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Caribbean coral species Acropora palmata
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ABSTRACT: The functional extinction of the herbivorous sea urchin Diadema antillarum in the
1980s has contributed to the degradation of Caribbean coral reefs. In the early 2000s, recovering
populations of D. antillarum were observed in several locations with mixed consequences for coral
recruitment: D. antillarum improved habitat quality for settling coral larvae and recruits, but also
contributed to settler mortality through (incidental) predation. To determine the relative impor-
tance of both mechanisms, tiles were deployed in the absence and presence of naturally occurring
D. antillarum aggregations (2.0—2.8 sea urchins m~2) in Curacao, after which benthic community
composition, ex situ settlement, and long-term (2.5 yr) in situ post-settlement survival of Acropora
palmata larvae were quantified. After 3 mo, the presence of D. antillarum resulted in 44% more
crustose coralline algae and 52% less turf algae, and a 75% canopy height reduction on the tiles'
exposed habitats. On the cryptic undersides of the tiles, the presence of D. antillarum was linked to
lower abundances of sessile invertebrates and macroalgae. Larval settlement was almost 2 times
higher on tiles conditioned in the presence of D. antillarum, with a strong preference (>70%) for the
cryptic sides of tiles. Settlers returned to areas of reef encompassing D. antillarum populations were
twice as likely to survive to the age of 2.5 yr. These findings support the beneficial role of D. antil-
larum in promoting coral recruitment by creating preferred settlement habitat and by increasing
settler survival, and could be leveraged to improve coral restoration practices through dual-species
conservation and/or co-culture strategies.

KEY WORDS: Coral recruitment - Larval propagation : Herbivory : Benthic communities -
Cryptic habitats - Coral restoration
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1. INTRODUCTION

The die-off of the long-spined sea urchin Diadema
antillarum in the early 1980s is a well-documented
event that altered the dynamics of Caribbean reef
communities (Lessios 1988). In January 1983, mass
mortalities of the sea urchin were first reported near
the Panama Canal (Lessios et al. 1984) and spread

*Corresponding author: k.latijnhouwers@secore.org

throughout the entire Caribbean basin within 13 mo
(Lessios 1988). Mortality rates reached 98 % in most
areas, leading to the functional extinction of this key
herbivore on Caribbean coral reefs (Hughes et al.
1987, Lessios 1988). The resulting decrease in grazing
pressure, along with the historical overharvesting of
herbivorous fishes and human-induced eutrophica-
tion of coastal waters, resulted in the proliferation of
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turf and macroalgae within Caribbean reef commu-
nities (Hay 1984, Jackson & Kaufmann 1987, Bell-
wood et al. 2004, Jackson et al. 2014), followed by a
marked decline in the abundance of scleractinian
corals, non-encrusting sponges, and crustose coral-
line algae (CCA) (Bak et al. 1984, Liddell & Ohlhorst
1986, Jackson et al. 2014).

In the early 2000s, locally recovering D. antillarum
populations were reported across the Caribbean re-
gion, largely in shallow habitats (Lessios 2016). Local
densities of D. antillarum surpassed 4 sea urchins m—2
in some locations, similar to pre-die-off numbers
(Miller et al. 2003, Sellers et al. 2009, Idjadi et al. 2010,
Rodriguez-Barreras et al. 2015). These observations,
combined with increased recruitment rates of the sea
urchin in Curacao (Vermeij et al. 2010a), could have
signaled a potential recovery of D. antillarum, until
Caribbean-wide mass mortality events were once
again recorded in February 2022 (Hylkema et al.
2023). Nonetheless, growing D. antillarum popula-
tions observed between the early 2000s and 2022
could indicate a potential for this species to reestab-
lish itself, at least locally, over time. When sea urchin
populations recovered in Jamaica, formerly abundant
macroalgae became rare, and juvenile coral abun-
dance increased 11-fold (Edmunds & Carpenter 2001).
Similarly, in Barbados, St. Croix, and Grenada, the
return of D. antillarum led to decreases in algal abun-
dance followed by a more than 2-fold increase in the
abundance of juvenile corals (Carpenter & Edmunds
2006). Thus, local recovery of D. antillarum popula-
tions can facilitate the establishment of juvenile corals
(Edmunds & Carpenter 2001, Idjadi et al. 2010).

Coral recruitment occurs in 3 sequential phases:
(1) larval production via sexual reproduction, (2) larval
settlement and metamorphosis on the benthos, and (3)
early growth and survival of primary polyps (Ritson-
Williams et al. 2009). Turf and macroalgae can decrease
opportunities for settling corals by preempting open
space and outcompeting settlement-inducing CCA (or
their associate biofilms) (Negri et al. 2001, Harrington
et al. 2004, Sneed et al. 2014), particularly in light-
exposed and/or eutrophied habitats (Littler et al. 2006,
Arnold et al. 2010, Barott & Rohwer 2012, O'Leary et al.
2012, O'Brien & Scheibling 2018, Gouezo et al. 2020).
Turf and macroalgae can further deter settling larvae
by sediment trapping (Arnold et al. 2010, Vermeij et al.
2010b), by releasing allelochemicals, or by producing
organic compounds that result in areas of low oxygen
availability (Birrell et al. 2005, Kline et al. 2006, Smith
etal. 2006, Vermeij et al. 2009, Rasher & Hay 2010).

On the one hand, D. antillarum could be beneficial
for coral growth, as it is capable of removing algae that

compete with (settling) corals on exposed reef surfaces
(Edmunds & Carpenter 2001, Williams 2022). On the
other hand, D. antillarum can also be a powerful bio-
eroder of calcified structures (including CCA) (Fur-
man & Heck 2009, O'Leary & McClanahan 2010) and
any juvenile corals that might be present on these sur-
faces (Bak et al. 1984). For example, incidental grazing
by D. antillarum caused 95% mortality among Favia
fragum settlers in Jamaica 4 wk after settlement (Sam-
marco 1980). Coral recruits become less vulnerable to
incidental grazing with increasing size, but D. antilla-
rum can still negatively impact larger recruits and
adult colonies through destructive (and sometimes
targeted) overgrazing (Davies et al. 2013), especially
when food sources are scarce (>16 sea urchins m—2)
(Bak & van Eys 1975, Sammarco 1980, Sammarco &
Williams 1982). The presence of D. antillarum can thus
have contrasting effects on coral recruits, from benefi-
cial (e.g. removal of algae) to detrimental (e.g. removal
of CCA or recruits themselves). Meanwhile, larvae of
many coral species avoid settling in dynamic, light-
exposed surfaces where risks of competition are high,
and instead prefer settling in cryptic habitats (Babcock
& Mundy 1996, Doropoulos et al. 2016). However, the
(indirect) influence of D. antillarum in cryptic habitats
remains even less documented than on exposed sur-
faces that are directly accessible for grazing. Given the
multitude of potential positive and negative, direct
and indirect relationships that could link the presence
of D. antillarum to the performance of settling coral
larvae and young recruits, we set out to determine if
and how D. antillarum contributes to the settlement,
survival, and growth of Caribbean corals.

If D. antillarum has demonstrable positive effects on
coral recruitment, this could be considered by resto-
ration practitioners to improve the effectiveness of
coral seeding programs. Larval-based coral restoration
is increasingly used to enhance the number of coral
recruits that can be used to assist population recovery
(Randall et al. 2020, Banaszak et al. 2023). This ap-
proach often involves settling coral larvae on artificial
substrates (tiles) that are then outplanted to reefs.
These tiles are typically conditioned in situ or in
aquaria to facilitate colonization by CCA species that
promote larval settlement (Ritson-Williams et al. 2016).
The grazing behavior of D. antillarum could potentially
be leveraged to (1) increase larval settlement on tiles
by reducing algal growth during the tile conditioning
phase and (2) improve recruit survival and growth by
reducing algal competition after outplanting.

Here, we quantified the impact of naturally recover-
ing D. antillarum populations (pre-2022) on the re-
cruitment success of the Critically Endangered Carib-
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bean coral species Acropora palmata (Lamarck, 1816)
(Miller et al. 2022b) by quantifying early in situ ben-
thic community succession, subsequent ex situ larval
settlement, and long-term in situ post-settlement sur-
vival on ceramic tiles deployed in the absence and
presence of D. antillarum. Given the expectation that
healthy D. antillarum populations facilitate benthic
communities that are favorable for settlement and
survival of A. palmata, we further ex-
amined if D. antillarum could be used
to enhance the success of larval-based
coral restoration efforts.

2. MATERIALS AND METHODS
2.1. Study sites

This study was carried out between
June 2018 and December 2020 at 2 sites
on the leeward coast of the Caribbean
Island of Curacao. The first site, Marie
Pampoen (MP; 12.089°, —68.904°), is ad-
jacent to a hotel beachfront. The section
of the reef monitored in this study is lo-
cated on a =20 yrold, man-made break-
water made of large, seaward-facing
limestone boulders between depths of
0 and 5 m. The second site, Director's
Bay (DB; 12.066°, —68.860°), is a shal-
low reef consisting of a natural lime-
stone plateau with a depth range of 0.5
to 5 m. At the time of this study, both
sites were characterized by sparse scler-
actinian coral cover (~10 %) and benthic
communities dominated by Millepora
spp. (~30%) (K.R.W. Latijnhouwers pers.
obs.). Both reefs included areas with
dense Diadema antillarum aggregations
(Fig. 1a), referred to as '‘Diadema zones',
and areas where D. antillarum was ab-
sent, referred to as 'No-Diadema zones'.
At each site, these 2 zones were in close
proximity (<50 m) to one another.

2.2. Diadema antillarum density
surveys

cate surveys of each transect were performed by 2
divers and averaged. Similarly, visual surveys were
performed along these same transects to verify if dif-
ferent zones harbored different densities of other
organisms that could affect benthic community suc-
cession such as other macro-grazers that feed on turf
and macroalgae (e.g. gastropods, fishes, other sea
urchin species, crabs) (Table S1 in the Supplement
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Fig. 1. (a) Example of a Diadema antillarum aggregation in the Diadema zone

The density of D. antillarum in both
Diadema and No-Diadema zones was
quantified along a 30 x 3 m belt tran-
sect at 2.5 m depth at each site. Dupli-

at Director's Bay, Curagao. (b) Two ceramic tiles immediately after deploy-

ment. (c) Piece of rubble deployed next to a set of ceramic tiles to track benthic

community succession on natural limestone substrate. (d) Side of a tile with a

ruler to measure maximum algal canopy height. (e) A 1 yr old juvenile Acropora
palmata colony photographed next to a ruler to measure size
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at www.int-res.com/articles/suppl/m746p035_supp
.pdf). Noontime surveys targeted diurnal species,
whereas nocturnal organisms were surveyed 1.5 h
after sunset.

2.3. Substrate deployment

In June 2018, ceramic tiles (clay type 254, Goerg &
Schneider) were deployed every meter along a 30 m
long transect in each of the 4 Site X Diadema treat-
ments, resulting in a total of 120 installed tiles. These
tiles (10 x 10 x 0.5 cm, length X width x height)
(Fig. 1b) harbored 0.1 cm deep grooves arranged in a
gridded pattern (1 X 1 cm, both top and undersides)
that are known to facilitate coral settlement (Cham-
berland et al. 2017, Randall et al. 2021). A7 mm diame-
ter hole was drilled at the center of each tile to allow at-
tachment to the reef. To deploy these tiles, a 5 cm deep
hole was drilled into the reef using an underwater drill
(V2 6Ah, NEMO; 8 mm diameter drill bit). This hole
was then filled with marine epoxy (HoldFast, Instant
Ocean) in which a 7 cm long threaded nylon bolt
(6 mm diameter) was inserted so that each bolt ex-
tended 2 cm above the substrate. Once the epoxy had
hardened, a tile was fitted over the bolt and secured
with a 6 mm wide nylon hex nut (Fig. 1b). Each tile re-
ceived a unique identifying tag for tracking purposes.
An additional set of natural limestone substrates was
included in the experiment to verify if benthic com-
munities that colonized the artificial (ceramic) tiles
showed similar succession trajectories compared to
succession on natural reef substrates (limestone). To
do so, 10 pieces of circular limestone rubble (~10 %
0.5 cm, diameter x height) were collected on shore and
similarly attached in each transect (Fig. 1c).

2.4. Benthic community composition
assessment

To asses benthic community composition, the ex-
posed habitats (i.e. top surfaces and vertical sides of
the tiles which are exposed to high light levels and
grazing by larger herbivores) and cryptic habitats (i.e.
undersides of the tiles which are subjected to low light
levels and protected from grazing by larger herbivores)
of the 30 ceramic tiles and 10 limestone rubble tiles in
each zone were photographed using a digital camera in
underwater macro-mode (Coolpix AW130, Nikon) 3 mo
after deployment, i.e. immediately before the labo-
ratory larval settlement experiments were conducted.
Pictures were analyzed by scoring the presence of dif-

ferent benthic functional groups under 25 random
points in Coral Point Count with Excel extensions
(CPCe) v4.1 (Kohler & Gill 2006). Six benthic groups
were distinguished: (1) bare substrate (i.e. surface un-
occupied by fouling communities), (2) CCA, (3) other
encrusting algae (e.g. Peyssonnelia spp., Ramicrusta
spp.), (4) non-calcifying macroalgae (e.g. Dictyota
spp., Lobophora spp.), (5) turf algae, and (6) sessile in-
vertebrates other than scleractinians (e.g. encrusting
sponges, bryozoans). At 3 mo old, communities on the
vertical sides of tiles were 87% similar to those that
grew on the tiles' top surfaces (n = 10 for each Site X
Diadema treatment; analysis of similarity [ANOSIM]:
R = —0.021, p = 0.605). Therefore, a separate benthic
community composition analysis was not performed
for the sides of the tiles, and the latter were pooled as
part of the tiles' exposed habitats. The maximum can-
opy height of the algal communities on the exposed
habitats of the tiles was also measured (in mm, n = 20
photos [those with the best quality] per Site X
Diadema treatment) by taking a photograph of 1 side
of each tile next to a ruler for scale, from which 25 ran-
dom height measurements were taken using ImageJ
v1.53 (Schneider et al. 2012) (Fig. 1d).

2.5. Acropora palmata larval rearing

A. palmata is a hermaphroditic broadcast spawning
coral that releases gametes once or twice a year around
the August and/or September full moon in the south-
ern Caribbean (Marhaver et al. 2023). Four days after
the August 2018 full moon, and between 140 and
190 min after sunset, egg—sperm bundles were collected
from 4 colonies at Spanish Water (12.063°, —68.855°)
and 6 colonies at the Sea-Aquarium reef (12.083°,
—68.896°) using techniques described by Chamber-
land et al. (2015). The resulting larvae were reared in
0.5 um filtered seawater (FSW) in multiple 11 polysty-
rene containers (ClearSeal, Dart Container) at a den-
sity below 1 larva ml~! to prevent the build-up of mi-
crobial communities that feed on substances (mainly
lipids) released by deteriorating unfertilized eggs
and/or dying planulae (Vermeij et al. 2006, Pollock et
al. 2017). Four days post fertilization, 12 000 swimming
larvae were transferred to different schemes for settle-
ment as described in Section 2.6.

2.6. Acropora palmata larval settlement

A no-choice experiment aimed to quantify settle-
ment on tiles conditioned in the presence or absence
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of D. antillarum (i.e. separate batches of larvae were
exposed to only 1 tile from a specific treatment).
Three months post-deployment to the reef, 10 of the
30 tiles from each of the 4 Site X Diadema treatments
were haphazardly selected and placed individually in
1.8 1 plastic containers (Sterilite) with 150 ml of FSW
and 4 d old A. palmata larvae (n = 100). The tiles were
placed on the bottom of the containers in the same
orientation as they were conditioned on the reef.
Approximately 50% of the water in containers was
exchanged daily to maintain water quality. Settle-
ment was scored 6 d later under a fluorescence-
inducing blue light with yellow filter (Nightsea) that
increases the detectability of A. palmata settlers (Pin-
iak et al. 2005). Settlement success was calculated as
the percentage of the 100 initial larvae that had set-
tled, partitioned per surface orientation (exposed and
cryptic) of the tiles. Again, settlers located on the
tiles' sides were grouped with those on the tiles'
exposed sides since both surfaces harbored similar
benthic communities. These tiles were then redistrib-
uted to 25 1 plastic containers (36 x 31 X 24 cm,
length x height x width; n = 4; Sterilite) filled with 231
of aerated FSW for holding, mixing all 4 Site x Dia-
dema treatments, until they were returned to their
original location 4 d later. Daily water changes (~50 %)
further helped maintain water quality.

Additionally, larger numbers of settlers were gener-
ated for outplanting and subsequent tracking of post-
settlement survival by settling additional larvae on tiles
from the 4 Site X Diadema treatments in a flow-through
aquarium system at the Curagao Sea Aquarium (de-
tailed by Chamberland et al. 2015). Four plastic con-
tainers (50 x 65 cm, diameter X height; 120 | capacity)
with windows (22 x 13 cm, length % width) cut out
from 4 sides and covered with 100 pm nylon mesh
were 90 % submerged inside this aquarium. Sixteen tiles
from each of the 4 Site x Diadema treatments were
placed in the settlement containers, keeping the treat-
ments separate. A. palmata larvae (6 d old, n = 2400)
were added to each container and allowed to settle for
7 d, after which the number and position of all settlers
on the tiles were recorded as described above for pur-
poses of evaluating subsequent survivorship.

2.7. Acropora palmata post-settlement survival
and growth monitoring

After settlement was scored, the 104 tiles used across
both settlement setups were returned to their original
location and orientation on the reef using the tiles'
unique identifiers. Post-settlement survival was mon-

itored after 1.5, 3, 12, and 28 mo. A. palmata recruits are
visible to the naked eye at a young age (~2 wk) so sur-
vival was estimated via visual assessments in situ. Dur-
ing the 1 and 2.5 yr surveys, all recruits were also photo-
graphed (Tough TG-6, Olympus) next to a ruler for scale
(Fig. le) so that their size (maximum diameter, cm)
could be measured in Image J (Schneider et al. 2012)
and compared among the Site x Diadema treatments.

Lastly, the proportion of outplanted tiles still har-
boring at least 1 recruit was calculated for all treat-
ments at each monitoring time point. This metric is
referred to as 'yield' and serves as a measure of suc-
cess in the context of coral restoration, assuming that
1 outplanted tile could eventually produce only 1
adult coral colony (Chamberland et al. 2017).

2.8. Data analysis

To test if herbivores other than D. antillarum
occurred in similar densities in Diadema zones and
No-Diadema zones, counts were compared using
Welch's t-test. An ANOSIM was used to determine
whether communities on limestone and ceramic tiles
differed at the time of larval settlement. Another
ANOSIM was performed to test if the overall benthic
community on ceramic tiles was different in Diadema
and No-Diadema zones. Since the latter proved true,
the abundance (percent cover) was compared for
each benthic group, separately, between ceramic tiles
conditioned in the Diadema zones versus in No-
Diadema zones (n = 30 for each site and zone) using
permutational multivariate analysis of variance
(PERMANOVA) with Site and Diadema presence as
fixed factors, and separately for the exposed and
cryptic surfaces. PERMANOVAs were based on Bray-
Curtis dissimilarity matrices derived from square-
root transformed abundance data (percent cover).
Results are reported as pseudo-F-values and their
permutational probabilities (Pperm)-

After confirming assumptions of data normality and
homoscedasticity (Kolmorov-Smirnov test of normal-
ity: s = 0.089, df = 40, p = 0.2; Levene's test for equal-
ity of variances: s = 0.735, df; = 3, df, = 36, p = 0.528),
a 2-way ANOVA was used to assess differences in the
number of settlers per tile with Site and Diadema as
fixed factors (n = 10 for each Site X Diadema combina-
tion). Bonferroni's post hoc test was used to identify
differences in total settlement success among the Site
x Diadema treatments. We further ran Welch's ({-tests
to compare settlement success between Site x Diadema
treatments separately for the exposed topsides and the
cryptic undersides of the tiles. Then, to determine
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whether larvae generally preferred settling on the dif-
ferent surface orientations of the tiles, a chi-squared
goodness-of-fit test was used, comparing the propor-
tion of settlers found on each surface orientation with
the expected proportion of 0.55 to 0.45 (exposed to
cryptic) based on available surface area (cm?).

A Kaplan-Meier (K-M) analysis was used to visualize
survival probability of settlers outplanted in Diadema
and No-Diadema zones over time, individually for
each site. A log-rank (Mantel-Cox) analysis was then
conducted to identify significant differences among
Diadema treatments. To further examine temporal ef-
fects, pairwise comparisons using the log-rank test were
carried out at each time point. At the 1.5 mo time point,
2 tiles had detached from the substrate in the MP Dia-
dema zone and were lost, leaving only 24 tiles in this
treatment. No additional tiles were lost after this time
point. Finally, after confirming that the number of ini-
tially outplanted settlers was similar between Diadema
zones at MP (via a Mann-Whitney U-test), Clopper-
Pearson exact 95% confidence intervals were gener-
ated for binomial proportions in all graphical repre-
sentations. Fisher's exact test of independence was
then used to identify differences in yield between Dia-
dema treatments at this site. This test operates within
the framework of a contingency table to detect associ-
ations between 2 categorical variables, comparing the
probability of observing a particular distribution of
successful outcomes (i.e. a tile still harbors at least 1
live coral recruit) given a set number of trials (i.e. the
number of tiles that were outplanted) between 2 treat-
ments. T-tests, Mann-Whitney U-tests, Welch's {-tests,
and ANOVAs were performed in SPSS 27, and PER-
MANOVAs were run in PERMANOVA+ for PRIMER
(Anderson 2001). ANOSIMs and K-M tests were per-
formed in RStudio v2022.02.0 (Clarke 1993, Stalpers &
Kaplan 2018), and chi-squared and Fisher's exact tests
were executed using Excel. Detailed statistical results
for t-tests, chi-squared tests, K-M, and PERMANOVAs
can be found in supplementary Tables S2—S4 & S6.

3. RESULTS

3.1. Density of Diadema antillarum and
other benthic macro-grazers

The average density of D. antillarum in the Diadema
zones at sites DB and MP was 2.8 = 0.08 and 2.0 +
0.04 m~2, respectively (mean = SD), and none were
observed in the No-Diadema zones at either site
(Table S1). Although these surveys were conducted
only once at the beginning of the study, the abundance

of D. antillarum appeared stable throughout the study
and not a single D. antillarum was ever sighted in the
No-Diadema zones. Other benthic macro-grazers were
found in similar densities in all 4 Site X Diadema treat-
ments (Welch's t-test: p>0.05; Table S2).

3.2. Benthic community composition

After 3 mo, benthic community composition was
similar between the ceramic and limestone tiles
(ANOSIM: R = 0.56, p > 0.05) (Fig. S1), suggesting
that communities developing on the ceramic tiles
reflected benthic succession as on natural reef sub-
strata, i.e. natural, local limestone. The overall ben-
thic community composition on the ceramic tiles dif-
fered between Diadema versus No-Diadema zones as
described below (ANOSIM: R = 72, p < 0.0001).

In exposed habitats, the presence of D. antillarum
resulted in 58 * 2.7% cover (here and henceforth:
mean * SE ) of CCA compared to 40 = 2.6% in No-
Diadema zones (PERMANOVA: p < 0.001; Table S3)
(Fig. 2a). In contrast, cover of turf algae showed a sig-
nificant effect of D. antillarum as well as an interaction
of the 2 factors, occupying 65% less surface in the
presence of D. antillarum at MP and 35% less at DB
(PERMANOVA: p <0.03; Table S3) (Fig. 2a). Algal can-
opy height was 75% less in Diadema zones than in No-
Diadema zones (0.9 = 0.1 versus 3.6 = 0.2 mm, n = 120)
(Welch's t-test: t; = 3.515, p < 0.001) (Fig. 2c). Bare
substrate covered less than 1% of the exposed habitats
and did not differ in abundance between Diadema
treatments (PERMANOVA: p>0.51; Table S3) (Fig. 2a).

In cryptic habitats, sessile invertebrates on the
undersides of the tiles were less abundant in the
presence than in the absence of D. antillarum (6 = 3.2
versus 18 = 3.3%; PERMANOVA: p < 0.02; Table S3)
(Fig. 2b). The cover of macroalgae showed a signifi-
cant interaction between factors, with a stronger
effect at MP (8 = 5.6 versus 1 = 0.4% in the absence
of Diadema) than at DB (2 = 1.7% in the Diadema
zone versus 0.0 = 0.0%) (PERMANOVA: p < 0.003;
Table S3) (Fig. 2b). Conditioning tiles in the presence
of D. antillarum did not influence the abundance of
CCA (20 = 3.2%, PERMANOVA: p>0.61; Table S3) or
the remaining bare substrate (25 += 4.1%, PERM-
ANOVA: p>0.52; Table S3) (Fig. 2b).

3.3. Larval settlement of Acropora palmata

Settlement of A. palmata larvae in the quantitative
no-choice experiment was 1.8 times higher on tiles
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Fig. 2. Benthic community composition on ceramic substrates after 3 mo, at the time they were provided to competent Acropora

palmata larvae. (a) Percent cover of the 6 major benthic functional groups in the tiles' exposed habitats (n = 30 tiles per Site x

Diadema treatment), and (b) cryptic habitats (n = 30 tiles per Site X Diadema treatment). Letters above bars indicate the

factor(s) that significantly influenced the abundance of each benthic group as determined with PERMANOVAs (s: Site; d: Dia-

dema; ns: not significant, p < 0.05). DB: Director's Bay; MP: Marie Pampoen; CCA: crustose coralline algae. (c) Algal canopy

height in mm (n = 20 tiles per Site x Diadema treatment). Letters above bars indicate the factor(s) that significantly influenced
the abundance of each benthic group as determined with Welch's t-test

conditioned in Diadema zones (23.2 = 2.4 settlers per
tile, n = 20) compared to those from No-Diadema
zones (12.6 = 2.8, n = 20) (2-way ANOVA: F; 35 =
16.05, p < 0.001) (Fig. 3). This was also true for the
exposed sides of the tiles (3.1 = 0.89 vs. 1.15 = 0.50,
Welch's t-test: p = 0.011) that are subject to direct
impacts of D. antillarum grazing as well as for the
cryptic undersides of the tiles (15.55 = 2.68 vs. 7.00 +
2.49, Welch's t-test, p = 0.002) that are not directly

accessible to D. antillarum (Fig. 3). Meanwhile, A. pal-
mata larvae showed a strong preference for cryptic
habitats, with 73.2% of all settlers (n = 2510) found on
the tiles' undersides, independent of Site x Diadema
treatments (chi-squared: p < 0.05; Table S4) (Fig. 3).
Despite this preference for settlement on tiles from
Diadema zones, including additional settlers from the
bulk-settlement in the flow-through set-up provided
similar numbers of settlers initially outplanted in each
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Fig. 3. Larval settlement patterns of Acropora palmata on
ceramic tiles conditioned in the absence and presence of
Diadema antillarum. Bars show the percentage of larvae that
settled after 6 d on tiles from Diadema and No-Diadema
zones at Director's Bay and Marie Pampoen (n = 10). Darker
shades indicate settlers on cryptic habitats of tiles and
lighter shades indicate settlers on exposed habitats of tiles.
Error bars were calculated for total settlement (i.e. cryptic
and exposed combined). Letters above bars indicate factor(s)
that significantly influenced settlement success (d: Diadema,
p < 0.05) as determined by a 2-way ANOVA

zone at MP (35.63 = 5.36, Mann-Whitney U: p =
0.614), though total outplants differed between zones
at DB.

3.4. Post-settlement survival and growth of
Acropora palmata

All A. palmata colonies that survived during this
study originated form larvae that settled in the cryp-
tic habitats of the tiles. None that settled in exposed
habitats survived to the age of 1.5 mo. Settlers that
were returned to Diadema zones were 1.7 times more
likely to survive to the age of 1.5 mo at MP and 3.3
times more at DB (probabilities: Table S5, K-M: p <
0.0001; Table S6b), and 1.4 times more likely to sur-
vive to the age of 3 mo at MP and 2.7 times more at DB
(probabilities: Table S5, K-M: p = 0.006; Table S6b)
than those outplanted in No-Diadema zones. Beyond
3 mo, D. antillarum no longer influenced chances of
survival of A. palmata settlers at either site (K-M: p >
0.05; Table S6b) (Fig. 4), which remained stable until
the end of this study.

Overall, outplanting A. palmata settlers in the pres-
ence of D. antillarum significantly increased their
likelihood of survival at both study sites, doubling
their survivorship throughout the 2.5 yr study period
(MP K-M: p = 0.002; DB K-M: p < 0.0001; Table S6a)
(Fig. 4). At DB, even though survival was generally
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Fig. 4. Post-settlement survival of Acropora palmata settlers
outplanted in absence and presence of Diadema antilla-
rum at Director's Bay and Marie Pampoen. p-values above
graphs indicate statistical significance of survival curves
for the entire study period of 2.5 yr as determined with a
Kaplan-Meier (K-M) survival analysis. Asterisks above lines
indicate statistically different groups per time point as
determined by pairwise log-rank (Mantel-Cox) comparisons
(p < 0.05)

very low, survival probability of A. palmata settlers
was 0.0175 = 0.0005/0.009 (here and henceforth:
survival probability + lower/upper 95% confidence
intervals [CI]) in Diadema zones, compared to 0.0 +
0.0/0.0 in No-Diadema zones. This pattern was more
pronounced at MP, with a survival probability of
0.02 = 0.01/0.04 in Diadema zones relative to 0.01 =
0.01/0.02 in No-Diadema zones (Fig. 4; Tables S5
& S6a).

By the end of our study at MP, 9 out of 24 tiles still
harbored at least 1 juvenile A. palmata in the Diadema
zone (37.5%), in contrast to 5 out of 26 (19.2%) in the
No-Diadema zone. Thus, at this site, the presence of
D. antillarum doubled the yield (Fisher's exact test: p
< 0.05) (Fig. 5). Similarly, the 2 juvenile A. palmata
that remained in the Diadema zone of DB represented
a yield of 7.7% (2 out of 26), versus 0 in the No-Dia-
dema zone (Fig. 9), although this comparison at DB
was confounded by higher numbers of initial settlers
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Fig. 5.Yield 2.5 yr after outplanting tiles in absence and pres-
ence of Diadema antillarum at Director's Bay and Marie
Pampoen. Bars show the percentage of initial ceramic sub-
strates in each treatment that still harbored at least 1 live
Acropora palmata recruit at the end of the study. Error bars
are 95% confidence intervals (CI) and were calculated using
Clopper-Pearson's exact method. The asterisk indicates a
significant difference at Marie Pampoen as determined by
Fisher's exact test (comparison between zones at Director's
Bay is confounded by different numbers of initially out-
planted settlers)

outplanted in the Diadema zone. By the age of 2.5 yr,
colonies had grown to 6.0 = 0.7 cm (mean *= SE) in
diameter and 4.3 = 0.5 cm in height and were similar
in size between the Diadema and No-Diadema zones
(Welch's t-test: t3 = 12.383, p = 0.227).

4. DISCUSSION

Prior to this study, the influence of Diadema antil-
larum on coral recruitment was ambiguous because
this sea urchin can benefit coral larvae and recruits
by removing turf and macroalgae, but can also neg-
atively impact them through (incidental) grazing. In
Curacao, we found that populations of D. antillarum
(2.0—2.8 sea urchins m~?) positively influenced the
recruitment of Acropora palmata, facilitating both
settlement and long-term survival through apparently
indirect interactions. Conditioning tiles prior to
larval settlement and outplanting them in the pres-
ence of D. antillarum doubled the survival probabil-
ity of 2.5 yr old juvenile A. palmata colonies. Because
we conducted this experiment in a 3-step fashion,
first by examining how D. antillarum influences ben-
thic community succession, second by quantifying
potential A. palmata settlement in response to these
communities, and third by tracking the survival and
growth of A. palmata recruits outplanted alongside
D. antillarum, we were able to demonstrate that this
herbivore benefited A. palmata during all of these
phases.

4.1. Benthic succession and resulting
patterns of Acropora palmata settlement

The presence of D. antillarum promoted a benthic
community composition favorable to settling A. pal-
mata larvae and recruits. In exposed habitats, grazing
by this sea urchin limited the proliferation of turf
algae and lowered the algal canopy height, while pro-
moting the succession of CCA (Fig. 2a), and larvae
did prefer to settle in these well-grazed surfaces
(Fig. 3). Nonetheless, only a quarter of A. palmata set-
tlers were found within these exposed habitats while
the vast majority of larvae settled in cryptic habitats
(Fig. 3). This is not surprising, as many coral species
prefer settling in (sub)cryptic habitats, avoiding light-
exposed surfaces where risks of competition with sur-
rounding benthic communities are high (e.g. Babcock
& Mundy 1996, Doropoulos et al. 2016). Coral settlers
on exposed surfaces are also more vulnerable to inci-
dental and targeted predation from various fishes and
mobile invertebrates (Christiansen et al. 2009, Penin
etal. 2010, Wolf & Nugues 2013) as well as sedimenta-
tion (Babcock & Mundy 1996, Birrell et al. 2005).
Settling A. palmata larvae may have also actively
searched for bare substrate, which was unavailable on
the tiles' exposed habitats but still comprised 23% of
the tiles' cryptic habitats at the time of our settlement
assays (Fig. 2a,b). Coral larvae of various species can
indeed shift their preference from settlement-inducing
CCA species to bare substrate (i.e. biofilms) when
available during the earliest stages of benthic succes-
sion (Carlon 2001, Arnold & Steneck 2011, Elmer et al.
2018). Seemingly, this avoids direct competition with
surrounding benthic organisms (Carlon 2001, Arnold
& Steneck 2011), including CCA, which, depending
on taxa and environmental conditions, can outcom-
pete and overgrow neighboring coral settlers (Ritson-
Williams et al. 2009, Jorissen et al. 2020, 2021).
However, we did not identify CCA at the species
level in this study and therefore cannot confirm that
CCA communities differed between the 2 Diadema
treatments.

The presence of D. antillarum affected the commu-
nities developing on the tiles' cryptic habitats in a
somewhat unexpected manner. After 3 mo, the abun-
dance of CCA and turf algae on the tiles' undersides
were similar in Diadema and No-Diadema zones
(Fig. 2b). Instead, the presence of D. antillarum was
linked to lower abundances of sessile invertebrates
(other than scleractinians; Table S7) and macroalgae,
although the latter never exceeded 7.5% cover in any
treatment (Fig. 2b). Therefore, it is possible that the
lower potential for larval settlement and survival of
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recruits in cryptic habitats in the absence of D. antilla-
rum was driven by the presence of sessile inverte-
brates (e.g. sponges, bryozoans; Table S7) through
allelopathy (i.e. by deterring settling larvae) and
overgrowth (i.e. by outcompeting settlers) (e.g. Paw-
lik et al. 2007, Arnold & Steneck 2011, Brandt et al.
2019). However, given that the adult D. antillarum
present at the study sites were too large to directly
graze underneath the tiles, it remains unclear if and
how they affected cryptic habitats. It is possible, but
perhaps unlikely, that D. antillarum altered benthic
communities underneath the tiles through (acciden-
tal) prodding or scraping of their spines or even feed-
ing (Jackson & Hughes 1985, Rodriguez-Barreras et
al. 2015). Furthermore, the exudates or waste pro-
ducts of D. antillarum could have deterred certain
invertebrates (including larvae) from occupying the
Diadema zones, a phenomenon known in other mo-
bile Caribbean invertebrates (Shabani et al. 2009, Lus-
combe 2024). Lastly, small crabs (e.g. Percnon gibbesi
and Stenorhynchus seticornis) are often found living
in close association with D. antillarum and feed on turf
and macroalgae as well as on a wide variety of inver-
tebrates such as hydroids and sponges (Hayes et al.
1998, 2016, Hayes 2007). Because these crabs are flat
in morphology, they have access to the undersides of
the tiles when moving away from their host for feed-
ing, and could have limited the proliferation of sessile
invertebrates through predation. However, we did
not monitor the presence of D. antillarum-associated
decapods in our transects and thus cannot confirm
their role in repressing the growth of macroalgae and
sessile invertebrates. Given these uncertainties
regarding the ability of D. antillarum to alter cryptic
habitats, it is difficult to ascertain the drivers of the
observed differences in coral settlement and recruit-
ment in A. palmata.

An alternative explanation for the latter could
involve the well-developed turf algal communities
that occupied the topsides of the tiles in the
absence of D. antillarum, averaging 36% in cover
and 3.8 mm in height. Besides being a physical bar-
rier to settling larvae (i.e. by trapping them in fila-
ments), turf algae, especially those exceeding 3 mm
in height (Arnold et al. 2010, Vermeij et al. 2010b),
can limit light availability, promote the growth of
detrimental microbial communities, and alter oxy-
gen concentrations in surrounding habitats (Birrell
et al. 2005, Kline et al. 2006, Smith et al. 2006, Ver-
meij et al. 2009, Rasher & Hay 2010). Exposed turf
algal communities may therefore have hindered
recruitment of A. palmata beyond the tiles' topsides,
possibly deterring larvae from exploring and settling

on the tiles' nearby undersides and creating poor
conditions for growing recruits. Moreover, the tall
algal canopy on tiles in the No-Diadema zones
(Fig. 2c) could also have altered turbulence flow
rates underneath the tiles (Escartin & Aubrey 1995)
required for the successful settlement (Levenstein et
al. 2022) and post-settlement survival of invertebrate
larvae (Jokiel 1978, Edmunds 2023). These negative
effects may have been particularly pronounced dur-
ing the settlement phase of this study given that this
was carried out in a small volume of (stagnant) sea-
water in a laboratory setting. In sum, while the exact
underlying mechanisms are not known, we found an
indirect and positive effect of D. antillarum on larval
settlement and recruitment success of A. palmata in
cryptic habitats.

4.2. Survival of Acropora palmata settlers

During the first 3 mo post-settlement, the presence
of D. antillarum significantly increased the survival
probability of A. palmata settlers at both study sites.
After 3 mo, D. antillarum no longer affected the sur-
vival of A. palmata recruits. Between the 1 and 2.5 yr
time points, mortality in both Diadema and No-
Diadema zones was less than 5%, suggesting that
older and larger A. palmata recruits (average size +
SE: 6 £ 1.02 cm diameter) were less susceptible to
(incidental) grazing by D. antillarum, other predators,
and to competition with extant levels of turf and
macroalgae (even in No-Diadema zones) at our 2
study sites. Thus, we found that the potential of D.
antillarum to increase survival of coral recruits tran-
spires during their first few months post-settlement,
in which some of the most severe early-life demo-
graphic bottlenecks occur (Vermeij & Sandin 2008,
Penin et al. 2010, Chamberland et al. 2015), under-
scoring the crucial role of this grazer during the early
life stages of A. palmata.

4.3. Implications for natural and assisted
recruitment of Acropora palmata

This study suggests that in reef systems with suffi-
cient larval supply, the presence of D. antillarum pop-
ulations in the range of 2—3 sea urchins m~2 can result
in higher A. palmata recruitment. Similar to D. antilla-
rum, populations of A. palmata have declined by more
than 95% throughout the Caribbean since the mid- to
late 1970s due to the outbreak of white-band disease
and other disturbances (Gladfelter 1982, Aronson &
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Precht 2001, Acropora Biological Review Team 2005,
Jackson et al. 2014, Cramer et al. 2020). Remaining
populations are still in decline (Williams & Miller
2012) and are often typified by low genotypic diver-
sity, which further reduces the probability of success-
ful fertilization and larval production during annual
spawning events (Baums et al. 2006, Williams et al.
2014). Given this species' lack of recovery, A. palmata
has been listed as Critically Endangered on the Inter-
national Union for Conservation of Nature and Natu-
ral Resources (IUCN) Red List for over a decade
(Miller et al. 2022b) and has long been a focal species
in many coral restoration initiatives throughout the
Caribbean (Young et al. 2012, Bostrom-Einarsson et
al. 2020). Successful larval-based coral restoration
efforts are, however, still hindered by low recruit sur-
vival following outplanting (Randall et al. 2020,
Banaszak et al. 2023).

Here, we showed that D. antillarum is capable of
improving habitat quality for settling A. palmata lar-
vae and recruits. Given that settlement assays were
executed in a laboratory setting, without the in-
fluence of in situ variability in hydrodynamics, water
quality, predation, light etc., our results should be
extrapolated with caution to other reef conditions and
settings. Nevertheless, within the context of our
study system, we did find support that the presence
of D. antillarum facilitates or increases successful
recruitment of A. palmata larvae in areas where both
species co-occur. From a restoration perspective,
conditioning and outplanting artificial settlement
substrates in the presence of D. antillarum resulted
in a doubling of the proportion of outplanted tiles
still harboring at least 1 recruit (i.e. yield) of age 2.5 yr
at one of our study sites. Despite the seemingly low
number of 23 surviving A. palmata juveniles across
both Site x Diadema treatments, this corresponds to
a density of 38 recruits m~2 on the 60 tiles (each
measuring 10 X 10 cm), which would be 2 orders
of magnitude higher than the pre-1980s average den-
sity of Acropora recruits in Curagao, which was about
0.13 m~2 (Bak & Engel 1979). Moreover, A. palmata
is one of the fastest-growing Caribbean coral species
(Gladfelter et al. 1978), can proliferate clonally to
occupy large areas of reef (i.e. 100s m? Baums et al.
2005), and can reach sexual maturity at the age of 4
(Chamberland et al. 2016). The 23 juveniles generated
over the course of this study are therefore expected to
rapidly form structurally complex habitats (>1 m?
surface area) and to participate in natural spawning
events within 5 yr. Importantly, A. palmata is long-
lived, capable of growing up to hundreds and even
thousands of years old (Devlin-Durante et al. 2016);

the ecological gains realized by each A. palmata juve-
nile may therefore persist for centuries.

This study was carried out at a small, experimental
scale, involving a culture of approximately 12000
A. palmata larvae. Recent methodological advances
now allow the rearing of millions of competent coral
larvae per spawning event (dela Cruz & Harrison
2020, Suzuki et al. 2020, Miller et al. 2022a). Extrapo-
lating the settlement and survival rates achieved
here, for every million larvae produced, conditioning
settlement substrates and outplanting them in the
presence of D. antillarum would result in 4600, geneti-
cally unique, 2.5 yr old A. palmata juveniles (relative
to 1200 in the absence of D. antillarum), representing
a significant improvement towards this species' re-
covery. However, the recovery of D. antillarum has
also been slow (Lessios 2016, Tuohy et al. 2020) and
has recently experienced a significant setback due to
new disease outbreaks (Hylkema et al. 2023). Various
efforts to enhance D. antillarum populations have
been successful, both in in situ and ex situ systems
(Williams 2016, Pilnick et al. 2021, Hylkema et al.
2022). However, survival rates after juveniles tran-
sition from a pelagic stage to a benthic stage and are
translocated to reefs, are extremely low due to preda-
tion (Vermeij et al. 2010a, Hylkema et al. 2022). The
structural complexity of well-developed A. palmata
stands provides favorable habitat for D. antillarum
(Tuohy et al. 2020), so the potential of (co-)culturing
D. antillarum and A. palmata could provide new
opportunities to maximize restoration outcomes for
both invertebrate species by rearing and outplanting
them together.

In conclusion, our study provides additional sup-
port for the ecological importance of D. antillarum on
Caribbean reefs, not only as a key herbivore but also
in facilitating the recruitment of a Critically Endan-
gered reef-building coral, and highlights the poten-
tial benefits of incorporating this sea urchin species in
various stages of reef restoration interventions.
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