017). Our lack of knowledge of
key ecological processes such as recruitment and herbivory on
these important reefs hinders our ability to effectively manage
them.

In this study, we examined the effect of macroalgae and
herbivory on Pocillopora acuta’s likelihood of successfully
recruiting in Singapore reefs, a highly disturbed coral reef system.
To achieve this, we (1) compared coral larval settlement rates in
the presence of several macroalgal species, (2) examined the effect
of direct interaction between macroalgae and newly settled spat,
and (3) investigated the effect of reduced herbivory on juvenile
coral growth and survival.

MATERIALS AND METHODS

Study Site and Species
Singapore’s coral reefs have experienced multiple human
disturbances over the last 200 years (Corlett, 1992), and are
currently subject to high rates of sedimentation, eutrophication
and other stressors (Todd et al., 2004; Van Maren et al., 2014).
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Despite being severely disturbed, diverse coral communities
(>250 coral species) still persist on the fringing reefs surrounding
Singapore’s southern islands (Huang et al., 2009). Hard corals
are largely restricted to ∼8 m depth due to very high light
attenuation and communities are mostly composed of stress
tolerant and generalist taxa (Browne et al., 2015; Guest et al.,
2016a). The mean cover of coral in Singapore at 3–4 m and at 6–
7 m depth is ∼36 and ∼21%, respectively (Guest et al., 2016a).
Meanwhile, macroalgae, particularly Sargassum spp., is highly
abundant on shallow reef flats (0–2 m depth) (Low, 2015) but
lower in cover ∼10% and ∼3% at 3–4 m and 6–7 m depths,
respectively (Guest et al., 2016a). Singapore reefs also generally
exhibit relatively low herbivory rates; herbivore biomass on reefs
is dominated by browsers and small non-obligate herbivores with
a very low abundance of scrapers and excavators (Guest et al.,
2016b; Bauman et al., 2017). The sites used in the present study
were two fringing reefs adjacent to Kusu Island (1◦13′26′′N,
103◦51′39′′E) and Sister’s Island (1◦12′55.4′′N 103◦50′09.3′′E).
The brooding species P. acuta was chosen as the study species due
to its relatively high abundance at the study sites (Huang et al.,
2009; Poquita-Du et al., 2017).

Algal-Coral Interactions
The Effects of Macroalgae on Settlement of Coral
Larvae
Ten P. acuta colonies (15–20 cm diameter) were collected from
the fringing reef of Kusu Island 2–3 days before the new moon
in May and June 2014. Colonies were kept in flow-through,
artificially lit indoor, seawater tanks. Larvae released in tanks
were collected through outflow tubes fitted with 800 µm mesh
nets each morning. Larvae were pooled together, cleaned with
0.2 µm filtered seawater (FSW), and kept in aerated tanks prior
to experiments. Six locally abundant macroalgal species (Lee
et al., 2009; Goh and Lim, 2015) were collected from Kusu and
maintained in aquaria 2–3 days prior to experiments. The algal
species collected were Bryopsis pennata var. secunda, Hypnea
pannosa, Halymenia durvillei, Lobophora variegata, Sargassum
siliquosum and Padina sp., (the latter could not be reliably
identified to species; refer to Supplementary Data 1B for a
detailed description on algal species identification).

To test for effects of algae on coral settlement, larval settlement
rates in the presence and absence of each algal species was
estimated. We used 15 replicate sterile petri dishes per species
(90 mm × 11 mm). Each replicate contained 30 ml of 0.2 µm
filtered seawater (FSW), a 2 cm × 2 cm × 0.5 cm conditioned
ceramic tile to induce planula settlement (Heyward and Negri,
1999), 15 coral planulae and 0.5 ± 0.1 g of wet algal mass
following Vermeij et al. (2009). The control treatment replicates
contained conditioned tiles but no macroalgae. Ceramic tiles
were biologically conditioned for several weeks in a flow-
through seawater tank at Tropical Marine Science Institute at
St. John’s Island prior to the study. Tiles contained at least
50% cover of crustose coralline algae (CCA) of a multi species
assemblage. CCA derived from these tanks have been used
in several previous coral larval experiments and are therefore
known to be settlement inducers (e.g., Tebben et al., 2014,

2015). In all treatment replicates, the tiles and macroalgae pieces
were positioned haphazardly in the petri dishes but no more
than 1 cm apart in situ (Vermeij et al., 2011). Replicates were
covered with transparent covers to prevent evaporation and
drying out of CCA, planulae, and macroalgae, but not fully
sealed to allow gaseous exchange and prevent hypoxia for both
macroalgae and larvae. Algal mimics were not included in the
experiment as the aim of the study was to test for changes
in settlement rates in the presence of macroalgae, and not to
determine the mechanisms driving these changes (e.g., physical
vs. allelochemical or microbial).

Replicates were placed into 29◦C-water baths, with
temperatures comparable to mean ambient outdoor sea
surface temperature (28–31◦C) and left for 24 h. The proportions
of successfully settled spat were quantified under a dissecting
microscope. Successful settlement is defined here as settlement
and metamorphosis of a spat on any substrate (Babcock et al.,
2003). Settlement proportions were measured in two categories;
(1) on all surfaces (either on the tile, petri dish surface or
algae) and (2) on surfaces excluding algal surfaces. We excluded
settlement counts on algal surfaces in (2) in order to discriminate
between absolute settlement rates on all surfaces and settlement
on unsuitable and ephemeral substrata such as algal surfaces
sensu Nugues and Szmant (2006).

We performed a one-way ANOVA to test for differences in the
proportion of larval settlement among algal treatments. Separate
ANOVAs were performed for settlement proportions in (1) and
(2), followed by respective Tukey post hoc tests with a Bonferroni
correction for multiple testing. Datasets were not transformed as
they met homoscedasticity and normality assumptions prior to
ANOVA. Analyses were performed with the R statistical software
(R Core Team, 2014; version, 3.1.1).

Effects of Macroalgae on Early Post-settlement
Mortality of Corals in situ
Sixty unglazed terracotta tiles (10 cm × 10 cm × 1 cm),
each fabricated with a 1 cm-diameter hole in the center, were
preconditioned in tanks fitted with flow-through of 0.2 µm
filtered FSW for 3 months to develop biofilms that facilitate coral
larval settlement (Harrison and Wallace, 1990). Conditioned
tiles, only containing biofilm were placed at the bottom of
settlement trays in 0.2 µm filtered FSW. Collected larvae were
added to the trays and allowed to settle on the upper surface
of the tiles for 24 h. The numbers of settled and living spat on
each tile were counted under a dissecting microscope and only
tiles containing between 8 and 65 non-fused settled spat were
used for the study. A total of 38 tiles were labeled and placed in
flow-through tanks 3 days before they were deployed on the reef.

Individuals of Sargassum sp. and Bryopsis sp. were used for
this experiment as these algae are locally abundant and have
been shown to reduce post-settlement survivorship in previous
studies (Lee et al., 2012; Goh and Lim, 2015). The study was
conducted on the fringing reef crest and flat of Sister’s Island
where Sargassum sp. and Bryopsis sp. were relatively abundant
on the reef crest and flat, respectively (≥10 individuals per
site). Sargassum sp. was uncommon on the reef flat whereas
Bryopsis sp. were largely absent on the reef crest, preventing us
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from carrying out a transplant or an algal exclusion experiment
involving both species in both habitats. Ten Sargassum sp.
individuals, nine Bryopsis sp. individuals and their equivalent
number of control plots (i.e., plots of absent of algal individuals)
were selected and tagged. Tiles containing settled spats were
assigned to either algal or control patches and carefully attached
to the reef substratum with stainless steel nails and bolts. For
the algal treatment, the attached tiles were placed within 5 cm
of individual alga to maximize physical contact. In each reef
habitat, all control and treatment tiles were placed within a
meter from each other, placed at the same depth, and on similar
substrate composition to account for similarity in environmental
conditions (e.g., light irradiance and wave exposure) and to
minimize the possibility of micro-site differences. Treatments in
each habitat (i.e., four levels in total) had a comparable number of
recruits per tile at the start of the study (ANOVA, F3,34 = 0.792,
p = 0.508).

Tiles were left for 3 weeks and photographed at the start, and
at the end of the study. Tiles were subsequently removed, placed
into individual, sealable plastic bags. All live spat were counted
within 2 h of retrieval. The number of surviving spat was counted
for each tile by the end of the study. Wet sediment on each tile was
brushed off into re-sealable plastic bags, decanted using 45 µm
pre-weighed filter sheets, dried (at 100◦C) and weighed to obtain
dry sediment mass. The fouling community cover on each tile was
quantified from photographs using Coral Point Count with Excel
extensions [CPCe] (2006) software (version 3.2) using a random-
25 point grid. The benthic categories quantified on each tile
included: epilithic algal matrix (EAM), CCA, macroalgae, bare
space (absence of fouling organisms) and other living organisms
(e.g., bryozoans, keelworms, sponges, etc.).

Generalized linear models were used to measure effect
of macroalgae i.e., “treatment type” [control vs. macroalgae
presence (Sargassum sp. and Bryopsis sp.)] on the survivorship
of the newly settled spats. The “habitat type” (crest vs. flat),
and its interaction with “treatment type” were included in the
model to account for habitat effects. Post hoc Tukey analyses were
carried out for the significant categorical covariates. A separate,
generalized linear model was also used to compare survivorship
of spat across continuous covariates (i.e., dry sediment biomass,
dry algal biomass and benthic cover percentages). This was due
to the presence of collinearity between several categorical and
continuous variables (e.g., turf cover was significantly higher
in the Sargassum sp. compared to Bryopsis sp. treatment; two
sample T-test; t = 7.707, df = 36, p < 0.001). The response
variable in the models, survivorship of spat, assumed a binomial
distribution with a logit link function (i.e., “live” vs. “dead” for
each spat). Initial spat count density was found to be positively
associated to density-dependent survivorship (sensu Vermeij
et al., 2009; Doropoulos et al., 2017) (see Supplementary Data
2A,C) and hence were included into both models as a continuous
predictor variable. Sediment dry mass data were log (x + 1)
transformed while all benthic cover percentages were square-
root transformed prior to the analysis to reduce skewness. All
continuous covariates were normalized across their respective
means and standard deviations prior to analyses. Prior to all
analyses, we performed data exploration as suggested by Zuur

et al. (2009) and model validation using plots of residuals vs. fitted
values as per Zuur and Ieno (2016). Generalized linear models
(functions “generalized linear model” followed by “Anova” from
“car” package; Fox and Sanford, 2011) and Tukey analyses
(“glht” function from “multcomp” package; Hothorn et al.,
2008) were performed with R (version, 3.1.1) (R Core Team,
2014).

The Effect of in situ Herbivore Exclusion on Survival
of Juvenile Corals
For the exclusion experiment, 120 fabricated terracotta tiles, with
identical specifications to tiles used in the experiment above
(Section B), were deployed at ∼1 m intervals along the reef
crest at Kusu Island at 3–4 m depth in November 2012. After
7 months, 41 tiles, each containing 1–3 naturally settled live
P. acuta juveniles on the upper surface were located in situ
with the aid of a Nightsea FL-1 fluorescent dive light, and
sides of each tile were tagged. The geometric mean diameter
(GMD) of each coral was measured with Vernier calipers and
locations of each coral on tiles were mapped. Tiles were randomly
divided into three treatments: full cage (n = 13 tiles), partial cage
(n = 13 tiles) and no cage (n = 15 tiles) with comparable mean
GMDs across all treatments (controls = 6.0 ± 2.7 mm, partial
cages = 6.4 ± 3.7 mm, full cages = 6.6 ± 3.1 mm; ANOVA,
F2,54 = 0.204, p = 0.816).

Full cages were constructed of stainless steel wire mesh
(1.2 mm thickness and 10 mm mesh size) with each side
measuring 30 cm. Partial cages had the same dimensions but
consisted of two open sides and a closed top. Partial cages
acted as procedural controls to physical artifacts of the full
cage treatments (e.g., potential shading and reduced water flow).
All cages were attached to the substrate surrounding individual
tiles, monitored at intervals of 1, 3, 6, and 8 weeks and
cleaned after monitoring to avoid excessive fouling. Damaged
cages were immediately replaced with new cages. Newly settled
corals were recorded but not monitored. Fouling EAM and
macroalgae on each tile were not disturbed throughout the
experimental period. Differences in incident light intensity
(lux) across treatments were measured during monitoring
surveys, with Hobo Pendant loggers and were not statistically
significant between treatments (10 randomly sampled plots
per treatment (2–3 per treatment per session), 1 h per
treatment, approximately 1200 to 1300 h; ANOVA, F2,38 = 0.826,
p = 0.445).

Fish bite rates on partially caged tiles and controls were
measured using underwater video cameras (GoPro Hero 3)
mounted on aluminum angle iron bars ∼20 cm away from
each tile. One partial and one control tile were randomly
chosen for monitoring each time for approximately 2 h between
1200 and 1400 which resulted in 21.7 and 20.6 h of footage,
respectively. Each fish bite on tiles were counted and bite rates
were calculated as bites h−1. Where possible, fish were identified
to species.

At the end of the experiment, sediments on each tile were
brushed off into re-sealable plastic bags, decanted using 45 µm
filter sheets, dried (at 100◦C) and weighed. To estimate dry
algal biomass, all algae (EAM and macroalgae) on each tile were
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scraped off and dried at 65◦C. Photographs of tiles were taken
at the start (week 0), middle (week 3) and end (week 8) of
the experiment and were used to quantify change in benthic
community cover with CPCe (version 3.2) using the same
calculation method for benthic groups from Section B.

Generalized linear models were used to examine the effects
of caging treatments on the survivorship of juvenile corals.
Initial juvenile count per tile did not contribute to density-
dependent mortality (Vermeij et al., 2009; Doropoulos et al.,
2017) (see Supplementary Data 3A) therefore was excluded in
the models. Post hoc Tukey test was used to compare the 8-
week survivorships amongst all caging treatments. Survivorship
of the corals was also modeled as a function of all continuous
covariates using a generalized linear model. Dry sediment and
algal mass data were log (x + 1) transformed prior to the model
analyses. Similar to Section B’s model analyses, data exploration
and model validation sensu Zuur et al. (2009) and Zuur and
Ieno (2016) were also carried out. Bite rates were found to be
heteroskedastic and non-normal, even after the transformation.
Therefore, the non-parametric Mann–Whitney U-test was used
to compare differences in bite rates between control and partially
caged tiles throughout the experiment duration. Changes in each
benthic category cover were also compared across treatments
with ANOVA tests with additional Tukey tests when necessary.
ANOVAs, generalized linear models, and Tukey tests were carried
out with the same R software and packages as listed in Section B.
Additional information on all analyses for the caging experiment
can be found in Supplementary Data 3.

RESULTS

The Effects of Macroalgae on Settlement
of Coral Larvae
Settlement of P. acuta larvae differed significantly among algal
treatments on all surfaces (ANOVA, F6,105 = 3.656, p < 0.001)
and on surfaces excluding settlement on macroalgae (ANOVA,
F6,105 = 5.646, p < 0.001). Excluding direct settlement on
macroalgae, settlement was significantly higher in the control
treatment (77.7 ± SE 4.1%) compared to larvae exposed to
B. pennata (47.7 ± SE 6.5%), L. variegata (45.4 ± SE 3.6%),
Padina sp. (45.0 ± SE 5.1%) and S. siliquosum (48.4 ± SE
7.0%) (post hoc Tukey HSD tests, p < 0.05, see Figure 1 and
Supplementary Data 1A). With the inclusion of settlement on
macroalgae, settlement on Sargassum sp. increased by 25.4 to
73.7 ± SE 5.1% and was comparable to controls. The total
settlement for B. pennata, L. variegata, and Padina sp. was still
significantly lower than on controls even with the addition of
larvae settling directly on macroalgae.

Effects of Macroalgae on Early
Post-settlement Mortality of Corals
in situ
There was a significant interaction between habitat types and
treatments (LRT χ2 = 10.318, df = 1, p < 0.001, Supplementary
Data 2A-ii). Post hoc Tukey tests (Figure 2 and Supplementary

FIGURE 1 | Mean percentage larval settlement across all treatment groups for
all algae substrate treatments. All macroalgae species labels in this figure are
simplified to their respective genus names. The symbol ∗ denotes significant
differences in settlement percentages in comparison to the control treatment
(post hoc Tukey HSD; p-value < 0.05) in all surfaces (gray bars) and
settlement excluding leaf blade surfaces (blue bars), respectively. Error bars
represent standard errors (±SE).

Data 2B) revealed differences in mortality rates between spat
interacting with Sargassum sp. (20.0 ± SE 6.7%) and spat
in control treatments on the reef crest (50.0 ± SE 8.6%).
Survivorship of spat was not significantly different between
Bryopsis sp. (14.3 ± SE 5.6%) and control treatments on the
reef flat (16.6 ± SE 3.9%). There were significant differences
in survival rates between habitats for control treatments (i.e.,
reef crest vs. flat; 50.0 ± SE 8.6% vs. 16.6 ± SE 3.9%;
p < 0.001) but not for algal treatments (20.0 ± SE 6.7% at
reef crest vs. 14.3 ± SE 5.6% at reef flat; p = 0.988). Among
continuous variables, only CCA (slope = 0.304, p < 0.001) and
other living organisms covers were positively correlated with
survivorship of coral spat (slope = 0.224, p = 0.002). There was
no significant relationship between EAM cover and survivorship
of spat (slope = −0.165, p = 0.215) (see Supplementary
Data 2C for generalized linear model analysis with continuous
variables).
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FIGURE 2 | Mean percentage of survivorship of spat across habitat types
(Reef Crest vs. Rest Flat) and algal treatments (Bryposis sp. or Sargassum sp.
vs. control). Error bars represent standard errors (±SE). The symbol ‘∗’ and
NS denote significant and non-significant differences, respectively, across
pair-wise, post hoc Tukey comparison of variable levels at Bonferroni
corrected (α = 0.05/4).

The Effect of in situ Herbivore Exclusion
on Survival of Juvenile Corals
Caging had a significant effect on juvenile coral survivorship
(LRT χ2 = 6.690, df = 1, p = 0.031) with significantly lower
survivorship in the full cages (F; 30.8%) compared to the uncaged
controls (C; 80.0%) (Post hoc Tukey HSD; F 6= C, Z = −2.396,
p = 0.044, Supplementary Data 3B and Figure 3). There were
no differences in survivorship between partially caged plots (P;
65.4%) and uncaged controls (P = C, p = 0.709), or between
caged and partial caged plots (F = P, p = 0.185) (Figure 3).
Juvenile corals were not affected by density dependence through
the initial spat number (Z = −1.018, p = 0.309, Supplementary
Data 3A). Fish bite rates, however, were significantly higher on
control tiles in comparison to partial caged tiles (4.6 ± SE 5.1
vs. 0.5 ± SE 0.7 bites h−1; Mann–Whitney-U-test, W = 117,
p = 0.031, Figure 4B). The fish grazers observed consisted of three
species: Halichoeres sp., an invertivorous wrasse, was responsible
for 90% of total bites (91 bites); Pomancentrus littoralis, a
herbivorous damselfish, which took 9% of total bites (9 bites); and
Chaetodontoplus mesoleucus, an omnivorous angelfish, which
took 1% (1 bite) of the total bites.

Among the continuous covariates, there was an association
between juvenile coral mortality and dry sediment mass
(slope = −1.183, p = 0.030, Figure 4A and Supplementary
Data 3C), but no association with algal biomass (slope =−0.079,
p = 0.876), EAM (slope = −0.348, p = 0.471), macroalgal
cover (slope = −0.611, p = 0.264) or change in cover of other

living organisms (slope = −0.218, p = 0.606). There were no
significant differences across the caging treatments for either dry
sediment mass (ANOVA, F2,38 = 0.564, p = 0.573) or dry algal
biomass (ANOVA, F2,38 = 1.479, p = 0.241). There were also
no significant differences in change of benthic cover across all
treatments and benthic categories (refer to analyses and results
in Supplementary Data 3C).

DISCUSSION

With increasing human impact through the Anthropocene era,
more coral reefs will be subjected to the types of disturbances
found in Singapore and in other urbanized reefs (Heery et al.,
2018). It is therefore essential to better understand the factors
affecting coral recruitment success in these systems across
multiple life history phases to mitigate reef degradation and
manage restoration. Our study demonstrates that a combination
of direct settlement inhibition and increased availability of
unsuitable settlement substratum may contribute to significant
reductions in successful coral settlement in the presence of
macroalgae. Survival rates of newly settled coral spat were
significantly lower when in physical contact with Sargassum sp.
on the reef crest, but not with Bryopsis sp. on the reef flat,
although overall mortality rates were higher on the reef flat.
Exclusion of grazers led to higher mortality rates of juvenile
corals in situ despite relatively low numbers of fish bite recorded,
suggesting that fish grazing may still play an important role
in coral recruitment success even in areas with relatively low
biomass of herbivores (Guest et al., 2016b; Bauman et al., 2017).
Our study, therefore, implies the need to monitor changes in
the abundance of macroalgae in Singapore’s reefs and other
urbanized reefs, and potentially place mitigation measures to
control the proliferation of certain taxa (e.g., Sargassum).

Lower larval settlement in the presence of macroalgae
corroborate previous studies showing that interaction with
macroalgae can inhibit settlement (Kuffner et al., 2006; Vermeij
et al., 2009; Paul et al., 2011; Dixson et al., 2014). Bryopsis,
Lobophora, Padina, and Sargassum spp. have all been shown
to impact settlement and metamorphosis of larvae of several
coral species including Isopora palifera, Stylophora pistillata
(Baird and Morse, 2004), Porites astreoides (Kuffner et al.,
2006), Platygyra daedalea (Diaz-Pulido et al., 2010), Pocillopora
damicornis (Maypa and Raymundo, 2004), and P. acuta (Lee
et al., 2012) to varying degrees either in the field or ex situ.
Nevertheless, in these studies, direct settlement on algal fronds
was either not quantified or was negligible. Therefore, macroalgae
such as Sargassum may have two types of effects on coral
recruitment: firstly, they reduce the probability of settlement; and
secondly, they can serve as a substrate for settlement. However,
given the fact that algae is not a stable substratum, the settled coral
is unlikely to survive to adulthood (Nugues and Szmant, 2006;
Olsen et al., 2016). Therefore, even if overall settlement rates are
not reduced, recruitment may be negatively impacted. Clearly,
further studies are needed to confirm the extent that corals settle
directly on Sargassum sp. by quantifying in situ, natural rates of
settlement and post-settlement survival of corals on algal fronds.
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FIGURE 3 | Proportion of live coral juveniles across caging treatments during the experimental period. Points and error bars correspond to mean proportion and
standard errors ( ± SE), respectively, at each monitoring period.

FIGURE 4 | (A) Survivorship of juvenile corals against dry sediment mass in the fitted generalized linear model. Bold line and shaded region represent the fitted
generalized linear model and its 95% confidence interval (CI). Red circles, blue triangles and green squares represent the raw sediment mass and coral survivorship
on each tile according to control, partial cage and full cage treatments, respectively. Enlarged bold points for each treatment represent the mean survivorship
treatment and sediment mass. Horizontal error bars represent standard errors ( ± SE) for corresponding mean sediment mass. The symbol ‘∗’ denotes variable
showing a significant association to coral survivorship at α = 0.05 in the model. (B) Mean bite rates across caging treatment levels. The symbol ‘∗’ denotes
significant differences in bite rates in partial cages in comparison to control tiles (Mann–Whitney-U-test; p-value < 0.05). Error bars are ± SE.

Larvae from brooding corals are often competent to settle
soon after release (Nozawa and Harrison, 2005) and may be
less discriminating in terms of settlement preferences compared

to larvae from broadcast spawners (Olsen et al., 2016; Ritson-
Williams et al., 2016). Therefore, our study can offer important
insights into potential mechanisms determining recruitment
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success for brooding corals on highly disturbed reefs. Further
studies with larvae from broadcast spawning corals are required
to test the generality of these responses. In Singapore, the
reduced settlement rates due to interaction with Sargassum sp.
has important implications for coral recruitment success as
Sargassum spp. are the most abundant macroalgal taxa on these
reefs (Low, 2015). Indeed, reefs with the lowest abundance of
Sargassum were found to have the highest natural settlement
rates and adult abundance of P. acuta in Singapore (Bauman
et al., 2015, 2017) suggesting a negative role for Sargassum sp. in
recruitment success for this coral species (Maypa and Raymundo,
2004).

A number of manipulative field experiments have
demonstrated that physical contact with macroalgae can
negatively impact juvenile and adult coral health (McCook
et al., 2001; Ritson-Williams et al., 2009; Rasher and Hay,
2010a,b). For example, survivorship of newly settled Acropora
millepora spat was reduced by almost 80% in 9 months in
caged plots dominated by Sargassum sp. (Webster et al., 2015).
Mechanisms by which macroalgae can damage corals are less
well understood, but include physical damage due to abrasion,
allelopathy (McCook, 2001) and indirectly through changes in
microbial activity or composition (Smith et al., 2006; Nelson
et al., 2013) upon algal-coral contact (Nugues et al., 2004). In our
study, Sargassum sp. effect on newly settled spat on the reef crest
may have been due to water-flow assisted abrasion as this taxa
has leathery and cortified fronds capable of physically damaging
newly settled corals (Maypa and Raymundo, 2004; Birrell et al.,
2008). While we cannot rule out the possibility of chemical effects
on newly settled spats, a number of studies have failed to find
allelopathic effects by Sargassum sp. on corals (Rasher and Hay,
2010b; Rasher et al., 2011; Bonaldo and Hay, 2014), suggesting
an important role of physical contact by Sargassum sp. to the
survivorship newly settled corals. Control tiles were placed in
areas devoid of algae but similar in environmental conditions as
treatment tiles. We cannot, however, rule out the possibility that
macroalgae may grow in specific micro-sites that are unfavorable
to coral spat survival and this contributed to the differences in
survival. Our results also demonstrate the importance of habitat
in determining survivorship of newly settled spat. For example,
there was a clear reduction (30%) in survivorship of spat between
controls and treatments at the reef crest; however, the same was
not true for control and treatment tiles on the reef flat. Although
differences may also be due to different algal species, the clear
difference in survivorship of spat between control tiles at the
reef flat (14.3 ± SE 5.6%) and the reef crest (50.0 ± SE 8.6%)
strongly suggest that local habitat processes in each habitat are
equally important in determining survival rates of newly settled
spat.

Removal of benthic algae by herbivores encourages coral post-
settlement survival (Jompa and McCook, 2002) and there is a
demonstrable positive relationship between herbivore biomass
and recovery rates on many coral reefs (Gilmour et al., 2013;
Graham et al., 2015). Paradoxically, grazing by some fishes may
actively remove new coral spat (Raimondi and Morse, 2000;
Rotjan and Lewis, 2008; Penin et al., 2010). Several studies
have shown that excluding herbivores actually improves the

survival of newly settled spat (Gleason, 1996; Baria et al.,
2010; White and O’Donnell, 2010). Our study found that fish
exclusion increased juvenile coral mortality by almost 50%,
suggesting an imporatnt role for fish grazing in juvenile coral
survival in the study system. Algal cover and biomass in caged
plots increased in comparison to non-caged plots, however, the
differences were not significant. Furthermore, algal abundance
did not emerge as a significant explanatory variable, which
suggests that macroalgae alone was not the main driver of
increased juvenile coral mortality. It is possible that a non-
significant increase in dry algal mass in caged plots might
have an effect on the amount of trapped sediments, which in
turn may reduce survivorship of juvenile corals (Birrell et al.,
2005).

Contrasting results, in terms of juvenile coral survival, among
herbivore exclusion studies most likely result from differences
in coral age classes, life histories and the types and abundance
of grazers in each study location. In studies that have shown
positive effects of caging on spat survival (e.g., Baria et al., 2010),
either spat were newly settled, making them more vulnerable to
removal, or on coral reefs where large scraping or excavating
parrotfish were abundant (e.g., Trapon et al., 2013). In our
study, corals already had an average diameter of 6.3 mm at the
start of the study, and therefore are likely to have exceeded
a size vulnerable to grazers (Doropoulos et al., 2012). In
addition, Singapore’s reefs have low abundances of sea urchins,
large scaping parrotfish and relatively low grazing rates (Guest
et al., 2016b). In the present study 90% of bites on tiles were
carried out by Halichoeres sp.. Coupled with the absence of
graze marks (pers. obs), our results suggest these fishes were
opportunistically picking epiphytes off the tiles. Nevertheless,
the results of our caging experiment suggest that even low rates
of “grazing” by non-obligate herbivores has a positive effect
on juvenile coral survival, likely through cascading effects from
predation of invertebrates (Dulvy et al., 2004) and occasional
removal of sediment and EAM surrounding corals (Birrell et al.,
2005; Goatley and Bellwood, 2010). Our results highlight the
importance of maintaining diverse fish populations on heavily
impacted reefs. The precise role of herbivores, specifically, small
non-obligate species such as damselfishes, in controlling algal
turfs in turbid environments needs to be better understood
and potentially these species may need to be considered for
protection alongside larger browsing species (Bauman et al.,
2017).
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