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ABSTRACT

The change in state of Caribbean coral reefs over the last 40 years has been characterized by
phase shifts from scleractinian coral cover to macroalgal cover, the loss of structural complexity
and a decline in biodiversity. Not only do scientists want to understand these changes, but also
predict the future of coral reefs and their capacity for resilience. In particular, the loss of
herbivory, due to declines in parrotfish and the sea urchin Diadema antillarum, has been
implicated in many studies as a proximate cause of the coral to macroalgal phase shift. However,
reports of the particular role of these putative herbivores have varied, with some studies claiming
a causal role for parrotfish, others for Diadema and still others suggesting no such relationships.
Often these studies just examined one response measure of coral reef biodiversity. In this paper,
I report the relationship between parrotfish and Diadema to many metrics of reef organization
surveyed simultaneously in the same transects in reefs outside and within the Marine Protected
Area (MPA) of Grand Cayman, an island that has been affected by increasing tourism over the
last 30 years. The magnitudes of the various measures of reef diversity reported here are
consistent with those reported elsewhere. The relationships among those measures are consistent
with those reported in some prior studies and inconsistent with others, reflecting the variation in
responses documented in prior studies. The presence of sea urchins was associated with survey
sites having higher levels of coral cover, lower levels of macroalgae cover, and lower densities
of parrotfish than survey sites without sea urchins. Moreover, parrotfish abundance was
associated with a decrease in coral cover and little relationship to macroalgae cover. Neither
coral cover nor macroalgae cover was different in sites within the MPA compared to sites
outside the MPA. I argue that the combination of site-specific local stressors and their interaction

with global stressors makes it unlikely that any one island or even regional reef system could
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serve as an exemplar for Caribbean-wide reef degradation. Moreover, it is difficult to assess the
potential for reef resilience in the face of the ongoing assaults from increasing tourism pressures

and global climate change.

INTRODUCTION

Over the last forty years, coral reefs of the Caribbean have experienced widespread phase shifts
from stony coral dominance to macroalgal dominance with a concomitant decrease in reef
structure, function and biodiversity (Adam et al, 2015; Bruno, Coté, and Toth, 2019; Shantz,
Ladd and Burkpile, 2020). It is well-established that macroalgae out-compete coral for substrate
and light, through a variety of mechanisms including their more rapid growth rate, mechanical
and allelochemical inhibition, and alteration of the benthic microbiome (Arnold, Steneck, and
Mumby, 2010; Box and Mumby, 2007; Foster, Box, and Mumby, 2008; Thurber et al., 2012).
The proximate causes that have been linked to the coral-to-macroalgal phase shift include the
loss to overfishing or disease of the herbivores that would otherwise graze on macroalgae. These
proximate causes are likely exacerbated by additional stressors, both local and global (Adam et
al., 2015; Graham et al., 2015; Mora, 2008). The two main groups of animals associated with
coral reef herbivory in the Caribbean are sea urchins, in particular the long-spined sea urchin,
Diadema antillarum, and parrotfish. In the mid-1980s, a still-unidentified disease caused a
massive Caribbean-wide die off of D. antillarum, which prior to that, had been implicated in
significant macroalgal grazing (Lessios, 2016). Following that die-off, phase shifts from coral-
dominated to macroalgae-dominated reefs were widely reported (Lessios, 2016). Additionally,
parrotfish have been reported to graze on macroalgae and their loss due to overfishing has been

associated with macroalgal proliferation (Mumby, 2009; Mumby et al, 2006). Nevertheless, in
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spite of ongoing investigation, questions regarding the specific functional roles of these two
groups of herbivores persist (Adam et al., 2015). Early studies reported correlations between
parrotfish density, parrotfish grazing intensity and coral cover (Mumby, 2009; Mumby et al,
2006). Results from more recent experimental studies in which parrotfish of various sizes were
excluded from settling plates in various parts of Caribbean reefs were consistent with a top-down
causal relationship between parrotfish grazing and coral cover (Burkpile and Hay, 2010; Steneck,
Arnold, and Mumby, 2014). Others, however, failed to find such a relationship and, in fact,
suggested that it is the benthos that influences parrotfish density (Suchley, McField, and
Alvarez-Filip, 2016). Furthermore, Clements et al. (2017) argued that parrotfish are microphages
and play little role in consuming macroalgae. At the same time, other studies reported that
increased densities of D. antillarum were associated with decreases in macroalgal density
(Macia, Robinson and Nalevanko, 2007; Myhre and Acevedo-Gutiérrez, 2007) and concomitant
increases in juvenile coral abundance (Carpenter and Edmunds, 2006; Edmunds and Carpenter,
2001; Idjadi, Haring, and Precht, 2010). Nevertheless, other reports found no such relationship
(Lacey, Fourqurean and Collada-Vides, 2013; Mercado-Molina et al., 2015; Rodriguez-Barreras
et al, 2018; Steiner and Williams, 2006).

More recent studies have endeavored to tease out the variables that affect herbivory,
macroalgae, and coral cover, and have revealed complex relationships among the functional roles
of different herbivores, even within the same taxonomic group. Adam et al (2018) reported that
various species of parrotfish functioned as scrapers, excavators, croppers or macroalgae browsers
and Shantz, Ladd, and Burkepile (2020) further demonstrated that parrotfish of different sizes

also partitioned the benthic resources in coral reefs.
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In 2008, Knowlton and Jackson called for empirical studies to establish baselines of coral
reef structure, function and biodiversity so that their changes could be monitored, knowing that
those baselines were and would continue to be moving targets. Bellwood et al. (2019) reiterated
that charge arguing that high resolution data at different scales of reef ecosystem function (local,
regional, global) are still lacking as is a more complete understanding of the extent to which
herbivore functions are complementary or redundant (Lefcheck et al, 2019). These data are
essential in order to understand the persistent uncertainties regarding coral reef resilience (Bruno,
Coté, and Toth, 2019).

In this study, I recorded data of both explanatory variables and response variables of reef
biodiversity simultaneously in the same reefs surrounding Grand Cayman, the largest and most
populous island of the Cayman Islands, BWI. The value of this research is that various aspects of
benthic cover were surveyed simultaneously with possible explanatory variables in different
locations (within the Marine Protected Area or not) at different depths in the same transects on
various reefs around Grand Cayman. Studies measuring both sea urchin density and parrotfish
size distribution and density along with measures of benthic composition (coral cover,
macroalgae cover, turf algae cover, crustose coralline algae [CCA] cover) simultaneously in the
same sites are lacking and can facilitate untangling the functional roles of these animals in the
coral reef ecosystem.

Like many islands in the Caribbean, Grand Cayman is a major tourist destination with
growing infrastructure and concomitant assaults on the reef (Hurlston-McKenzie et al., 2011).
The intensity of the tensions between supporters of environmental protection and those
supporting massive shore and land development are particularly apparent and heated. For

example, in 2013, the National Conservation Law was established to expand protection of
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115  critical habitats and organisms. Yet the ongoing development of the island seems inconsistent
116  with that Law (e.g. Lederer, 2019; Whittaker, 2020). The Cayman Islands Department of

117  Environment has pushed for the expansion of reef areas to be included in the MPA at the same
118  time that the Legislative Assembly approved a proposal for a new cruise berth facility that would
119  require dredging of George Town Harbor (Nunis, 2019), spurring the emergence of a grass roots
120  movement opposing the facility. These tensions are only likely to increase in the future making
121  the present study of reef diversity in Grand Cayman all the more critical. Can reef resilience be
122 promoted under these conditions? Moreover, as reefs continue to be stressed and assaulted both
123 locally and globally, what is the state to which we hope they return?

124

125 MATERIALS AND METHODS

126  Study Sites

127 I conducted surveys in the fringing reefs located in western and northern areas around Grand
128  Cayman, Cayman Islands, B.W.I. (19.3222° N, 81.2409° W), as they were reliably accessible by
129  boat and scuba. The leeward side of Grand Cayman is the western coast and the near-shore

130  environment is distinguished by ironshore or sand, contiguous with the land, followed by the reef
131  flat further from shore that is largely composed of sand and reef debris. That then leads to a

132 shallow coral reef terrace (depths from roughly 5-12 m) characterized by spur and groove

133 formations as well as more discrete coral patches. The shallow terrace leads to a sand flat lagoon
134 and then to the deeper coral reef shelf at depths of about 16-25 m from which the shelf descends
135  down into abyssal depths (McCoy, Dromard, and Turner, 2010). The northern reef areas are

136  windward, with reef complexes similar to those on the west, except that the wall from the deeper


https://doi.org/10.1101/2020.12.11.421867

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.11.421867; this version posted December 11, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

137  reef descends more steeply. Moreover, the western reefs I surveyed were in the Marine Protected
138 Area (MPA), while the northern sites were not (Fig. 1).

139 Diadema antillarum (hereafter, Diadema or sea urchins) are distributed heterogeneously
140  around the island. Large populations can be reliably found in small hardpan ironshore inlets right
141  next to shore (Bellwood et al’s so-called sea urchin barrens, 2004; Fig. 2) but I have never found
142 them in great numbers in actual living coral reef for the previous 15 years or so, although they
143 were once abundant (at depths from 5 m to > 20 m) prior to the great die-off of the 1980s (Fig.
144 1S-supplementary material).

145 A serendipitous finding of sea urchins inhabiting coral reef proper in a circumscribed part
146  of the shallow western reef terrace within the MPA permitted a part of this study in which I

147  compared benthic diversity and parrotfish diversity in reefs with and without sea urchins present.
148  Typically, when one descends into the reef using scuba, the reef appears fuzzy, which is due to
149  an abundance of macroalgae, predominantly Dictyota sp., covering the reef (Fig. 3a). But the
150  first time I dove in one of the survey sites that turned out to have sea urchins, the reef did not

151  look fuzzy, but rather appeared to have discrete edges and boundaries (Fig. 3¢c). When I got

152 closer, I saw that there was very little algae and noticeable numbers of sea urchin (compare Figs.
153 3D, close-up of site without sea urchins, and 3d, close-up of site with sea urchins; see videos in
154  supplemental material : chain no urchins.mv4; chain with urchins.mv4). These survey sites have
155  been the only reef sites in which I have found Diadema at measurable densities to date. They
156  were roughly 15-30 m away from other parts of the reef that had no sea urchins. In some

157  analyses, the surveys from those 8 sites are compared to the other 42 that lacked visible sea

158  wurchins. The reef survey sites with sea urchins were not scattered randomly throughout the

159  western shallow reefs, but rather sequestered in one area. The area with the sea urchins (located
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160  in the more northwestern part of the western shallow reefs, Fig.1) is also smaller compared to the
161  area without sea urchins.

162 In summary, 50 surveys were conducted distributed across the various locations. There
163 were 28 individual survey sites from the West, which is part of the MPA, and leeward: 19

164  shallow survey sites (depths of 9-14 m), 8 of those survey sites with urchins present, 11 without,
165  and 9 deep survey sites (depths of 18-24 m), none of which had sea urchins. Twenty-two surveys
166  were conducted in individual sites from the North, which is windward and not within the MPA: 9
167  shallow survey sites (depths of 9-14 m) and 13 deep survey sites (depths of 18-24 m), none of
168  which appeared to have sea urchins (Fig. 1). The surveys were conducted over a period of 18

169  months in July 2017, July 2018, and January 2019.

170

171  Surveys

172 At each location of the 50 survey sites, underwater transect plots were chosen haphazardly. After
173 descending to the reef using scuba, I swam along the reef and spooled out a 30 m transect line
174  while conducting underwater visual censuses of parrotfish (in an area 2 m on either side of the
175  transect line), estimating total parrotfish length in ranges of <11 cm, 11-20 cm, 21-30 cm, 31-40
176  cm, >40 cm. Prior to the censuses, I had done underwater trial sessions with objects of known
177  lengths in order to correct for the underwater length visual distortion. The five most abundant
178  parrotfish at all survey sites were the stoplight parrotfish (Sparisoma viride), redband parrotfish
179  (Sp. aurofrenatum), striped parrotfish (Scarus iseri), princess parrotfish (Sc. taeniopterus), and
180  queen parrotfish (Sc. vetula). Very occasionally itinerant yellowtail (Sp. rubripinne), redtail (Sp.
181  chrysopterum), and rainbow parrotfish (Sc. guacamaia) would traverse the transect and were

182  noted but due to their unreliable and infrequent siting, they were not included in the quantitative


https://doi.org/10.1101/2020.12.11.421867

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.11.421867; this version posted December 11, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

183  analyses. Following the parrotfish census, I placed a 25 cm x 25 cm quadrat, every 5 m along the
184 30 m transect line, and photographed the quadrat for a record of the benthos (1 m above the
185  quadrat), for later analysis. Finally, a research assistant and I counted the number of D.

186  antillarum within 5 m on either side of the 30 m transect. Thus, I had surveys of parrotfish,

187  benthic cover, and sea urchins within each 30 m transect.

188

189  Analysis of benthic photographs

190  There were 6 quadrat photos for each of the 50 transects that were surveyed. Each photo was
191  opened in ImageJ (Abramoff, Magalhdes, and Ram, 2004), and a 6 x 6 grid was superimposed
192 (Fig. S2). The benthos under each of the 36 points of intersection was identified as living stony
193 coral, fleshy macroalgae, turf algae, CCA, or other categories not reported here (including

194  octocorals, sponges and benthos that could not be identified, the latter comprising less than 1%
195  of the points). Individual species within the categories were not recorded. For each of the 50
196  transects of the survey sites, I computed the average per cent cover of the various benthic

197  categories for the 216 points.

198  Data analysis

199  In order to assess the effect of survey sites on the different response measures of reef diversity, I
200  performed two-way ANOV As with survey site category and year as predictor variables. In

201  addition, I wanted to determine if the sea urchin survey site data should be analyzed as a separate
202  category, so initial two-way ANOV As were performed without data from sea urchin survey sites,
203  and then again with sea urchin survey site data added to the rest of the shallow western survey
204  site data (supplementary material: Two-way ANOVAs). If survey site category was not

205  significant without the sea urchin survey site data but became significant when sea urchin survey
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data were added, I treated the sea urchin survey sites as a separate site category in subsequent
analyses. Additionally, “year” was not a significant predictor of most of the response variables in
the two-way ANOVAs, so I pooled data from the three years in subsequent one-way ANOV As.
These ANOV As tested whether the five different categories of survey sites (West-shallow with
urchins, West-shallow without urchins, West-deep without urchins, North-shallow without
urchins, North-deep without urchins) were associated with different magnitudes of response
variables.

In order to test if sea urchin density was correlated with different measures of reef
biodiversity (e.g. coral cover, macroalgae cover, CCA cover, turf algae, parrotfish abundance), |
performed linear regression analyses. Because sea urchins were found only in a circumscribed
area of shallow reefs on the West, I analyzed sea urchin density as a predictor of biodiversity
measures from the two categories of Western-shallow reef survey sites only (with and without
sea urchins). The rest of the regression analyses not involving sea urchin density as a predictor

per se were performed using all the survey data from all the sites.

Finally, I examined parrotfish size distribution for each of the different categories of
survey sites (separating the Western-shallow sites into those with and without sea urchins) using

the pooled data for the 18 months of study.

RESULTS

Do measures of reef diversity vary with survey site?

Survey sites with sea urchins were associated with significantly higher percent coral cover than
sites without sea urchins (Fig. 4a). A Tukey’s post hoc multiple comparison test revealed that the

only significant comparisons were between the West-shallow sites with urchins and each of the

10
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228  other survey site categories, but there were no significant differences among the four other

229  survey site categories. Moreover, survey sites with sea urchins were associated with significantly
230  lower levels of macroalgae cover (Fig. 4b). Again, a subsequent Tukey’s multiple comparison
231  test revealed that the only significant comparisons were between the West-shallow sites with
232 urchins and each of the other site categories, but there were no significant differences in

233 macroalgae cover among the four other survey site categories. In addition, while parrotfish

234  density is potentially a predictor of coral reef cover and macroalgal cover, I tested it as a

235  response variable and a one-way ANOV A revealed that survey sites with sea urchins exhibited a
236  lower density of parrotfish than sites without sea urchins (Fig. 4c). The post hoc Tukey’s

237  multiple comparison test demonstrated that, as with coral cover and macroalgae cover, the only
238  significant comparisons were between the West-shallow sites with urchins and each of the other
239  site categories, but there were no differences in parrotfish density among the four survey sites
240  without sea urchins. Thus, survey sites with sea urchins were associated with higher levels of
241  coral cover, lower levels of macroalgae cover, and lower parrotfish density compared to all the

242 other survey sites (Table 1).

243 Percent CCA cover was significantly greater in survey sites having sea urchins compared
244  to the other sites (Fig. 4d, Table 1). However, the result of the post hoc Tukey’s multiple

245  comparison test demonstrated that the only significant comparisons were between West-shallow
246  survey sites with urchins and West-deep survey sites and North-deep survey sites, both without
247  urchins. The results of the original two-way ANOV As for turf algae cover did not permit

248  separating the sea urchins survey sites into their own category (supplementary material: Two-
249  way ANOVA Tables 5Sa and 5Sb). Site category was not a significant predictor of turf algae

250  cover with or without the addition of the sea urchin survey data. Moreover, turf algae cover

11
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251  varied with year. Nevertheless, I included mean percent turf algae cover across the 5 different

252  categories of survey sites in Table 1 for comparisons to the other response variables.

253 The western survey sites were within the MPA while the northern sites were not. The
254  comparisons among the four sites without sea urchins revealed that the location in or out of the

255  MPA was not related to any differences in reef diversity measures (Table 1).

256  Correlations between various measures of coral reef diversity

257  Given that the presence of sea urchins was associated with higher percent coral cover, lower

258  percent macroalgae cover, and lower parrotfish density, I tested if there was a quantitative

259  relationship between density of sea urchins and each of those response variables. The only areas
260  with sea urchins present were in a circumscribed portion of the West-shallow survey sites, and
261  thus I could not compare survey sites from all locations (West-shallow, West-deep, North-

262  shallow, North-deep) with and without sea urchins. However, regressing percent coral cover on
263  sea urchin density, comparing data only from combined shallow western survey sites (those with
264  and those without sea urchins), revealed that sea urchin density was positively correlated with
265  percent coral cover (Fig. 5a, p<0.0001). I repeated the regression analysis using only survey data
266  from the sea urchin sites in case the sea urchin site category was a unique category separate from
267  the other West-shallow sites and the relationship remained significant (p=0.043). Sea urchin
268  density was negatively correlated to percent macroalgal cover using data from combined

269  Western-shallow survey sites (p=0.02, Fig. 5b) but data from sea urchin sites alone were not

270  predictors of macroalgal cover (p=0.33). That is, the correlation disappeared when all the points
271  with a sea urchin density = 0 were eliminated. Figure 5S¢ shows the relationship between sea

272 urchin density and parrotfish density and includes data from all the West-shallow survey sites.

12
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273 The relationship was significant whether the regression was performed with sea urchin survey
274  data combined with the rest of the West-shallow survey site data (p=0.0016) or with the sea

275  urchin survey site data only (p=0.036). Thus, sea urchin density was inversely related to

276  parrotfish density. While percent CCA cover was significantly greater in survey sites having sea
277  urchins compared to the other sites (Fig. 4d) there was no correlation between sea urchin density
278  and percent CCA cover (Table 2). Finally, sea urchin density was not a predictor of turf algal
279  cover (Table 2) if site data from both West-shallow survey data with and without sea urchins

280  were used (p=0.36), and not quite significant when the West-shallow sea urchin survey data were
281  tested alone (p=0.0504). The importance of this result is not straightforward as there was no

282  significant difference in turf algae cover among the different site categories in the Two-way

283  ANOVA (supplementary material: Table 5Sb).

284 The rest of the regression analyses not involving sea urchin density as a predictor per se
285  were performed using all the survey data from all the sites. Among all sites, percent macroalgae
286  cover was inversely related to percent coral cover (Fig. 6a). Parrotfish density was inversely

287  related to percent coral cover (Fig. 6b, p=0.013), but not significantly related to percent

288  macroalgae cover (Table 2, p=0.06), percent CCA cover (Table 2, p=0.15) and percent turf algae
289  cover (Table 2, p=0.9). There was a positive correlation between percent coral cover and percent
290  CCA cover (Fig. 6¢, p=0.009) but no relationship between percent coral cover and percent turf
291  algae cover (Table 2, p=0.684). Percent macroalgae cover was inversely related to both percent
292  CCA cover (Fig. 6d, p=0.027) and percent turf algae cover (Fig. 6e, p<0.0001). Finally, there
293  was no relationship between percent turf algae cover and percent CCA cover (Table 2, p=0.246).
294  Note that percent turf algae cover was greater than percent CCA cover in all survey sites (Table

295  1). Table 2 summarizes the relationships among all the different variables.

13
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296  Parrotfish size distribution in different survey sites

297  In all survey sites with the exception of the sea urchin survey sites, the most abundant parrotfish
298  was the smallest size category (<11 cm) of Sc. iseri, the striped parrotfish (Fig. 7). In contrast,
299  the most abundant parrotfish in the sea urchin survey sites was the larger size category (11-20
300 cm) of Sc. taeniopterus, the princess parrotfish. The lower overall parrotfish abundance of the

301  seaurchin survey sites is also reflected in Figure 4c.

302 DISCUSSION

303  Significance of sea urchins

304  One of the main findings of this study is that the presence of sea urchins was associated with
305  survey sites having higher levels of coral cover, lower levels of macroalgae cover, and lower
306  densities of parrotfish than survey sites without sea urchins (Figs. 4a, b, ¢). Moreover, I found
307  that coral cover and macroalgal cover were inversely related (Fig. 6a), a finding consistent with
308  prior reports that coral and macroalgae compete with each other (Arnold, Steneck, and Mumby,
309  2010; Box and Mumby, 2007; Foster, Box, and Mumby, 2008; Jackson et al., 2014; Thurber et
310  al., 2012). In fact, the data from Figure 6a could be superimposed on those of Figure S4 from
311  Lester et al. (2020) regressing percent macroalgae cover on percent coral cover from 328 sites
312 across the Caribbean from AGGRA surveys. Previous studies also have reported that areas with
313 Diadema present were associated with areas of greater coral cover (Carpenter and Edmunds,
314 2006; Edmunds and Carpenter, 2001; Idjadi, Haring, and Precht, 2010), and like Bodmer et al
315  (2015) my results revealed that sea urchin density was positively correlated with percent coral
316  cover (Fig. 5a). The range of sea urchin density in this study was 0-0.75 individuals m?, much

317  lower than pre-die off densities of 20 or more individuals m? (Hughes et al., 2010). I was
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318  surprised, therefore, that such a small range of low densities could be related to such a large

319  wvariation in coral cover of 2.2-53%. But both Williams et al. (2016) and Myhre and Acevedo-
320  Guitierrez (2007) reported a similar positive relationship between coral cover and sea urchin
321  density, at similar magnitudes. It is tempting to infer a causal relationship between the presence
322 of D. antillarum and coral cover, the putative mechanism being grazing by sea urchins of the
323  macroalgae that compete with corals as suggested by several studies (Carpenter and Edwards,
324 2006; Edmunds and Carpenter, 2001; Idjadi, Haring, and Precht, 2010). And survey sites with
325  seaurchins in the present study were associated with lower levels of macroalgae cover (Fig. 4b).
326  Indeed, experimental field studies in which Diadema were transplanted to various reef areas

327  resulted in decreases in macroalgae following those transplants (Macid, Robinson and

328  Nalevanko, 2007; Williams, 2018). Macia, Robinson and Nalevanko (2007) specifically noted a
329  decrease in the macroalga Dictyota, the most abundant macroalga in their study sites in Jamaica
330  and mine in Grand Cayman. A laboratory food preference study indicated that Diadema did

331  ingest Dictyota (Solandt and Campbell, 2001). However, if sea urchins were facilitating greater
332 coral cover due to their removal of macroalgae in Grand Cayman, I would have expected that sea
333 urchin density would be inversely related to macroalgal cover as Bodmer et al (2015) reported.
334  This was the case when all the West-shallow survey data were used (i.e. West-shallow survey
335  sites with and without sea urchins) but when the regression analysis was repeated using data only
336 from the sites with sea urchins, sea urchin density was not a predictor of macroalgal cover (Fig.
337  5b). Moreover, other studies found little association between macroalgal cover and the presence
338  of Diadema (Lacey, Fourqurean and Collada-Vides, 2013; Mercado-Molina et al., 2015;

339  Rodriguez-Barreras et al, 2018; Steiner and Williams, 2006). So while the lower percent

340  macroalgae cover and higher percent coral cover are consistent with a causal relationship
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between those benthic measures and the presence of sea urchins, a causal connection cannot

necessarily be confirmed by my results.

Significance of parrotfish
Parrotfish density was inversely related to coral cover (Fig. 6b) and unrelated to macroalgal
cover (Table 2), results in sharp contrast to several prior studies (Steneck, Arnold, and Mumby,
2014; Mumby, 2009; Mumby et al, 2006, Burkepile and Hay, 2010; Suchley and Alvarez-Filip,
2017). Those studies suggested that parrotfish grazed on macroalgae whose removal from the
reef permitted the growth of corals. However, other reports found no relationship between
parrotfish density and macroalgal cover (Francis et al, 2019; Russ, Questel, and Alcal, 2015;
Suchley, McField, and Alvarez-Filip, 2016) and Clements et al. (2017) argued that the available
evidence simply does not support parrotfish as primary consumers of macroalgae. In fact,
Pattengill-Semmens and Semmens (2003) reported a positive relationship between parrotfish
density and macroalgal cover in the Cayman Islands. Moreover, Onufrky et al (2018) reported a
reciprocal relationship between Diadema density and the density of herbivorous fish, consistent
with my finding that survey sites with sea urchins were associated with lower parrotfish densities
than sites without sea urchins (Fig. 4c). Thus, the data presented here are not consistent with a
causal relationship between parrotfish grazing, macroalgae removal, and concomitant growth of
coral.

The species diversity and size distribution of parrotfish were different between the survey
sites with and without sea urchins (Fig. 7). In survey sites without sea urchins, the smallest size
category of striped parrotfish, Sc. iseri, was the most abundant, but in the sea urchin sites, a

larger size category of princess parrotfish, Sc. taeniopterus was most abundant. Both of these
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species are small-bodied parrotfish that typically graze turf algae (Adam et al, 2015; Bonaldo,
Hoey, and Bellwood, 2014), although my study did not reveal a relationship between turf algae
cover and parrotfish density (Table 2). Fishing tends to disproportionately remove larger
parrotfish, and thus smaller parrotfish tend to be less responsive to fishing pressure (Bonaldo,
Hoey, and Bellwood, 2014). Shantz, Ladd and Burkpile (2020) reported that across the
Caribbean, parrotfish assemblages are disproportionately represented by fish smaller than 11 cm,
in agreement with the data in my study (Fig. 7) and Seemann et al (2018) noted that the
parrotfish of greatest abundance by far in Caribbean Panama was Sc. iseri, again, in agreement
with the data in my study. Although the removal of parrotfish due to fishing in Grand Cayman
has been observed only recently (B. Johnson, Cayman Islands Department of Environment, pers.
comm.) the prevalence of the small Sc. iseri and the low abundance of the larger bodied S. viride
in my study are consistent with the removal of these larger parrotfish. Moreover, while the
abundance of large (>31 cm) S. viride was low in all survey sites, the highest abundance was in
the West-shallow sites with sea urchins (Fig. 7), having the lowest macroalgal cover (Fig. 4b),
consistent with the report that macroalgal cover was inversely related to the density of large
parrotfish across the Caribbean (Shantz, Ladd and Burkpile, 2020). However, none of my results
derive from experimental manipulations so the finding that sites with large parrotfish are
associated with lower macroalgal cover as are sites with sea urchins (Fig. 4b), while consistent
with a putative mechanism of algal removal by these nominal herbivores, cannot be taken as
confirmation. Moreover, my data do not permit distinguishing whether the presence of large
parrotfish or the presence of sea urchins or both are responsible for the lower macroalgal cover.
In fact, Tebbett et al, (2020) argued that the presence and abundance of a particular herbivore

species is not a predictor of its functional role in Caribbean coral reef ecosystems. They
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387  demonstrated that in spite of their abundance, parrotfish contributed very little to the ecosystem
388  function of macroalgal removal.

389

390  Can different studies be reconciled?

391  The measures of reef biodiversity reported here (Table 1) agree with those reported in prior

392  studies. For example, the coral cover of roughly 31% in survey sites with sea urchins and

393 roughly 10% in sites without sea urchins I reported agree with a recent report of 17% coral cover
394  on Grand Cayman (Manfrino and Dell, 2019). Similarly, that study reported macroalgal cover of
395  57% in Grand Cayman compared to the roughly 46-58% macroalgal cover that I recorded in sites
396  without sea urchins (Table 1). The density of sea urchins I found in Grand Cayman of 0-0.75

397  individuals m? with an average density of 0.32 individuals m in the survey sites with urchins is
398  consistent with reports from all over the Caribbean, summarized by Lessios (2016), of average
399  densities of 0.02-1.43 individuals m™2. Parrotfish densities (in survey sites without sea urchins) of
400  20-30 individuals 100 m are similar to those reported by Manfrino and Dell (2019) and the size
401  distributions of parrotfish I reported here are similar to those reported in other studies (Bruckner,
402  2010; Adam et al, 2018; Shantz, Ladd and Burkepile, 2020). The agreement in the magnitude of
403  reef biodiversity measures should dispel concern, to some extent, that the varying methods used
404  in the different studies might have introduced important variables, but it also begs the question as
405  to why the relationships among the various biodiversity measures differ so much across different
406  studies. Why, for example, do so many studies report a positive, potentially causal, relationship
407  between parrotfish abundance and coral cover (Burkepile and Hay, 2010; Shantz, Ladd, and

408  Burkepile, 2020; Steneck, Arnold, and Mumby, 2014), while other studies, including mine, show

409  no such relationship (Suchley, McField, and Alvarez-Filip, 2016; Tebbett et al, 2020) or even
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410  dispute the claim of parrotfish macroalgae grazing (Clements et al., 2017)? In fact, in my study,
411  parrotfish abundance was inversely related to coral cover, suggesting, if anything, corallivory
412  (Fig. 6b). Different studies have suggested that the category of “parrotfish” is too broad to be a
413  useful explanatory variable because there is so much diversity of size and behavior both within
414  and across different species (Ruttenberg et al., 2019; Steneck, Arnold, and Mumby, 2014). In
415  fact, Ruttenberg et al (2019) and Lefcheck et al (2019) suggested that there is little redundancy
416  among herbivores at the scale of individual reefs for the function of macroalgae removal and turf
417  algae removal, respectively. They argued that studies that characterize herbivory at a regional
418  scale do not provide sufficient resolution to assess the variation in herbivory in individual reefs
419  within a region. My results are consistent with that finding in that the coral reef survey sites in
420  which I found sea urchins might well have been overlooked simply because they were in such a
421  small area. Bodmer et al (2015) also reported a sequestered population of Diadema at unusually
422 high densities in a newly discovered reef system off Honduras. This reef system was

423  geographically separated from the nearest Caribbean reef system of Utila by roughly 60 km, the
424 Utila reefs housing the typically low sea urchin densities of the rest of the Caribbean. But the
425  Western-shallow reef area in Grand Cayman that exhibited the higher Diadema densities in my
426  study was contiguous with survey areas without sea urchins. A diver could easily see and swim
427  from reefs with Diadema to reefs without, within 15-30 m of each other. There were no apparent
428  barriers that would interfere with broadcast gamete movement of Diadema. However, the

429  shortest distance between reefs with and without sea urchins was greater than the 3 m beyond
430  which Levitan (1991) reported that gamete dilution made the probability of fertilization unlikely.
431  So the scale at which there was significant variation in biodiversity measures in Grand Cayman

432  was on the order of 15-30 m.
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433 Most studies on Diadema density in the Caribbean have noted the absence of recovery of
434  these populations to pre-die off levels (Bodmer et al., 2015; Lessios, 2016; Tuohy, Wade, and
435  Weil, 2020). In reefs where some recovery has been noted, however, the greater relative habitat
436  complexity of those reefs might provide shelter to juvenile sea urchins facilitating their growth
437  and persistence (Bodmer et al, 2015; Macid, Robinson and Nalevanko, 2007; Tuohy, Wade, and
438  Weil, 2020). I did not directly measure the rugosity of the reefs in this study, but I did note that
439  the survey sites with sea urchins were typically smaller patches of discrete reef mounds

440  compared to the longer reef fingers covered with Dictyota nearby found at the same depths. This
441  does not explain, however, the absence of sea urchins in other such discrete patches at similar
442 depths in this study. Nevertheless, those sites could be colonized in the future. Perhaps sea

443  urchins were grazing on macroalgae on those discrete mounds or perhaps, for some other reason,
444  the macroalgae levels were low on the discrete reef mounds, which attracted sea urchins, or at
445  the very least, permitted them to persist due to the habitat complexity.

446 Both CCA cover and turf algae cover were inversely related to macroalgae cover (Fig.
447  16a, b) consistent with prior reports (Adam et al, 2018; Tebbett and Bellwood, 2019). Moreover,
448  CCA cover and coral cover were positively related (Fig. 6¢), again, consistent with the

449  observation that CCA plays an important role in coral settlement and persistence (Tebbett and
450  Bellwood, 2019). I found no evidence that CCA and turf algae actively compete with each other,
451  however, as their benthic covers were unrelated (Table 2).

452

453  Marine Protected Areas

454  The MPA in Grand Cayman was established on the western side of the island in 1986 (Fig. 1).

455  McCoy, Dromard, and Turner (2010) compared fish communities within the MPA to non-MPA
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456  communities more than 20 years after the establishment of the MPA. They reported that fish

457  biomass of various functional groups, including herbivores was greater inside the MPA. The

458  density of the herbivores, however, did not differ according to location, consistent with my

459  findings, more than 30 years after the establishment of the MPA in Grand Cayman. They also
460  found that there was a greater proportion of larger parrotfish within the MPA, whereas in my

461  study, the only difference in size distribution of parrotfish was between the sea urchin survey
462  sites (within the MPA) and all the other sites, some of which were within the MPA (Fig. 7).

463 Just as with the varying relationships among biodiversity metrics of reefs, there is no

464  consistent evidence across studies as to the efficacy of MPAs in promoting coral reef protection
465  (Suchley and Alvarez-Filip, 2018; Woodcock et al., 2016). One of the difficulties in comparing
466  different MPAs is that there is no consistent description, implementation, and enforcement of
467  MPAs (Roberts et al., 2017; Strain et al., 2019). For example, some MPAs are no-take zones
468  while others, like Grand Cayman permit some extractive fishing practices. And while fish

469  diversity has been used as an indicator of reef health, the most significant measure of reef

470  persistence and resilience is scleractinian coral cover. Larger and older MPAs appear to be the
471  most effective in coral protection (Strain et al., 2019). I found no difference in coral cover

472  between sites (without sea urchins) within the Grand Cayman MPA compared to non-MPA sites
473  (Fig. 4a). Many researchers have argued that management of herbivorous fish populations within
474  MPAs is insufficient to oppose the overwhelming assaults of climate change and growing human
475  populations in coastal areas (Bruno, Co6té, and Toth, 2019; Graham, et al., 2020).

476
477  Conclusions

478  Grand Cayman is not an outlier of Caribbean coral reefs in terms of measures of coral reef

479  diversity and relationships among diversity variables. But there is so much heterogeneity among
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480  those variables across Caribbean reefs that no one reef or even region can be considered an

481  exemplar. Some studies, like mine, have reported associations between coral cover and Diadema
482  density, while others have reported relationships between parrotfish abundance and coral cover,
483  and still others have found that neither sea urchins nor parrotfish were predictors of coral cover.
484  This heterogeneity is likely due to the responses of reefs to particular local stressors and global
485  stressors and their interactions (Benkwitt, Wilson, and Graham, 2020; Bruno, C6t¢, and Toth,
486  2019; Chollett et al., 2017). This combination of site-specific conditions and responses to

487  stressors makes the search for a single variable or two, e.g. herbivorous fish or invertebrates, to
488  help scientists and managers predict the trajectory and resilience of reefs unlikely.

489 Grand Cayman is typical of Caribbean islands that have experienced and will continue to
490  experience increases in coastal development and human population pressures, both enormous
491  threats to coral reefs (Friedman et al., 2020; Reigl and Glynn, 2020). The MPAs that appear to
492  offer some protection against reef degradation are characterized by strict enforcement of

493  restrictions on extraction of reef resources (Roberts et al., 2017). Nevertheless, these efforts are
494  not likely to permit the persistence and resilience of reefs as we know them now due to climate
495  change (Benkwitt, Wilson, and Graham, 2020; Graham et al., 2020; Suchley and Alvarez-Filip,
496  2018). Present day reefs are already substantially degraded compared to 40 years ago (Hughes et
497  al, 2017). The baselines of reef diversity keep changing, with decreases in hard coral cover and
498  increases in macroalgal cover. Reefs are becoming less structurally complex as dead carbonate
499  skeletons are worn away, with concomitant changes in the composition of organisms that live
500 there. So what does resilience mean? As more stressors impact reefs and corals die off, do we
501  want to “manage” reefs for a return to the already depauperate composition of less than 10%

502  coral cover? Bruno, Coté, and Toth (2019) reported that there was little evidence to support the
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503  notion of “managed resilience.” I concur with myriad prior reports and virtually all coral reef
504  scientists of whom I am aware, that if we do nothing to rein in coastal development and climate
505  change, reefs even as we know them now, in their degraded states, will perish (e.g. Bruno, Coté,
506  and Toth, 2019; Graham et al., 2020; Hughes et al, 2017; Suchley and Alvarez-Filip, 2018) .
507
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524

525  Figure 1. Map of marine park designations of Grand Cayman. The dark straight lines on the west
526  and northwest represent the areas of the survey sites. The asterisk indicates the small sequestered
527  area having sea urchins. See text for further explanation of the survey sites.

528  http://doe.ky/marine/marine-parks/

529

530
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531

532 Figure 2. Typical density of D. antillarum in hardpan inlet (not reef). Note that much of the

533 hardpan is bare.
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.

534

535  Figure 3. Exemplary photos of reefs in the West-shallow survey sites with and without sea
536  urchins. a) Typical reef with dense macroalgae cover. b) Close-up of reef with dense macroalgae
537  cover. ¢) Reef with low macroalgae cover in an area with Diadema. d) Close-up of reef with low

538 macroalgae cover in an area with Diadema.
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Figure 4. Different metrics of coral reef diversity as a function of the 5 different categories of
survey sites: West-shallow with urchins (in red), West-shallow no urchins, West-deep no
urchins, North-shallow no urchins, North-deep no urchins. The percent coral cover a), percent
macroalgae cover b), and parrotfish density c) of the West-shallow survey sites with sea urchins
were significantly different from those of the other 4 site categories without sea urchins
(p<0.0001). Post hoc Tukey’s multiple comparison tests revealed that the only significant
comparisons were between the West-shallow survey sites with urchins and each of the other
survey site categories, but there were no significant differences among the four other survey site
categories. The percent CCA cover d) of the West-shallow survey sites with sea urchins was

significantly greater than that of the other 4 site categories without sea urchins (p=0.0132).
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550  However, the result of the Post hoc Tukey’s multiple comparison test demonstrated that the only
551  significant comparisons were between West-shallow survey sites with urchins and West-deep
552 survey sites and North-deep survey sites, both without urchins.
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570  Figure 5. Sea urchin density as a predictor of three coral reef diversity measures using either all
571  points from both West-shallow survey sites, with and without sea urchins (orange regression

572  lines) or using data only from the sea urchin survey sites (i.e. not including the West-shallow
573  sites with sea urchin density = 0, black regression lines). a) Using all points, the relationship

574  between sea urchin density and percent coral cover was significant (orange line; p<0.0001);

575  using data only from the sea urchin survey sites, the relationship remained significant (black line;
576  p=0.043). b) Using all points, the relationship between sea urchin density and percent

577  macroalgae cover was significant (orange line; p=0.003); using data only from the sea urchin
578  survey sites, the relationship was no longer significant (black line; p=0.33). c¢) Using all points,
579  the relationship between sea urchin density and parrotfish density was significant (orange line;
580  p=0.0016); using data only from the sea urchin survey sites, the relationship remained significant

581  (black line; p=0.036).
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Figure 6. Significant relationships among different coral reef diversity measures in all 50
surveys from the 5 different site categories (West-shallow with urchins, West-shallow no
urchins, West-deep no urchins, North-shallow no urchins, North-deep no urchins). a)
Relationship between percent coral cover and percent macroalgae cover (p<0.0001). b)
Relationship between parrotfish density and coral cover (p=0.013). c) Relationship between
percent coral cover and percent CCA cover (p=0.009). d) Relationship between percent
macroalgae cover and percent CCA cover (p=0.027). e) Relationship between percent

macroalgae cover and percent turf algae cover (p<0.0001).
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Figure 7. Proportion of parrotfish size categories and species distribution in the 5 different

categories of survey sites. Numbers in parentheses are total fish count in the survey sites.
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WEST SHALLOW (with | WEST SHALLOW (no WEST DEEP (no NORTH SHALLOW (no | NORTH DEEP
urchins) urchins) urchins) urchins) (no urchins)

MPA MPA MPA

Sea urchin density (ind. m?) 0.32 (0.09) 0 0 0 0

% Coral cover 30.9 (4.00) 9.19 (2.1) 6.48 (1.66) 12.11 (2.27) 9.18 (1.04)
% Macroalgae cover 21.9 (2.7) 49.36 (3.6) 57.63 (3.5) 45.55 (3.8) 55.6 (4.2)

Parrotfish density (ind. 100 m?) 6.6 (0.96) 23.68 (2.1) 23.61 (3.8) 30.9(3.4) 24.17 (2.26)
% Turf algae 35.0 (5.2) 32.1 (3.4) 25.9 (3.4) 31.24 (2.5) 26.79 (3.48)

10.14 (2.04) 6.28 (1.2) 3.41 (0.98) 5.4 (1.7) 3.9 (0.78)
607

608  Table 1. Mean coral reef diversity measures (SE in parentheses) in the 5 different categories of

609  survey sites.

610
611
Sea urchin % coral cover % macroalgae Parrotfish % CCA cover % turf algae
density cover density (ind. cover
(ind. m2) 100 m2)
Sea urchin density +
ind. m2 ig. -/ s - i .
(ind. m2) (Fig. 5a) i NS (Fig. 5¢) NS (p=03) Ns (p=0.4)
(Fig. 5b)
% coral cover +
(Fig.6a) ™ (Fig. 6b) (Fig.6c) NS (p=0.68)
% macroalgae cover
NS (p=0.06) " (Fig. 6d) = (Fig. 6e)
Parrotfish density
(ind. 100 m-2) NS (p=0.15) NS (p=0.9)
% CCA cover
NS (p=0.25)
% turf algae cover
612

613  Table 2. Relationships between the various measures of biodiversity (relevant figures or
614  probabilities in parentheses). Correlations are positive (+), negative (-) or not significant (NS).
615  !The relationship between sea urchin density and macroalgae is negative with all West-shallow

616  survey sites but NS with West-shallow sea urchin survey sites only.
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