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Abstract

Tropical western Atlantic reefs have gradually shifted from being dominated by corals to being mainly covered by macroal-
gae. The mass-mortality of the sea urchin Diadema antillarum in the 80s and the slow to non-existent recovery exacerbated
this shift. Chemical cues associated with these reefs are expected to have shifted too with potential negative effects on larval
recruitment, possibly limiting recovery of important species like D. antillarum. In this study, we tested the effects of natu-
rally derived biofilm and macroalgae species native to Caribbean coral reefs on the settlement rate of cultured D. antillarum
larvae in two separate experiments. Crustose coralline algae (CCA) were included in both experiments, making it possible
to compare settlement rates from both experiments. A biofilm of one week old yielded significantly lower settlement rates
compared to two, four, and six weeks old biofilm and the highest settlement rate was found for CCA with over 62% of total
larvae. All six tested macroalgae species resulted in settled larvae, with little significant difference between algal species,
partly due to a high variation in settlement rates within treatments. Sargassum fluitans induced the highest settlement rate
with 33%, which was not significantly different from CCA with 29%. We conclude that dominant macroalgae species likely
to be encountered by D. antillarum on shifted reefs are no major constraint to settlement. Our findings increase the under-
standing of alternative stable state settlement dynamics for a keystone coral reef herbivore.
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Introduction

The once abundant sea urchin Diadema antillarum, hereafter
Diadema, suffered from a mass-mortality event in 1983 and
1984, when 98% of the populations in the tropical west-
ern Atlantic died due to an unknown cause (Lessios 1988,
2016; Levitan et al. 2023). The loss of this key herbivore
decreased grazing pressure, which, along with the historical
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overharvesting of herbivorous fishes and human-induced
eutrophication of coastal waters, resulted in an increase of
fleshy algae on reef communities (Bellwood et al. 2004; Hay
1984; Jackson and Kaufmann 1987). In the following dec-
ades, Diadema recovery has been limited and fragmented
(Lessios 2016; Levitan et al. 2023). Reefs previously domi-
nated by corals, have now shifted to be mainly dominated by
macroalgae (Adam et al. 2015; Hughes et al. 1987, 2003).
On reefs where Diadema is recovering, macroalgal cover
is significantly reduced and crustose coralline algae (CCA)
and open space increase, resulting in higher coral recruit-
ment (Aronson and Precht 2000; Idjadi et al. 2010). Further
recovery of this key species could increase the resilience of
the tropical western Atlantic coral reefs (Precht and Precht
2015). Unfortunately, in 2022 a new die-off decimated Dia-
dema populations in the Eastern Caribbean and the Greater
Antilles (Hylkema et al. 2023).

Previous research identified a limited larval supply, a
lack of larval settlement and low post-settlement survival
as key factors constraining natural recovery (Feehan et al.
2016; Hylkema et al. 2022a; Miller et al. 2009; Vermeij et al.
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2010). After the mass-mortality, larval supply was reduced
due to lower numbers of individuals, resulting in a lower
number of gametes and, therefore, less fertilized eggs (Fee-
han et al. 2016; Lessios 2005). Although this limited larval
influx might still be limiting recovery in some regions, such
as Florida and Mexico (Miller et al. 2009), larval supply
has recovered to pre die-off densities on Curacao, Puerto
Rico, Saba and St. Eustatius (Hylkema et al. 2022a; Ver-
meij et al. 2010; Williams et al. 2010). However, on most of
these reefs, no significant recovery of Diadema density has
been observed (Vermeij et al. 2010; Williams et al. 2010).
This suggests that at locations that still have a significant
larval supply, Diadema recovery is constrained by lim-
ited larval settlement success and/or high post-settlement
mortality. Settlement can be hindered by low availability
of suitable settlement substratum (Hylkema et al. 2022a)
or missing the right settlement cues (Pilnick et al. 2023).
Low post-settlement survival (Bechtel et al. 2006; Hylkema
et al. 2022b; Williams et al. 2011) is the effect of a com-
bination of decreased habitat complexity, low food avail-
ability, decreased shelter availability (Lee 2006; Rogers and
Lorenzen 2016; Tuohy et al. 2020) and increased predation
(Nedimyer and Moe 2006; The Nature Conservancy 2004).

Based on larval culture data, the pelagic larval stage of
Diadema takes approximately 35 to 90 days for full growth
and development (Eckert 1998; Pilnick et al. 2022, 2023;
Wijers et al. 2023). This is followed by settlement, the phase
in which the larvae attach to a hard substrate and metamor-
phose into a juvenile (Dworjanyn and Pirozzi 2008). Larval
settlement is often induced by benthic communities that
release chemical cues (McEdward and Miner 2001). The
type of cues that are present are crucial (Doll et al. 2022;
Mos et al. 2011; Swanson et al. 2004), therefore, changes in
benthic communities can have major impacts on the settle-
ment behavior of echinoid larvae (Doll et al. 2022). With the
degradation of Caribbean coral reefs (Hughes et al. 2003;
Jackson et al. 2014), coral and CCA cover decreased, while
macroalgae cover increased (Mumby et al. 2006), changing
the cue composition associated with these reefs (Remple
et al. 2021). Biofilm, CCA and macroalgae are known cues
for the settlement of sea urchin larvae (Mos et al. 2011;
Swanson et al. 2004, 2006; Taniguchi et al. 1994).

Biofilm is the initial biological colonizer of new or
cleaned surfaces, grows on almost all marine surfaces and
is composed of a diverse mix of microorganisms, depend-
ing on the location and age of the biofilm (Hadfield 2011).
It is known to induce larval settlement in a wide range of
invertebrate species (Wieczorek and Todd 1998), includ-
ing Diadema (Pilnick et al. 2021, 2023). Grazing Diadema
create open bare spaces (Macia et al. 2007), providing the
opportunity for new biofilms to grow. As a consequence
of the reduced grazing pressure, more mature biofilms can
develop, ultimately leading to the subsequent overgrowth of
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reef substrates by fleshy macroalgae. Cultured Diadema lar-
vae have been shown to settle on biofilm ranging from a few
days—up to four weeks old (Eckert 1998; Pilnick et al. 2021,
2023; Wijers et al. 2023). In field trials Bak (1985) observed
that Diadema settlement rates were higher on plates, cleaned
every four to six months, compared to overgrown plates, sug-
gesting that there is an optimum biofilm age. In more recent
studies, settlement collectors were usually deployed for two
weeks up to one month (Hernandez et al. 2006; Hylkema
et al. 2022a; Williams et al. 2010, 2011), both yielding a
substantial amount of settlers. In contrast, collectors that
were deployed for three months had a significantly lower set-
tlement rate compared to collectors incubated for one month
(Hylkema et al. 2022b). This suggests that the optimal age
of biofilm for Diadema settlement is around three to four
weeks, but this has not yet been experimentally evaluated.

Macroalgae and CCA induce settlement in a wide range
of species, including sea urchins with highly variable settle-
ment rates (Dworjanyn and Pirozzi 2008; Mos et al. 2011;
Pearce and Scheibling 1991; Rowley 1989). CCA is a mixed
group of calcifying algae associated with well-grazed reefs.
They are the cement of reef structures (Kuffner et al. 2008)
and provide settlement cues for corals and sea urchin lar-
vae (Heyward and Negri 1999; Pearce and Scheibling 1990;
Ritson-Williams et al. 2016). Macroalgae are now dominant
on many Caribbean reefs and might influence larval settle-
ment of Diadema. The Australian sea urchin Holopneustes
purpurascens mainly settled on foliose red algae or on coral-
line turf algae in the wild and these also induced the high-
est rate of settlement in laboratory experiments (Swanson
et al. 2006). For the green sea urchin Strongylocentrotus
droebachiensis (widespread in the Northern hemisphere),
red coralline algae resulted in high settlement rates, and
relatively low rates when exposed to brown macroalgae
(Pearce and Scheibling 1991). The more widespread and
tropical species Tripneustes gratilla settled when exposed
to a wide range of macroalgae and calcifying algae with
variable results (Dworjanyn and Pirozzi 2008; Mos et al.
2011). Mos et al. (2011) found high settlement rates when
exposed to Sargassum linearifolium and the calcifying red
algae Corallina officinalis. Calcified algae are consistently
among the most effective macroalgae for inducing settlement
of a diverse range of sea urchin species. For non-calcified
macroalgae, the effects are less clear and depend on the spe-
cies tested.

Historically, the lack of consistent larval culture tech-
niques limited the number of competent Diadema lar-
vae available for research (Bielmyer et al. 2005; Eckert
1998; Leber et al. 2009; Nedimyer and Moe 2006). Recent
advancements in larval culture methods now make it pos-
sible to produce 1000s of competent larvae that can be
used to test the effect of cues on larval settlement (Pilnick
etal. 2021, 2023; Wijers et al. 2023). Competent larvae are
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defined as larvae that reached a developmental point where
they are capable of undergoing metamorphosis (Gosselin
and Jangoux 1998). For Diadema, Pilnick et al. (2023)
recently tested a range of settlement cues including biofilm,
CCA and the calcifying macroalgae Halimeda sp. Halimeda
sp. induced significantly more settlement compared to bio-
film and CCA at intermediate rates. A comparison between
the developmental time of biofilm, and different species of
macroalgae on the settlement rate of Diadema, has not been
tested yet.

In this study the settlement rate of cultured competent
Diadema larvae was determined following exposure to bio-
films with a range of ages, CCA and six species of fleshy
macroalgae common on western Atlantic coral reefs. Fleshy
macroalgae are indicative of the current prevailing benthic
conditions on most reefs (Adam et al. 2015; Idjadi et al.
2010), whereas CCA is associated with well-grazed reef
ecosystems (Belliveau and Paul 2002; Idjadi et al. 2010).
Biofilm that is in an earlier stage of development, one to two
weeks old (Shikuma and Hadfield 2005), may be indicative
of a well-grazed reef with more bare surface (Idjadi et al.
2010; Macia et al. 2007) for biofilm to colonize, whereas
more mature biofilm can be associated with reefs charac-
terized by limited herbivore activity. We hypothesize high
(>50%) larval settlement rates when exposed to CCA. As
calcifying red algae yielded high settlement rates for a
broad range of sea urchin species, we also expect high set-
tlement rates for calcifying macroalgae species, and average
(25-50%) settlement for the other macroalgae species tested
(Dworjanyn and Pirozzi 2008; Mos et al. 2011; Swanson
et al. 2006). For the biofilm, settlement is expected to peak
on biofilm that has developed between three and four weeks
(Bak 1985; Hylkema et al. 2022b; Miller et al. 2009).

This study unveils the settlement behavior of Diadema
in response to a range of natural cues, related to the current
and former composition of tropical western Atlantic reefs,
to understand whether this could constrain natural Diadema
settlement.

Material and methods
Gamete collection and larval rearing

Wild adult Diadema were collected from the Fort Bay
Harbor on Saba, Caribbean Netherlands (N17.61635,
W063.25140). Immediately after collection, a batch of 10
urchins was induced to spawn by immersing them in water
at 31 °C (5 °C higher than the ambient seawater temperature)
for a maximum of 30 min, following Pilnick et al. (2021).
Gametes were collected using a 10-ml pipette, moved to a
1-L glass bottle, and checked under a microscope at 10 x40
magnification for fertilization. The fertilized eggs (>95%

of total) were kept in 500-mL artificial seawater (ASW)
(made with Tropic Marin® REEF-MIX sea salt and Water
One® bottled drinking water, 35-g/L) on an Innova’40 shaker
table for three days at a density of ~ 100 per ml. Three days
post fertilization (DPF), larvae were diluted to a density of
1 larvae per ml and cultured in 500-mL ASW in 1-L bot-
tles at 25.9+0.1 °C, as described by Wijers et al. (2023).
Larval competency was determined twice a week by scor-
ing the presence of a mature rudiment in the larvae. When
600-900 competent larvae were available, the experiment
was initiated.

Competent larval selection and measurements

Larvae were considered competent if they had a clearly
developed external and/or internal rudiment, visible as
white, instead of transparent tissue, with tube feet (Pilnick
et al. 2023). Before the experiment started, competent larvae
were separated from non-competent larvae and counted.

The larval culture facility on Saba, Caribbean Nether-
lands, had a limit of producing ~ 800 of competent Diadema
larvae during each culture run. Therefore, the cues were
tested in two separate settlement experiments, in the first
half of 2022. Larvae used for the Biofilm experiment were
44 days old and 67 days old for the Macroalgae experiment,
as even with similar culture methods, development time until
competency can differ.

To compare body size and arm length between the com-
petent larvae of the two different culture runs, pictures of 10
randomly selected larvae were taken with an Olympus Ster-
eomicroscope SZ61. CellSense Image software was used to
measure larval body length and width, from which body size
was calculated following Wijers et al. (2023). Arm length
was the length of the longest arm, as some larvae (partially)
missed an arm or had slight differences in arm length.

Settlement setup

The setup of the settlement experiments was performed as
described by Mos et al. (2011) with some adaptations. For
each treatment, 10 replicate plastic petri dishes (@ 5 cm),
each containing 10 randomly selected competent larvae,
were used to test settlement cues. Each petri dish contained
15-mL of autoclaved ASW, of which 50% was replaced
daily, plus a potential settlement cue or autoclaved seawater
as negative control. The total amount of settled (on petri
dish and/or substrate), loose (not attached and healthy) and
degraded (pale and brownish in color, often partly dissolv-
ing) larvae was determined after four days (Fig. 1). If in total
less than 10 larvae were found per petri dish, those were
scored as missing (presumed dead). Larvae were regarded
as settled when they were attached to the substrate and had
visible spine development. Settlers were left in the petri
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Fig. 1 Depiction of larvae scored after four days as either, A settled, B loose or C degraded. The scale bar shown in 1A applies to all pictures

dish until the end of the experiment in the Biofilm experi-
ment. However, after we sporadically observed dead set-
tled urchins in the Biofilm experiment, we decided to daily
remove settlers in the Macroalgae experiment. Settlement
experiments were performed at 25.9+0.1 °C (n=20), with
12:12 L:D conditions using artificial lighting.

Treatment preparation

To form a natural biofilm and CCA layer, petri dishes were
attached with a fishing line to a PVC structure follow-
ing a coral nursery tree design. The tree was placed next
to the dive site called “Diadema City”, Saba (N17.61468
W063.24888), at a depth of 9 m.

For the biofilm to ensure having dishes with varying bio-
film ages, dishes were attached to the PVC structure weekly,
starting two weeks prior to larval rearing.

For the CCA treatments, petri dishes were attached to the
tree for four months and gently cleaned with a toothbrush
to remove biofilm and filamentous algae every one to two
weeks. Within 4 weeks, the first CCA started to show and
two months later (at the start of the experiment), CCA cov-
ered most of the petri dish surface. Coralline algae species
growing on these dishes were not identified, but looked very
similar (Figs. S1b, S2b) and will generally be referred to as
the CCA treatment. Before the CCA petri dishes were used
for the settlement experiments, they were gently cleaned
again to remove the biofilm and filamentous algae.

One day prior to the start of the macroalgae experiment
(2nd of June 2022), six different species were collected and
prepared. Dictyota pinnatifida, Halimeda incrassata and
Lobophora variegata were collected at a depth of 11-13 m
at the dive site “Ladder Bay” (N17.63636 W063.25633).
Laurencia sp. and Padina pavonica were collected at the
dive site “Big Rock Market” (N17.61279 W063.23801) at a
depth of 12-14 m. Sargassum fluitans was collected floating
at the surface at the dive site “Diadema City” (N17.61468
W063.24888). Algae were identified using standard keys
as described by Littler and Littler (2000). All species were
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collected in separate containers and gently rinsed with ASW
before cutting and adding ~3 cm? of surface area to a clean
petri dish (10 per exposure type).

Biofilm experiment

To test if a biofilm of different ages influenced settlement
rates, we tested biofilms of one, two, four and six week (W)
old. A total of 600 competent larvae, selected the 26th of
January 2022, were used for the settlement experiment. The
six treatments tested were Control, CCA, IW, 2W, 4W and
6W (Fig. S1).

Macroalgae experiment

To test if macroalgae species influenced settlement rates, six
different macroalgae species common on tropical western
Atlantic reefs were tested. A total of 800 competent larvae,
selected the 3rd of June 2022, were used for the settlement
experiment. The eight treatments tested were Control, CCA
, Lobophora, Laurencia, Dictyota, Padina, Halimeda and
Sargassum (Fig. S2).

Data analyses

Statistical analyses were performed with R (R Core Team
2022), using R studio version 4.2.2. A Generalized Linear
Model (GLM) was used to test if treatment had a significant
effect on settlement for both the Biofilm and Macroalgae
experiment. As settlement data were proportional (between
0 and 1, where 0 is no and 1 is 100% settlement), a binomial
distribution was used (Zuur et al. 2009). When no settle-
ment was observed, the number was set to 0.01 (1%) for
the model to cope with the Os in the data. To identify which
treatments differed significantly (p <0.05) from each other,
Tukey’s post hoc tests were performed and adjusted for mul-
tiple comparisons. To test if body size and arm length of the
competent larvae were different between both experiments,
a Two-Sample t-Test was used. Statistical results (treatment
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effect per experiment, F values, z-ratios and p-values) for the
settlement of the Biofilm and Macroalgae experiments are
provided in the supplementary data (Tables S1-S4).

Results
Biofilm experiment

Settlement occurred in all treatments, except for the nega-
tive control (Fig. 2). Treatment had a significant effect on
settlement rates (main test effect). Most settlement was
found in the CCA treatment (positive control), in which
62 +12% (mean + SD) of the larvae settled. Both the
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Fig.2 Settlement of Diadema antillarum larvae exposed to a bio-
film of one, two, four and six W (week(s)) old, CCA and a control
with no cues, expressed as mean percentage of total + SE (each treat-
ment had n=10 petri dish replicates, each containing 10 competent
larvae). Treatments sharing the same letter do not differ significantly
(P>0.05)

negative control (0 +0% settlement) and 1W (13+15%
settlement) treatment had significantly lower settlement
rates compared to all other treatments. The 6W biofilm
treatment (39 + 15% settlement) had a lower settlement
rate compared to both 2W and 4W, but this was not signifi-
cant. In all treatments, except for 4W and 6W, most larvae
that did not settle were loose and still healthy (Table 1).
For treatments 4W and 6W, a large proportion of the lar-
vae was either degraded (19-35%) or missing (12-17%)
after 4 days.

Macroalgae experiment

All treatments, including the negative control, resulted
in settlers (Fig. 3). Treatment had a significant effect on
settlement rates (main test effect). Highest settlement
was observed in the Sargassum treatment with 33 + 16%
(mean = SD), followed by CCA with 29 +25%. Sargassum
and CCA differed significantly from the control and Lobo-
phora. Halimeda had more settlers compared to the control
and Lobophora, but did not differ significantly from these
treatments. Other treatments did not differ significantly
from each other.

At the end of the experiment, 90% of the control larvae
still had not settled and remained loose (Table 1). For the
macroalgae this was between 45 and 75% of all larvae.
On average Lobophora and Laurencia had low settlement
(6-14%) and high rates of degraded (28-32%) and missing
(9-16%) larvae. In the CCA treatment, 12% of the larvae
were missing, but this treatment had almost no degraded
larvae (2%).

Table 1 The total amount of

Experiment Treatment Settled (as %  Loose (as %  Degraded (as % Missing (as
seFtlgd, loose, degraded, and of total) of total) of total) % of total)
missing larvae at the end of
both experiments for each Biofilm Control 040 98+4 +3 1+3
treatment CccA 62412 35410 4 143

1w 13+15 81+14 +8 0+0
2W 50+21 48 +21 2+4 0+0
4W 48+ 15 21+18 19+14 12+18
6W 39+15 9+13 35+25 1718
Macroalgae Control T+7 90+9 1+ 2+4
CCA 29+25 57+21 2+6 12+17
Lobophora variegate 6+8 50+32 28 +34 16+22
Laurencia sp. 14+8 45+33 32+33 9+11
Dictyota pinnatifida 19+12 75+14 2+6 4+7
Padina pavonica 25+16 69+ 14 2+4 4+7
Halimeda incrassate 26+20 67+20 3+7 4+5
Sargassum fluitans 33+16 54+19 9+16 4+7

Results are shown as mean percentages of total += SD (n=10)
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Fig.3 Settlement of Diadema antillarum larvae exposed to the mac-
roalgae species Lobophora variegate (Lob), Laurencia sp. (Lau),
Dictyota pinnatifida (Dic), Padina pavonica (Pad), Halimeda inc-
rassate (Hal), and Sargassum fluitans (Sar) and CCA and a control
with no cues, expressed as mean percentage of total + SE (each treat-
ment had n=10 petri dish replicates, each containing 10 competent
larvae). Treatments sharing the same letter do not differ significantly
(P>0.05)

Larval production and morphology

The body size of the competent larvae used for the Mac-
roalgae experiment was significantly higher than those used
for the Biofilm experiment, and vice versa for arm length
as shown in Table 2. Overall, the variation in body features
was higher for the larvae used in the Macroalgae experiment.
Some larvae from this culture run were observed with large
body sizes, but the absence of discernible arms, and also
larvae possessing notably elongated arms but having smaller
bodies were observed.

Discussion

Our results show that competent Diadema larvae settled
when exposed to a wide range of naturally occurring settle-
ment cues. Overall settlement in the Macroalgae experiment
was lower compared to the Biofilm experiment, possibly due

to larvae with a lower fitness. Compared to other treatments,
CCA induced high rates of settlement in both experiments.

We hypothesized that Diadema settlement would be
highest on CCA and relatively young biofilm (one to two
weeks old), and low on older biofilm (four to six weeks) and
medium on macroalgae. As expected, CCA induced high
rates of settlement. Biofilms of two and four weeks old had
significantly higher settlement than biofilm of one week old.
Biofilm of 6 weeks old resulted in a lower settlement rate,
although this difference was only significant compared to
1 week old biofilm. Nevertheless, these results indicate that
Diadema larvae settle in response to cues that are typically
found in a habitat dominated by adults, as grazed surfaces
result in bare substrate and CCA. This is a possible expla-
nation for why juveniles are often found in close vicinity of
adults (Hunte and Younglao 1988; Miller et al. 2007). These
results are in line with Bak (1985), who observed more set-
tlement on cleaned settlement plates. Rahim et al. (2004)
found gradually increased settlement for the sea urchin Pseu-
docentrotus depressus, with increased biofilm age up to four
weeks. For Anthocidaris crassispina, a bell-shaped curve
was observed with 4 week old biofilm being most effective.
Keough and Raimondi (1996) also found increased settle-
ment for a range of marine invertebrates on a biofilm of
four weeks old compared to no biofilm. Our results imply
that with increasing age of biofilm of up to four weeks old,
there is increased larval settlement, and no further increase
in settlement with six week old biofilm.

Contrary to our hypothesis, settlement rates on most
macroalgae, with the exception of Lobophora, did not differ
significantly from settlement on CCA. These data suggest
that changes in cue composition due to increased macroalgae
cover are unlikely to result in lower natural settlement rates
of Diadema. However, besides macroalgae, algal turfs are
a dominant benthic component on many Caribbean reefs
(Solandt and Campbell 2001; Williams 2021). Turf algae
are multi-species assemblages of filamentous algae and are
known to inhibit coral recruitment (Arnold et al. 2010; Har-
rington et al. 2010; Wells et al. 2021). This was not tested
here for Diadema but is of interest for future research.

Table 2 Larval body size and arm length expressed as mean =+ SD including results of the Two-Sample 7-Test and the age and total number of
competent larvae that was used for settlement and measured for both experiments

Larvae used for biofilm experiment Larvae used for macroalgae experi-  #-Test
ment
Body size (um x 10°)* 31277 359+114 1 (1491)=-9.44, p<0.01
Arm length (um)* 2964 +690 2271+1267 1 (1437)=13.61, p<0.01
Age (DPF) 44 67
Total larvae (n) 600 8932

*Denotes a significant difference between measurements

*Due to a microscope malfunction only 893 out of the 900 larvae were measured
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One limitation of our findings is the settlement observed
in the negative control of the Macroalgae experiment. This
suggests that certain larvae from this culture run had the
capacity to settle without the need for specific cues. Dia-
dema urchins have been observed to settle during larval cul-
ture (Wijers et al. 2023), suggesting that there are already
some cues present. This could have been attributed to the
settlement in the negative control. Notably, these larvae
were older than those employed in the Biofilm experiment.
Results of coral larvae settlement show that preference for
specific cues decreases with age (Fulmore 2019). Neverthe-
less, the older larvae did not result in overall higher settle-
ment rates. When examining our CCA settlement rates in
the Biofilm experiment, they appeared to align with those
observed by Pilnick et al. (2023). Nonetheless, it is impor-
tant to note that in the Macroalgae experiment, both CCA
and Halimeda exhibited settlement rates that were approxi-
mately half of those reported by Pilnick et al. (2023), sug-
gesting that the overall fitness of the larvae was lower. It is
unknown to what extent this depends on the egg or sperm
quality of the parental sea urchins. Furthermore, despite
identifying some morphological differences among larval
culture runs, there was no corroborating evidence supporting
the availability of greater energy reserves based on body size
measurements. The large variance in settlement rates found
here has also been reported for other sea urchin species (Mos
et al. 2011; Wieczorek and Todd 1998). Diadema culture is
still in its infancy (Pilnick et al. 2022; Wijers et al. 2023) and
with increased experience variation in results may decrease.
If settlement rates in the Macroalgae experiment were lower
due to less fit larvae, it is possible to obtain Diadema larval
settlement rates of > 50% in response to a range of naturally
occurring macroalgae.

Larval influx, settlement rates, post-settlement survival
and post-recruit survival have all been identified as factors
possibly constraining natural recovery. The fact that a wide
range of natural settlement cues resulted in metamorphosis,
indicates that the transition from pelagic larvae to benthic
urchins is not a major factor limiting Diadema recovery. Pre-
vious studies showed high settlement rates on multiple Car-
ibbean islands (Hylkema et al. 2022a; Vermeij et al. 2010;
Williams et al. 2009). At these locations (Hylkema et al.
2022b), post-settlement survival seems to be the limiting
factor, especially when micro-predators can hide in the algae
cover. For sea urchins in general, post-settlement processes
have a larger influence on population dynamics compared to
larval settlement preferences (Balch and Scheibling 2001).
For the purple sea urchin Strongylocentrotus spp. Rowley
(1989) also suggests post-settlement survival to be the driver
for the amount of adults instead of settlement substrate.
Our results indicate that this is also the case for Diadema,
as previously shown by Vermeij et al. (2010), who found
high settlement rates but no recovery of the local Diadema

population. Low post-settlement survival rates could be the
result of micropredation from small crabs and fireworms
(Hylkema et al. 2022a), which appear to be more abundant
on macroalgae covered reefs (Bechtel et al. 2000).

Another factor influencing the abundance of adult Dia-
dema may be contemporary disease events. In some areas,
Diadema have shown trajectories of population growth
(Pusack et al. 2023). However, in early 2022, a die-off event
producing similar symptoms at the animal level, but a dif-
ferent geographic pattern of spread relative to the 1983-84
mass mortality (Hylkema et al. 2023), resulted in rapid pop-
ulation declines of >98% in some areas, with measurable
effects on local benthic ecology (Levitan et al. 2023). The
likely pathogen causing the 2022 event was rapidly identified
(Hewson et al. 2023), providing hope for an improved under-
standing of Diadema disease dynamics moving forward.
Thus, to restore Diadema populations, the focus should
be on increasing post-settlement survival with techniques
such as assisted natural recovery (Hylkema et al. 2022b)
or increasing available habitat complexity (Bodmer et al.
2021).

The relatively high settlement induced by Sargassum
seems positive, but may also represent a threat to the natural
recovery of Diadema populations. Sargassum fluitans and
Sargassum natans cover huge areas floating in the central
Atlantic. During the last decades, blooms have become more
frequent and, especially in spring and summer, large patches
float into the Caribbean Sea (Wang et al. 2019). Spring and
summer are also the peak settlement season of Diadema
(Hylkema et al. 2022a; Williams et al. 2009, 2011). Our
results indicate that Diadema larvae can potentially settle on
the floating Sargassum patches in high numbers. This could
be beneficial or detrimental. The Sargassum could function
as a floating nursery for the juvenile urchins, comparable to
the assisted natural recovery method (Hylkema et al. 2022b).
However, it is likely that the juveniles face high mortality
rates from the multitude of predators living in Sargassum
mats (Alleyne et al. 2023; Martin 2016) and the Sargassum
could never reach suitable habitat or wash ashore (Cabanil-
las-Teran et al. 2019; Wang et al. 2019).

In the older biofilm, and some of the macroalgae treatments,
high rates of degraded and missing larvae were observed. An
explanation for these high rates in Lobophora and Laurencia,
might be the release of toxic compounds from these algae.
Norris and Fenical (1982) found high levels of elatol, known to
be toxic for fertilized sea urchin eggs in Laurencia obtusa. To
obtain the ~3 cm? of surface area, some macroalgae had to be
cut, possibly releasing toxic compounds. Depleted oxygen in
the petri dishes due to decaying or respiring algal material can
also not be excluded, despite the daily 50% water exchanges.
In future experiments, it is recommended to regularly meas-
ure water parameters in the petri dish. Furthermore, it cannot
be excluded that the natural biofilm on the macroalgae could
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also influence larval settlement rates. Dworjanyn and Pirozzi
(2008) found decreased larval settlement rates with macroal-
gae for T. gratilla after removal of the biofilm. However, in this
study the macroalgae tested were used to represent reef condi-
tions, therefore including their natural biofilm. Ultimately, our
results revealed that, beyond the cues associated with well-
grazed reefs, a diverse array of macroalgae, typically found
in changing reefs with limited grazing, could induce settle-
ment in competent Diadema larvae. Based on these findings,
we expect that natural settlement cues on changing reefs are
not a major factor in constraining the settlement of Diadema.
Our examination here is limited to the assessment of settle-
ment and metamorphosis processes. It is plausible, and indeed
probable, that the presence of reefs dominated by fleshy mac-
roalgae diminishes Diadema recruitment by imposing various
constraints on post-settlement survival. The high settlement
rates on Sargassum could have major implications, both posi-
tive and negative. Future research should study this further, as
well as develop methods to enhance post-settlement survival.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00227-023-04368-0.
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