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The mass mortality suffered by the sea urchin Diadema antillarum between 1983 - 1984 is considered one of the major causes
of coral reef degradation in the Caribbean. Its near disappearance resulted in a disproportionate growth of macroalgae that
has led to a ‘phase shift’ from coral-to-algal dominated reefs. The close relationship between this echinoid and the functioning
of coral reef ecosystems makes it imperative to better understand the potential for recovery of its populations. From 2009 to
2011, we assessed the density and size structure of D. antillarum in various reefs where previous population data were avail-
able. Results indicate a modest increase in density in all localities with respect to the last time they were surveyed in 2003/2004.
Nevertheless, density values are still lower than values reported for the island prior to the die-off. Overall density did not
surpass 1.49 ind. per m™ >, and did not change considerably during the studied period. Lack of population growth coincided
with a lack of juveniles; suggesting that population growth at the studied sites may be limited by the number of individuals

recruiting into the juvenile stage.
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INTRODUCTION

In the early 1980s an unknown pathogen caused a massive
mortality in the sea urchin Diadema antillarum that
reduced its populations between 93-100% throughout the
Caribbean (Bak et al., 1984; Lessios et al., 1984). Before the
die-off, this echinoid was one of the major macroalgae consu-
mers in coral reefs ecosystems, as Diadema africanum in sub-
littoral ecosystems of the Canary Islands (Cabanillas-Teran et
al. 2014); what supports the importance of the genus Diadema
as a keystone species (Edmunds & Carpenter 2001). The
absence of this important herbivore has resulted in fleshy
macroalgae out-competing coral for space and limiting coral
recruitment (Edmunds & Carpenter, 2001; Carpenter &
Edmunds, 2006; Myhre & Acevedo-Gutiérrez, 2007).
Accordingly, the collapse of D. antillarum is considered one
of the major causes of the drastic decline in coral cover in the
Caribbean (Carpenter & Edmunds, 2006).

Recent studies suggest that a recovery process is occurring
across the Caribbean (Carpenter & Edmunds, 2006). In Puerto
Rico the current state of recovery, however, is uncertain as
very few population studies have been conducted after the
die-off (i.e. Weil et al, 2005; Ruiz-Ramos et al, 2011;
Soto-Santiago and Irizarry-Soto, 2013; Rodriguez-Barreras
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et al., 2014). Moreover, no study has assessed changes in
population size over time in locations where historical data
exist; limiting our understanding of the population dynamics
of D. antillarum at the local level. The available information
indicates that local population densities are lower than those
found at other Caribbean localities (Weil et al., 2005; Ruiz-
Ramos et al, 2011). For instance, Carpenter & Edmunds
(2006) reported densities >4.00ind. m > for Belize,
St. Croix, Grenada and Jamaica; whereas the highest mean
density reported for Puerto Rico is 2.65 ind. m™ * at
Tamarindo Bay, which is located in Culebra Island
(Rodriguez-Barreras et al. 2014). In addition, densities
found by Ruiz-Ramos et al. (2011) for 28 other reefs did not
exceed 0.91 ind. m ™ > This contrasts with pre-mortality dens-
ities that ranged between 13.8 and 18 ind. m™ * (Bauer, 1980;
Vicente & Goenaga, 1984).

Due to the link between the presence of D. antillarum and
coral-dominated reefs, it is important to make well-informed
management and/or conservation decisions that promote
population recovery of this sea urchin. Evaluating the
status of local populations is a first step towards this end,
as the information obtained may provide the basis to (1)
determine which populations need to be the focus of conser-
vation initiatives and (2) identify the vital rate(s) (e.g. sur-
vival or reproduction) that need management intervention.
At the same time, results may serve as a baseline to assess
future changes in population size. In this sense, the aim of
this study was to assess the current population status of D.
antillarum in terms of population density and size structure
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at various fringing reefs in northern Puerto Rico where pre-
vious population data were available. We also explored the
relationship between sea urchin density with substrate com-
plexity and algal cover as it has been suggested that these
environmental variables play a role in the population
dynamics of D. antillarum (Lee, 2006; Rogers & Lorenzen,
2008). Results of this study will contribute towards elucidat-
ing the prospect of population recovery around the island of
Puerto Rico.

METHODS

Study sites

The study was conducted in five fringing reefs of Puerto
Rico: three in the north coast and two in the island munici-
pality of Culebra (Figure 1). The structural composition of
these reefs differs among sites. Vega Baja (VBA) is a reef
dominated by an extensive Acropora palmata zone with
relatively high substrate complexity (Table 1). Bahia
Tamarindo (BTAM) and Punta Soldado (PSOL) are charac-
terized by a consolidated bottom with relatively low topo-
graphic relief (Table 1). At these two sites, benthic
macrofauna is visually dominated by Millepora spp.,
Diploria spp. and Porites spp. Topographic relief at Playa
Azul (PLA) is also relatively low, but the bottom is a
mixture of consolidated substrate and coral rubble. On the
other hand, San Juan Escambron (SJE) is typified by a
moderate topographic relief (compared with the other
reefs) with relatively high abundance of crevices and holes.
At PLA and SJE coral cover is low (<5%). Fish species rich-
ness is much higher at BTAM (compared with the other
reefs) given its location within a no-take marine reserve
(Hernandez-Delgado et al., 2000). PLA, SJE and VBA are
sites directly exposed to high wave action generated by the

Table 1. Rugosity index for each of the five study sites.

Site Rugosity Index (RI)
BTAM 1.26
PLA 1.06
PSOL 1.09
SJE 1.40
VBA 2.49

easterly trade winds and North Atlantic winter storms.
BTAM and PSOL are leeward bays characterized by relative-
ly calm water (Ruiz-Ramos et al., 2011). With the exception
of PLA all sites were previously surveyed by Ruiz-Ramos
et al. (2011) between 2003 and 2004.

Population surveys

Density of D. antillarum was assessed seven times between
November 2009 and November 2011 by counting all indivi-
duals within five 20m® (10m x 2m) belt transects.
Transects were randomly established parallel to the coast
and separated 10 m from each other once the position of
the first transect was selected haphazardly from a set of
geo-reference points. Depth varied between 1-3 m, consider-
ing that at these depths sea urchins tend to be more common
(Weil et al, 2005; Ruiz-Ramos et al, 2011). Surveys were
carried out between 7:00 am and 8:30 am.

During each survey, population size structure of
D. antillarum was estimated by measuring the test diameter
of individuals (up to 100 individuals) found within the five
20 m” transects. All crevices and holes were carefully exam-
ined to account for all individuals. Sea urchins were classified
in three size classes following Ebert (1983) and Lessios ef al.
(1984): Class 1 - juveniles: individuals < 2.0 cm TD; Class
2 — early adults: individuals 2.0-4.0 cm TD; and Class 3 -
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Fig. 1. Map illustrating the five study sites. BTAM = Bahia Tamarindo; PLA = Playa AzuL; PSOL = Punta Soldado; SJE = San Juan Escambrén; VBA = Vega Baja.
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adults: individuals >4.0 cm. Due to the difficulty of measur-
ing larva settlement in-situ we defined recruitment as the
number of sea urchins recorded as juveniles.

Algal cover and substrate complexity

To estimate algal cover, five 1 m* quadrats, subdivided in four
0.25 m™ * sub-units, were placed randomly within each of the
five 20 m” transects (N = 25 quadrats). Photographs of each
sub-unit were taken and percentage of algal cover was assessed
by superimposing a total of 15 random points (60 per 1 m*
quadrats) on the image using the software Coral Point
Count version 4.1 (CPCe®, Kohler & Gill, 2006).

Substrate complexity was estimated by superimposing a
10 m long chain along the contour of the reef substrate three
times (Lee, 2006; Alvarez-Filip et al, 2009). This method
allows the determination of a rugosity index (RI) by calculating
the ratio between the total length of a chain and the length of
the same chain when fitted along the reef surface (Lee, 2006;
Alvarez-Filip et al, 2009). A value of 1 indicates a flat surface
with RI increasing as levels of substrate complexity increase.
RI was calculated during the first survey (November, 2009).

Statistical analyses

Two-way Repeated Measures ANOVA was used to compare
densities (ind. m™?) of D. antillarum among sites and sam-
pling periods followed by Student-Neuman-Keuls (SNK)
test as a posteriori analysis of all pairwise comparisons.
Because size-frequency distribution did not vary significantly
through time at any of the study sites, we pooled all site-
specific size data and used Kruskal-Wallis One-way
ANOVA to determine whether median test diameter differed
significantly among sites. Pairwise comparisons were then
performed with Dunn’s test as a posteriori analysis because
sample sizes were unequal. Pearson’s correlation analysis
was used to explore the relationship between reef complexity
and sea urchins abundance. To assess the relationship between
sea urchin density and algal cover, Spearman’s rank correl-
ation analysis was performed because data did not fulfil the
requirements of normal distribution and equal variances.

RESULTS

Population abundance

Results of Two-way Repeated Measures ANOVA showed that
densities of D. antillarum differed significantly among the
study sites (F(,.,0) = 8.589, P <o0.05). BTAM and PLA
were the sites with the highest densities, with an overall
mean value of 1.46 + 0.274 (SE) ind. m™~ > and 1.49 + 0.276
(SE) ind. m™? respectively. PSOL was the site with the
lowest density with a mean overall value of 0.86 + (0.444,
SE) ind. m™* Sea urchin densities also varied significantly
with time (F(s,40) = 2.207, P = 0.046). Mean overall density
tended to be higher early in the study (mean density for the
first 3 months =1.28 + 0.095 (SE) ind.m™?), slightly
decreasing with time (mean density for the last 3 months =
1.06 + 0.097 (SE) ind. m™?*) (Figure 2). The interaction
between location and time was not significant (F(,,, 140) =
1.150, P > 0.05), indicating that differences in mean density
among sites did not vary with sampling period.
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Fig. 2. Mean densities (+SE) of Diadema antillarum for the five study sites
and seven census periods. BTAM = Bahia Tamarindo; PLA = Playa AzuL;
PSOL = Punta Soldado; SJE = San Juan Escambron; VBA = Vega Baja.

Population size structure

Size-frequency distribution of D. antillarum was dominated
by individuals with a test diameter larger than 4 cm at all
sites (Figure 3). Juveniles and early adults were rare during
the study period (Table 2). Only 0.92% of all the individuals
measured were juveniles, and 2.31% of them were classified
as early adults. Test diameter of D. antillarum differed signifi-
cantly among sites (Kruskal - Wallis, P < 0.001) with median
size being significantly larger in PLA compared with all other
locations with the exception of VBA (Dunn’s test, Table 3).

Substrate complexity and algae cover

No relationship between the abundances of sea urchins and
substrate complexity was found (r= —o0.368, P > 0.05).
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Fig. 3. Size-frequency distribution of Diadema antillarum at the five study sites. Data for all time periods were pooled due the scarcity of juveniles and early adults.
Overall panel depicts pooled data for all sites and census periods. Class I = juveniles, Class II = early juveniles, Class III = adults. BTAM = Bahia Tamarindo;
PLA = Playa AzuL; PSOL = Punta Soldado; SJE = San Juan Escambrén; VBA = Vega Baja.

Likewise, there was no significant correlation between
densities of D. antillarum and algal cover at four of the five
sites; the exception was BTAM where we detected a positive
correlation between algal cover and the number of sea
urchins (Figure 4). When all data are pooled (sites and time),
a negative but non-significant correlation (r = —o0.232, P >
0.05) was found.

DISCUSSION

A major goal of our study was to provide baseline information
on the current population status of D. antillarum in northern
Puerto Rico. Population densities recorded during this
study were higher than those found for the same sites by
Ruiz-Ramos et al. (2011) between 2003 and 2004. Likewise,

Table 2. Total number of juveniles (individuals <2.0 cm in test diameter) of Diadema antillarum found within five 10 x 2 m belt transects for the five
study sites and seven census periods.

Time

Site November August November February May August November
2009 2010 2010 2011 2011 2011 2011

BTAM 7 5 5 o o o [

PLA 6 o 0 0 0 o o

PSOL 5 o o o o o o

SJE 9 3 3 0 0 0 0

VBA o o 0 0 0 o o
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Table 3. Descriptive statistics of Diadema antillarum test diameter for the

five study sites. Different letters (a, b) indicate significant difference in

median test size (in cm) in pairwise comparison (Dunn’s test) among

sites (P < 0.05). SE = Standard Error. Data based on all individuals mea-
sured during the study period.

Site Mean (+SE) Median Lower Upper
quartile (25%)  quartile (75%)

BTAM  5.169 (0.160) 5.000" 4.000 6.500

PLA 6.065 (0.183) 6.000° 6.000 7.000

PSOL 5.317 (0.239) 5.000" 4.000 7.000

SJE 5.217 (0.159) 6.000" 4.000 6.000

VBA 5.859 (0.095) 6.000%° 5.000 6.500

population of D. antillarum at Enrique reef, in the south-
western coast of Puerto Rico, has increased from
1.19 ind. m~ ? in 2001 (Weil et al.,, 2005) to 2.35ind. m™ * in
2009 (Soto-Santiago & Irizarry-Soto 2013). These results
merit the inclusion of Puerto Rico to the list of localities
where populations of D. antillarum have shown some popula-
tion growth since the mass mortality event. However, densities
are still far from pre-mortality values of 13.8 and
18 individuals m™* reported for Puerto Rico by Vicente &
Goenaga (1984) and Bauer (1980), respectively. It can be
argued that local populations are increasing, but at a very
low rate; especially when compared with other Caribbean
locations such as Barbados, Belize, Dominica, Jamaica and
Saint Croix (Carpenter & Edmunds, 2006; Steiner &
Williams, 2006). This raises the question of why are the

D. antillarum populations around Puerto Rico recovering at
rates different from other Caribbean localities?

There is some debate with respect to the influence of pre-
dation in the population dynamics of D. antillarum.
Harborne et al. (2009) attributed the absence of sea urchins
within the Exuma Cays Land and Sea Park Marine Reserve
in the Bahamas to a higher predation pressure inside the
reserve compared with unprotected sites. Other studies, on
the other hand, conclude that fish predation does not signifi-
cantly affect sea urchin population densities (Lessios, 1988a,
b). Unfortunately, the descriptive nature of this study does
not allow us to determine whether or not fish predation
may be limiting local population growth. It is worth noticing,
however, that sea urchins tended to be more abundant at
BTAM, which is located within a Non-Take Marine Zone
where the abundance of fish predators is expected to be
higher (Brown-Saracino et al, 2007; Harborne et al., 2009).
Martin-Blanco et al. (2011) and Ruiz-Ramos et al. (2011)
also found the highest densities of D. antillarum within
marine protected areas, but we cannot rule out fish predation
as a potential factor limiting local population dynamics
without further experimental studies (e.g. cage exclusion).
An alternative explanation for higher densities at BTAM is
that this site is sheltered from direct wave action. Recently,
Alcolado et al. (2013) as well as Rodriguez-Barreras et al.
(2014) have associated higher abundance of D. antillarum
with a lower wave exposure.

Some authors argue that habitat heterogeneity can play a
role in the population dynamics of D. antillarum by providing
both adults and juveniles with shelter from predators (Forcucci,
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Fig. 4. Spearman correlation analysis between sea urchin density and alga cover at each of the five study sites monitored from 2009 to 2011. Overall panel depicts
pooled data for all sites and census periods. BTAM = Bahia Tamarindo; PLA = Playa AzuL; PSOL = Punta Soldado; SJE = San Juan Escambron; VBA = Vega Baja.
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1994; Lee, 2006). Nevertheless, we did not find a clear associ-
ation between sea urchin abundances (juveniles and/or
adults) and reef heterogeneity. For instance, no juveniles or
early adults were sighted at VBA despite this site being charac-
terized by a well-developed Acropora palmata zone which is
known to provide suitable refuge for D. antillarum (Weil
et al., 2005; Sellers et al., 2009). Conversely, the number of
adults and juveniles were higher at BTAM which is a site
with a consolidated substratum, low topographic relief, small
boulders and relative few crevices. Martin-Blanco et al. (2010)
and Rodriguez-Barreras et al. (2014) also found little evidence
to assert that more topographically complex reefs sustain
greater numbers of sea urchins (juveniles or adults).

Karlson & Levitan (1990) argue that populations of
D. antillarum are recruitment-limited. Our results are consist-
ent with this claim since the lack of population growth
observed during this study coincides with a period of time
where very few juveniles were observed. Similarly, Lacey
et al. (2013) and Rodriguez-Barreras et al. (2014) noticed
that juveniles were very rare or absent from populations
that have not increased significantly in recent years. Hence,
the low rates of recovery at our studied sites could be attribu-
ted, in part, to low recruitment rates. The fact that densities
remained relatively stable (PSOL, SJE, VBA) or showed only
a slight decrease (BTAM and PLA) during the study period
can be attributed to low recruitment and high adult survival.

Rogers & Lorenzen (2008) refers to the cultivation effect as the
preference of larvae to settle in areas already grazed by sea
urchins. Based on this effect, higher numbers of sea urchins
recruits should be expected in areas with low algal cover. This,
however, is not consistent with our results. Other studies have
also failed to show a relationship between sea urchin abundances
(juveniles and/or adults) and the percentage of algal cover
(Steiner & Williams, 2006; Ruiz-Ramos et al., 2011). A possible
explanation is that sea urchin abundances are still too low to sig-
nificantly reduce algal cover below a certain threshold to allow
significant larval settlement. Densities greater than 2 ind. m™>
appear to be a critical population size to effectively limit algal
growth (Steiner & Williams, 2006; Myhre & Acevedo-
Gutiérrez, 2007; Hernandez et al., 2008), and local overall mean
densities in this study did not surpass 1.49 ind. m ™.

Larva supply has been considered another important factor
limiting recruitment (Karlson & Levitan, 1990; Lessios,
1988a, b; Chiappone et al, 2002; Miller et al., 2009). Because
populations of D. antillarum are considered open (Karlson &
Levitan, 1990) the pool of larvae may be independent of the
local abundance of adults, relying, instead, on the influx of
larvae from neighbouring populations (Karlson & Levitan,
1990; Caley et al, 1996). From this perspective, it is possible
that the amount of larvae arriving to the studied localities is
not enough to sustain an adequate recruitment rate (i.e. larva fil-
tering effect, Gaines et al., 1985; Lessios, 1988a, b; Chiappone
et al., 2002), even when D. antillarum is reproductively active
throughout the year (Williams et al, 2009). Nevertheless,
some authors argue that larval post-settlement survival rather
than larval availability plays a major role in the recruitment
dynamics of this sea urchin (Chiappone et al, 2002; Miller
et al., 2009; Vermeij et al., 2010; Williams et al., 2010).

Since recruitment failure, in terms of the number of indivi-
duals reaching the juveniles stage, appears to be the limiting
factor for local population growth it is difficult to envisage
whether D. antillarum will be able to reach pre-mass mortality
abundances. The very few juveniles (recruits) observed during
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the studied period might be due to natural variation in the
potential reproductive output (i.e. low rates of fertilization,
Lessios, 2013), or to unfavourable environmental conditions
precluding recruitment success. In the latter case, site-specific
studies focusing on the dynamics of larval settlement, sea
urchin reproductive biology, as well as studies directed to
assess the genetic structure of populations around Puerto
Rico may shed light on the relative importance of larval avail-
ability, larval dispersal, and pre/post larvae settlement dynam-
ics in the recovery process of this key species. At the same
time, factors that can influence settlement rates of larvae not
considered in this study such as benthic biofilms, hydro-
dynamics, surface chemistry and water temperature (Roberts
et al, 1991; Hunt & Scheibling, 1997; Miller & Emlet, 1997;
Hernandez et al., 2010) certainly deserve more attention.

To conclude, the vital functional role that D. antillarum plays
on Caribbean coral reefs calls for initiatives directed to accelerate
population recovery. An important finding of this study is that
despite the very low number of juveniles entering the population,
overall population density (considering all sites and time periods)
decreased only slightly during the study period (2009-2011).
Thus, in the absence of recruitment, relatively high and constant
survival of adults helps in keeping urchin abundance relatively
stable. The relevance of this finding, from a management perspec-
tive, is that head-starting programmes that would rear D. antil-
larum in culturing facilities until attaining a ‘refuge’ size would
be a very effective strategy.
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