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The Diadema antillarum population in the Florida Keys has not recovered since the
Caribbean-wide mass mortality event of the early 1980s. Concomitantly, coral reefs have
degraded to the point that there has been a loss of habitat complexity and thus of refuge
from predation, possibly creating a bottleneck to the recovery of D. antillarum. With in-
terest rising in using D. antillarum in coral reef ecosystem restoration, we initiated this
study to investigate some factors that may limit the survival of D. antillarum. First, we
conducted a field experiment to determine whether D. antillarum survival was size-specific
by tethering urchins from four size classes (test diameters: 21e30 mm, 31e40 mm, 41
e50 mm, and �51 mm) on a degraded, offshore reef. We found that size did not offer any
protection against predation as there was no difference in survival among size classes.
Next, we tethered another set of urchins, approximately 60 mm in test diameter, at the
same location but provided half with artificial shelter in the form of halved terracotta
flowerpots. We found that urchins that were provided artificial shelter had significantly
higher survival than those that did not have access to artificial shelter. Finally, because
certain behaviors in D. antillarum are density-dependent, we conducted a laboratory
experiment to evaluate whether D. antillarum sheltering behavior was also density
dependent. This experiment showed that sheltering behavior decreased significantly as
stocking density increased. Our results indicate that restoration practitioners must be
cognizant of and facilitate urchin behaviors that maximize survival (e.g., shelter use) and,
more importantly, that successful restoration of D. antillarum in Florida will require that
suitable refuge be available, either in the form of overhead cover provided by highly rugose
reef habitat or by enhancing degraded habitat with artificial shelter. Thus, we suggest that
incorporating artificial shelter into the dual-pronged approach of simultaneous urchin and
coral restoration may facilitate the recovery of Florida’s reefs.
© 2021 Florida Fish and Wildlife Conservation Commission. Published by Elsevier B.V. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction

Normal biotic interactions are critical to the preservation of marine environments and the ecosystem services they pro-
vide. However, stressors, both natural and anthropogenic, at multiple spatial scales (e.g., local, regional, and global) have
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impacted the normal functioning of marine ecosystems including coral reefs (e.g., Gardner et al., 2003; Jackson et al., 2014;
Rice et al., 2019). Altered ecosystem processes have had cascading negative effects in not only marine, but also terrestrial and
freshwater systems (Estes et al., 2011). Thus, resource managers and restoration practitioners must consider holistic ap-
proaches that go beyond single-species interventions and explicitly integrate ecological processes into the management and
restoration of degraded coral reef ecosystems (e.g., Ladd et al., 2018; Rice et al., 2019; Delgado and Sharp, 2020). And increased
effort has been directed to advance the understanding and reestablishment of normal trophic interactions, especially her-
bivory, on degraded coral reefs (see Ladd et al., 2018 for a review).

The long-spined urchin, Diadema antillarum, has long been recognized as the keystone invertebrate herbivore on coral
reefs in the tropical western Atlantic (e.g., Gardner et al., 2003; Furman and Heck, 2009; Bodmer et al., 2015). Amassmortality
event in the early 1980s decimated the D. antillarum population throughout its range (Lessios, 2016), including the Florida
Keys (Chiappone et al., 2013). The functional loss of this herbivore is considered one of the causes of the shift in reefs from a
topographically complex, scleractinian-coral-dominated ecosystem to a macroalgae-dominated ecosystem (Gardner et al.,
2003; Lee, 2006; Jackson, 2008; Jackson et al., 2014). Since the mortality event, the recovery of D. antillarum has been
modest and highly variable (Lessios, 2016). In those areas where D. antillarum density has increased, decreases in macroalgae
and increases in live-coral cover have occurred (Edmunds and Carpenter, 2001; Furman and Heck, 2009; Bodmer et al., 2015;
Mudge et al., 2019). In Florida, densities of D. antillarum remain far lower than those reported from before the mortality event
(Chiappone et al., 2013; Lessios, 2016). As a result, there has been a concerted effort to develop a sound approach to re-
establishing an ecologically functional population of D. antillarum in the Florida Keys using hatchery-produced individuals
(Chandler et al., 2017; Martony et al., 2018; Sharp et al., 2018). In fact, the Florida Keys National Marine Sanctuary is planning a
massive coral reef ecosystem restoration project (i.e., “Mission: Iconic Reefs”) projected to use approximately 375,000
hatchery-raised D. antillarum and almost 500,000 coral colonies (National Oceanic and Atmospheric Administration, 2020).

Diadema antillarum exhibit diurnal sheltering behavior, inhabiting crevices during the day to avoid predators (Randall
et al., 1964; Carpenter, 1984; Weil et al., 2005). Accordingly, the abundance of D. antillarum is positively correlated with
reef rugosity which provides the necessary crevice shelter for the species (Weil et al., 2005; Lee, 2006; Clemente et al., 2007;
Kuffner et al., 2008; Bodmer et al., 2015; Rogers and Lorenzen, 2016). However, the loss of reef-building corals along the
Florida Keys reef tract has dramatically reduced habitat complexity (Jackson, 2008; Alvarez-Filip et al., 2009; Burman et al.,
2012). This loss of structural complexity, and thus reduction in the amount of available refuge from predation, may limit the
recovery of D. antillarum in Florida (sensu Dame, 2008; Bodmer et al., 2015; Rogers and Lorenzen, 2016). Therefore, the lack of
shelter resulting from the diminished structural complexity of reefs in the Florida Keys could impede efforts to stock D.
antillarum at the densities needed to be ecologically functional. The addition of artificial shelter has been successfully used in
restoration efforts in terrestrial and other marine ecosystems (e.g., Seaman, 2007; Croak et al., 2010; Selfati et al., 2018;
Jayanthi et al., 2020). A similar approach combining the release of captive-bred individuals to augment the population of D.
antillarum in concert with artificially enhancing crevice shelter could prove invaluable to coral reef restoration until the
outplanted corals have grown sufficiently to provide natural habitat.

And while a lack of suitable habitat may be themost important factor limiting the success of stock enhancement programs
(Caddy and Defeo, 2003), other factors will also play key roles in the re-establishment of an ecologically functional population
of D. antillarum in the Florida Keys. For example, reproductive output in D. antillarum is inexorably linked to population
density; the species is a gonochoristic broadcast spawner, so individuals must be in close proximity for successful fertilization
(Randall et al., 1964; Levitan, 1991a; Feehan et al., 2016). Other aspects of D. antillarum biology are also density dependent,
including homing behavior (Carpenter, 1984) and morphology (Levitan, 1989, 1991b). Thus, for a species with density-
dependent biology, it is crucial that individuals be released at densities that permit behaviors that maximize their survival
and, ultimately, persistence (Appeldoorn, 1995; Stephens and Sutherland, 1999; Delgado et al., 2004).

The goal of our study was to obtain data that could inform coral reef ecosystem restoration efforts like those planned by
“Mission: Iconic Reefs” (National Oceanic and Atmospheric Administration, 2020). Two in situ tethering experiments were
performed. The first assessed the size-specific survival of D. antillarum translocated to an offshore bank reef with minimal
natural shelter. The second was aimed at determining if the addition of artificial shelters to this degraded reef habitat would
affect the survival of D. antillarum. Finally, a laboratory experiment was performed to assess whether shelter use by D.
antillarum was density dependent.
2. Material and methods

2.1. Site description

We conducted our field experiments at Delta Shoal (N 24.6313�, W 81.0924�) on the offshore reef tract in the Florida Keys.
Delta Shoal typifies the low-relief, low-habitat-complexity, scleractinian-coral-depauperate reef that resource managers are
interested in restoring. A visual assessment of our study site characterized the bottom as having less than 20 cm of vertical
relief, approximately 70% macroalgal cover, and about 2% live-coral cover. Water depth was approximately 7 m.
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2.2. Experiment I: size-specific survival

Given that there are numerous fish and invertebrate species that prey upon D. antillarum (Randall et al., 1964; Rodríguez-
Barreras, 2018) in the Florida Keys, we designed an experiment to assess if D. antillarum attain any size refuge from predation
in a low-relief, low-habitat-complexity environment (i.e., a reef lacking adequate natural shelter). We decided to use tethered
D. antillarum so that our results would not be confounded by their potential emigration from the study site. We recognized
that tethering a mobile species might also affect results (see Peterson and Black, 1994 for a review), but the tethering
techniquewe employed, adapted from previous studies (see Boada et al., 2015 for a review), does not increase detectability by
predators, nor does it alter predator preference (Boada et al., 2015), and so is considered an effective method for determining
relative rates of urchin survival.

As promising as the use of hatchery-raised urchins may be, the captive-propagation of D. antillarum remains in its nascent
stages and many issues still need to be resolved (Sharp et al., 2018). Thus, urchins for this experiment were collected from
nearby patch reefs and transported to our laboratory. Test diameter (TD) wasmeasured to the nearestmm and ranged from22
to 77 mm with a mean (± 1 standard error) of 42.01 ± 1.21 mm. Each urchin was fitted with a monofilament harness as
follows. A hypodermic needle was carefully inserted into the urchin through the peristomial membrane and out through the
aboral side of the test. A piece ofmonofilament line approximately 90 cm longwas guided through the needle. The needlewas
then removed, leaving the monofilament in place. Finally, the two ends of the monofilament line were tied together so that
the loop (i.e., the harness) extended just beyond the urchin’s spines (Fig. 1A); any excess monofilament was cut from the ends.
This procedure, while obviously invasive, has been successfully employed by numerous authors (see Boada et al., 2015 for a
review). Nevertheless, in order to allow the urchins time to heal from the procedure, the harnessed urchins were placed in
1500-L circular mesocosms supplied with flow-through seawater and observed for several days to ensure that only healthy
individuals were used in the field experiment.

We conducted four separate tethering trials. For each trial, urchins were grouped into four size classes (21e30 mm,
31e40 mm, 41e50 mm, and �51 mm TD). The total number of D. antillarum used in each size class was 26, 22, 33, and 26,
respectively, for a grand total of 107 urchins across all four trials. The site for our field experiment was demarcated into a
6m� 5m grid consisting of 1 m2 cells because a typical D. antillarum foraging range is approximately 1m2 in area (Carpenter,
1984). All 30 cells within the grid were not used in every trial. Urchin placement within the grid was randomly assigned. A
Fig. 1. (A) Diagram of a harnessed Diadema antillarum affixed to the seabed using a nail tied to a 0.5-m-long monofilament tether attached to the harness via a
snap swivel. Drawing not to scale. (B) Schematic of our experimental plot used to determine how enhancing degraded reef habitat with artificial shelter affected
the short-term survival of D. antillarum in Experiment II. Drawing not to scale. Inset shows the actual artificial shelter and tethered D. antillarum.
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harnessed urchin was affixed to the seabed at the center of a cell using an approximately 6-cm nail tied to a 0.5-m-long
monofilament tether attached to the harness via a snap swivel (Fig. 1A).

For each trial, divers visited the site daily, or as weather permitted, for 9 days and recorded whether each urchin was alive
or dead. If an empty but intact harness and tether remained, we concluded that the urchin had disappeared as the result of
predation. We pooled the data from the four trials and used survival analysis (Kaplan and Meier, 1958) to generate survival
curves for each size class. We then applied the associated log rank test (a nonparametric test that uses the chi-square statistic)
in Sigma Plot 13 (Systat Software Inc., San Jose, CA, USA) to determine whether survival differed significantly among the four
size classes.

2.3. Experiment II: survival in shelter-enhanced habitat

After determining the size-specific survival of D. antillarum on degraded reef habitat that offered minimal natural shelter,
we conducted another tethering experiment to evaluate how enhancing this habitat with artificial shelter would affect urchin
survival. Diadema antillarum prefers shelter that maximizes overhead cover (Carpenter, 1984), so we designed our artificial
structures tomimic natural shelters that provide overhead cover.We used terracotta flowerpots, 25 cm in diameter and 25 cm
tall, cut in half longitudinally such that they would provide overhead shelter with a single opening 25 cm wide and 12.5 cm
high at its apex (Fig. 1B). Halved terracotta pots like these have been successfully used as artificial overhead shelter in earlier
laboratory experiments (Sharp et al., 2018).

Urchins were again collected from nearby patch reefs, transported to our laboratory, harnessed (Fig. 1A), and observed for
several days to ensure that only healthy individuals were selected to be tethered in our 6 m� 5m grid at Delta Shoal. Urchins
were 61.14± 1.36mm (mean ± 1 standard error) in TD.We used a total of 87 urchins over four separate tethering trials; 42 had
access to shelter, while 45 had no access to shelter (Fig. 1B). Urchins and shelters were randomly assigned to the 1 m2 cells in
our grid for each trial. Shelters were attached to the seafloor with monofilament line. The line was looped around a stainless-
steel screw drilled into the top of the halved pot; the line was then stretched over the top of the halved pot with both ends of
the monofilament tied to 6-cm nails hammered into the seafloor (Fig. 1B).

Divers visited the site daily, or as weather permitted, for 24 days and recorded whether each urchin was alive or dead. As
above, we pooled the data from the four trials and used survival analysis (Kaplan andMeier, 1958) to generate survival curves
for the two treatments (i.e., shelter and no shelter). We compared survival using the log rank test in Sigma Plot 13.

2.4. Experiment III: density-dependent sheltering behavior

For our final experiment, we quantitatively assessed whether D. antillarum density affected the use of shelters by the
urchins in a laboratory setting. The urchins in this experiment were collected from a patch reef near the laboratory to
minimize handling stress. The experiment consisted of three treatments with five replicates conducted in 1500-L circular
tanks (1.5 m D � 0.9 m H) supplied with flow-through seawater. Treatments had 2, 5, or 10 urchins which approximated
nominal densities of 1, 3, and 6 urchins m�2, respectively (actual densities were 1.1, 2.8, and 5.7 urchins m�2, respectively).
These values bracket the “Mission: Iconic Reefs” target density of 3 urchins m�2. All treatment tanks had 10 halved terracotta
pots (as described for Experiment II) placed in identical fashion to standardize the experimental environment and so urchins
would not be shelter limited. Urchins were 64.28 ± 1.18 mm (mean ± 1 standard error) in TD and were fed ad libitum on the
red algae Laurencia spp.We recorded the number of urchins found in shelters once per day at approximately 1000 h for 5 days.
A one-way ANOVAwas used to test for differences in the proportion of urchins in shelter among the three stocking densities.

3. Results

3.1. Experiment I: size-specific survival

Of the 107 tethered urchins, 26 (24.3%) were alive at the conclusion of this experiment. Mean (± 1 standard error) survival
times were comparable among the four size classes: 4.58 ± 0.54 days for urchins 21e30mm in TD, 5.81± 0.66 days for urchins
31e40 mm in TD, 4.92 ± 0.50 days for urchins 41e50 mm in TD, and 4.46 ± 0.42 days for urchins �51 mm in TD. This led to
very similar survival curves over time for each size class with no significant difference in the relative short-term survival
among the four size classes of tethered D. antillarum (c2 ¼ 1.96, df ¼ 3, P ¼ 0.581) (Fig. 2).

3.2. Experiment II: survival in shelter-enhanced habitat

Of the 42 D. antillarum that were provided artificial shelter, 12 (28.6%) were alive at the end of this experiment. In contrast,
none of the 45 urchins that were not provided artificial shelter were found alive at the conclusion of the experiment. These
data yieldedmean (± 1 standard error) survival times of 9.94 ± 1.48 days for the urchins provided shelter and 3.24 ± 0.19 days
for the urchins not provided shelter. This, in turn, is reflected in the survival curves generated by our Kaplan-Meier survival
analysis; urchins in the shelter treatment had a similar survival curve to those without shelter until approximately Day 4,
when the two survival curves diverged (Fig. 3). And indeed, the difference in survival between the two groups was statistically
significant (c2 ¼ 17.9, df ¼ 1, P < 0.001) (Fig. 3).
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Fig. 2. Survival curves for the four size classes of tethered Diadema antillarum used in Experiment I: size-specific survival.
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3.3. Experiment III: density-dependent sheltering behavior

The proportion of D. antillarum in shelter among the three treatment densities differed significantly (ANOVA: F [2,

72]¼ 6.00, P¼ 0.004); sheltering behavior decreased as density increased (Fig. 4). The percentage of urchins found in shelter at
the two lowest densities (1 and 3 urchins m�2) were similar, 70% (35 of 50 total observations) and 64% (80 of 125 total
observations), respectively (Fig. 4). The percentage of urchins found in shelter at 6 urchins m�2 was lower, approximately 45%
(113 of 250 total observations) (Fig. 4). Post hoc Bonferroni-adjusted multiple comparison t-tests confirmed that this
reduction in the highest-density treatment was statistically significant (Fig. 4).
4. Discussion

If the objective of re-establishing an ecologically functional population of D. antillarum in the Florida Keys as part of coral
reef ecosystem restoration is to be successful, the processes affecting natural recovery must be identified, understood, and
surmounted. Recent work has demonstrated that a measurable degree of D. antillarum larval settlement occurs at offshore
reef sites in the Keys, but concurrent benthic surveys yielded no juveniles (Feehan et al., 2019). This suggests that post-
settlement processes, such as predation, are hindering D. antillarum population recovery in the Florida Keys. Our data
corroborate this concept, as all the urchin size classes we tethered at our low-relief reef experienced similar mortality (Fig. 2).
An earlier study did show that certain sizes (i.e., 40 mm TD and larger) of D. antillarum are at a reduced risk of predation, but
that study was conducted in an area where the community of large predators was depauperate because of overfishing
(Clemente et al., 2007). However, populations of fish and invertebrate predators that can consume largeD. antillarum (Randall
et al., 1964; Rodríguez-Barreras, 2018) exist in the Florida Keys. Reduced densities of D. antillarum have been linked to
predation by large predatory fish elsewhere in the Caribbean (Tuya et al., 2004; Harborne et al., 2009). This bolsters our
hypothesis that without adequate shelter from predation, outplanted hatchery-raised D. antillarumwill not survive regardless
of size. In fact, most failed attempts at stock enhancement for other marine invertebrates are the result of not considering
whether suitable habitat was available (Caddy and Defeo, 2003).

Consequently, combining coral and D. antillarum restoration in a holistic manner may be the key to successfully restoring
both to Florida’s reefs. Lee (2006) suggested a negative feedback loop where the absence of D. antillarum herbivory on
macroalgae does not allow for coral recruitment and growth, reducing habitat complexity; this, in turn, acts as a bottleneck
for post-settlement survival of urchins. Indeed, juvenile coral growth and survival have been shown to be enhanced by the
presence of D. antillarum (Macintyre et al., 2005; Idjadi et al., 2010; Davies et al., 2013). However, to return to the levels of
abundance that existed before the mass mortality event of the 1980s, mortality of D. antillarumwould have to decrease by an
order of magnitude (Levitan et al., 2014), emphasizing the importance of restoring the structural complexity and rugosity of
coral reefs to provide the overhead shelter needed byD. antillarum (sensu Tuya et al., 2004;Weil et al., 2005; Lee, 2006; Dame,
2008; Kuffner et al., 2008; Bodmer et al., 2015; Rogers and Lorenzen, 2016). To break the negative feedback loop, efforts to
restore coral reef ecosystems should incorporate not only the simultaneous outplanting of corals and release of urchins, but
also the enhancement of degraded reef habitat with artificial shelter to provide the urchins refuge as the outplanted corals
grow.
5



Fig. 3. Survival curves for Diadema antillarum provided artificial shelter (i.e., halved terracotta pots) and for those without such shelter used in Experiment II:
survival in shelter-enhanced habitat.

Fig. 4. The proportion of Diadema antillarum observed in shelter during Experiment III: density-dependent sheltering behavior. Data shown are means; error bars
represent ± 1 standard error. Treatments that share a letter were not significantly different according to post hoc Bonferroni-adjusted multiple comparison t-
tests.
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Pointedly, our results showed that artificial shelter significantly enhanced the short-term survival of D. antillarum
compared to those urchins that did not have access to artificial shelter (Fig. 3). It should be noted that because of the use of
tethers, which restricted urchin movement, this is a relative comparison and our data should not be interpreted as absolute
survival rates. Interestingly, survival was comparable between our two treatments until approximately Day 4, when the
survival curves diverged; the survival of the urchins that were not provided artificial shelter quickly went to zero, but the
urchins provided artificial shelter had prolonged survival (Fig. 3). A study in Curaçao found that the retention of untetheredD.
antillarum in degraded reef habitat enhanced with artificial shelter did not stabilize until approximately Day 7 post-
translocation (Dame, 2008). Both findings are probably due to density-dependent predation (which most likely occurred
when the urchins vacated their shelters to feed). Ecological theory suggests that predators cause higher mortality at higher
prey densities, eventually exerting a stabilizing influence on the prey population (Sih, 1984).

Our density-dependent sheltering experiment showed that sheltering behavior decreased as D. antillarum stocking
density increased. Shelter use was significantly reduced in the highest-density treatment of 6 urchins m�2 (Fig. 4). A previous
study showed that shelter fidelity in D. antillarum was also density dependent, with a reduction in homing behavior at
densities greater than 5 urchins m�2 (Carpenter, 1984). Taken together, these two results indicate that 5 or 6 urchins m�2 may
6
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be the threshold density for intraspecific competition in resource (e.g., forage, shelter) limited environments (Carpenter,
1984). Furthermore, we observed that the urchins in the highest-density treatment tended to aggregate when not in shel-
ter. This aggregating behavior has been posited to offer the group some level of protection frompredation (Randall et al.,1964)
in less than optimal habitats (Weil et al., 2005), which may have been the case in our experimental tanks. We planned our
laboratory experiment so that each urchin would have its own shelter and so designed the artificial shelter to house one
urchin; however, D. antillarum is gregarious (Randall et al., 1964) and so may prefer shelters in which more than one animal
can cohabit.

Stock enhancement and restoration practitioners must take D. antillarum ecology and behavior into account when
determining optimal stocking densities. At densities of �1 urchin m�2, D. antillarum grazing becomes ecologically functional
by appreciably reducing benthic macroalgal cover (Edmunds and Carpenter, 2001; Furman and Heck, 2009; Idjadi et al., 2010;
Blanco et al., 2011; Bodmer et al., 2015; Ishikawa et al., 2016). This is also the minimum density required to ensure repro-
ductive success (Feehan et al., 2016) and the density at which we observedmaximal shelter use (Fig. 4). Therefore, we suggest
releasing hatchery-raised D. antillarum at densities of at least 1 individual m�2, but no more than 3 urchins m�2 (the target
density of “Mission: Iconic Reefs”), to not only restore ecological function and safeguard reproduction, but to also maximize
sheltering behavior during the day, when urchins may be most susceptible to predation.

5. Conclusions

Restoration of degraded ecosystems requires holistic strategies designed to allow self-sustaining populations and
ecological functionality to develop. Unfortunately, pre-outplant macroalgal cover can significantly reduce the survival of
outplanted nursery-reared corals (van Woesik et al., 2018), which is not unexpected, given studies linking algal competition
with reduced coral growth and coral death (Kline et al., 2006; Box and Mumby, 2007; Smith et al., 2019). This reinforces the
notion that restoration of coral reef ecosystems in Florida requires combining the release of D. antillarum with coral out-
planting, which is indeed the strategy of “Mission: Iconic Reefs.” However, our results suggest that this dual-pronged
approach should be supplemented with artificial overhead shelter until the outplanted corals have grown sufficiently to
provide the structurally complex habitat needed to provide the urchins natural refuge from predation. Our data also provide
some guidance to restoration practitioners in terms of D. antillarum shelter use under different stocking densities, but
questions remain regarding the most efficacious design of the artificial shelters (e.g., single- or multiple-occupant design,
appropriate scaling relative to the size of the urchins). We also recognize that our field experiments were conducted at only
one reef site; thus, our results may not translate to other areas due to differences in habitat, forage, or resident predators.
Further studies are needed to assess the efficacy of incorporating artificial shelter in coral reef ecosystem restoration efforts
that could enhance the long-term survival and retention of free-range, hatchery-raised D. antillarum and, by extension, coral
outplant survival.
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