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ABSTRACT

Knowledge of cora recruitment patterns helps us understand how reefs react following major disturbances and provides
us with an early warning system for predicting future reef health problems. We have reconstructed and interpreted his-
torical and modern-day recruitment patterns, using growth modeling, in order to understand how hurricanes, storms and
bleaching events have influenced cora recruitment in the Caribbean. The results indicate that regional hurricane events
negatively impact coral recruitment patterns in the Caribbean, from the south in Tobago to more northerly areas in Be-
lize and Jamaica. However, despite multiple large-scale disturbances, corals are still recruiting to marginal reef systems,
and to the Mesoamerican Barrier reef off the coast of Belize. While recruitment and initia growth since the Carib-
bean-wide bleaching event of 2005 has been successful for Colpophylia natans at the sites studied in North Jamaica,
medium and large sized colonies of this species have decreased in numbers since the bleaching event at most sites, ex-

cept where the rugosity is highest, at Dairy Bull reef.
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Coral Growth

1. Introduction

Loss of corals and macroalgal domination in many parts
of the Caribbean has been due to hurricanes [1-2], over-
fishing [3-4], die-off of the long-spined sea urchin Dia-
dema antillarum in 1983-84 [5], and cora disease [6].
Decline in architectural complexity of Caribbean reefs
has been apparent since the 1980s, and coincide with key
events in recent Caribbean ecologica history [7-8]. The
major acute climate disturbance in recent years was the
Caribbean-wide bleaching event of 2005 [9]. This event
was due primarily to high sea surface temperature (SST)
hot-spots in the region [10], and thermal stress during
this event exceeded any seen in the previous 20 years of
satellite data from the Caribbean, while monthly tem-
peratures were the warmest in over 150 years.
Maintaining coral reef populationsin the face of large-
scale degradations due to climate or other environmental
effects is a key aspect of reef resilience. Factors that can
improve coral reef resilience include successful recruit-
ment, species and functiona diversity, connectivity to
larval sources, appropriate substrates for larval settlement,
and protection from other anthropogenic effects [11-13].
Rugosity, the three-dimensional topography of reefs, has
been linked to reef resilience in the South Central Pacific
[14], and has been selected as a bioindicator for use in
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monitoring programmes linking changes in water quality
to changes in the condition of coral reef ecosystems [15].
Reef rugosity, a measure of small-scale variations in the
height of the substrate on the sea bed, due to scleractinian
coras, correlates well with rocky reef fish community
structure in Brazil [16], Hawaii [17], the Great Barrier
Reef [18], Barbados [19], the Seychelles [20], and the
Gulf of Mexico [21]. Rugose locations aid aggregation of
Diadema antillarum urchins, important to keep macroal-
gae in check [22].

Here we wished to test the hypothesis that hurricanes
and tropical storms limit the recruitment and subsequent
survival of massive non-branching corals at four sites in
the Caribbean; the north and south coats of Jamaica, the
meso-American Barrier Reef off the coast of Belize, and
the coastal reefs of Tobago. In addition, we studied the
population size-structure of corals on the North Coast of
Jamaica from 2002-2008, and tested whether rugosity
was a factor in the changes in colony numbers of small
and of medium-large sized colonies after the mass blea-
ching event of 2005.

2. Materials and methods
2.1. Reef Sites
For North Jamaica, five sites (Rio Bueno, M1, Dancing
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Ladies, Dairy Bull and Pear Tree Bottom) were selected
along the fringing reefs surrounding Discovery Bay as
described previously [23].This work was conducted at
Discovery Bay during March 26-April 19 in 2002, March
18-April 10 in 2003, July 23-August 21 in 2004, July
18-August 13 in 2005, April 11-18 in 2006, December 30
in 2006-January 6 in 2007, and July 30-August 16 in
2008 and July 27-August 8 in 2009. Surveys were made
at the same locations and the same sites each year. For
GPS co-ordinates and species see [23].

For South Jamaica, surface areas of non-branching
corals selected haphazardly were measured at seven sites
(Lime Cay, Gun Cay, Drunkenman's Cay, Rackham’s Cay,
Maiden Cay and Edina wreck) south of Port Royal, near
Kingston Harbour as described [24]. This work was con-
ducted in April 2010. For GPS co-ordinates and species
see [23,24].

For Belize, sites were selected as described previously
[25] in the Sapodilla Cayes Marine Reserve (Six sites:
Mantas garden, Franks |, Franks |1, Nicholas Cay, Protected
| site and Seal Cay) and the Port Honduras Marine Re-
serve (two sites: South snake Cay and Barracuda Bank).
The work was carried out in July and August 2006, and
in August 2007. For GPS co-ordinates and species see [25].

For Tobago, six sites (Kariwak, Buccoo, Mt. Irvine,
Culloden, Little Englishman's Bay and Sisters) were
selected along the Caribbean coast of the island, as de-
scribed previously [26]. The work was done in May and
October 2008. For GPS co-ordinates and species see
[26].

2.2. Sampling

Details of data sampling have been described for North
Jamaica and South Jamaica [23], Belize [25] and Tobago
[26]. In summary, corals 2m either side of transect lines
were photographed for archive information, and surface
areas measured with flexible tape as described previously
using SCUBA. For non-branching corals, this was done
by measuring the widest diameter of the cora and the
diameter at 90° to that. To increase accuracy, surface
areas rather than diameters of live non-branching corals
were measured [2]. Sampling was over as wide a range
of sizes as possible. Colonies that were close together
(<50 mm) or touching were avoided to minimise age
discontinuities through fission and atered growth rates
[27,28].

One or two-factor ANOVA was used to compare coral
data among sites; + error values represent standard errors
of the data. The year of an individua’s recruitment was
calculated from a knowledge of the growth rate (e.g. 3.25
mm/yr for Porites astreoides, 3 mm/yr for Sderastrea
siderea) [29-31], taken from sites in the Caribbean at
similar depths and visibility to those encountered here,
the majority from [30]. For example, a Porites astreiodes
colony of measured elliptical surface area 51.8 cm? was
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estimated to have recruited (and survived) 23 years ago.

2.3. Rugosity

Rugosity (R), the measure of small-scale variations or
amplitude in the height of the substrate on the sea bed,
due to scleractinian corals, was determined according to
the formula:
R=9S/x

where & = real surface distance between two points,
taking into account only scleractinian corals, and §g =
straight line geometric distance between two points. This
was calculated over a 20 m distance, performed in tripli-
cate, at each site, using photographic image analysis verified
by the chain method, similar to those used on reefs pre-
viously [32-35].

2.4. Data on Storms, Hurricanes and Bleaching
Events

Data on storm severity as it impacted the Caribbean sites
was obtained from UNISY S

(http://westher.unisys.com/ hurricane/atlantic/)

the NOAA hurricane site

(http://www. nhc.noaa.gov/pastall.shtml).

Information on bleaching was obtained from the NOAA
coral reef watch site:

(http: //corareefwatch.noaa.gov/satellite/current/sst_series
_24r eefs.html)

and from [36].

3. Results

We identified hurricane and bleaching events which were
reported to have had an impact in recent years on Ja
maica's reefs, these included: major coral bleaching
(2005), Hurricanes Charley and Ivan (2004), Hurricanes
Emily and Dennis (2005), and Hurricane Dean (2007). In
earlier decades, Hurricanes Allen (1980) and Gilbert
(1988) were particularly damaging to the island.

Figure 1 shows that for all the sites studied in Jamaica,
Belize and Tobago, there were significant differences in
non-branching coral recruitment in years when hurri-
canes impacted the areas of those sites. For each site, the
differences were significant at p = 0.016 (Tobago [354]),
p = 0.019 (Belize [523]), p = 0.04 (North coast Jamaica
[1560]) and p = 0.007 (South coast Jamaica [347]).
Numbers in square brackets refer to the numbers of
non-branching corals measured at each site.

Figure 2 shows the size-frequency distribution of the
coral Diploria strigosa at the fringing reef sites Rio
Bueno, M1, Dancing Ladies, Dairy Bull and Pear Tree
Bottom on the North coast of Jamaica in 2002 (Figure
2(a)) and 2008 (Figure 2(b)). These dates cover the ma-
jor bleaching event in 2005 and the major hurricane to hit
the area during that time, Hurricane Ivan in 2004.
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Figure 1. Mean number (£1 s.d.) of coral colonies recruiting at sites in the Caribbean in hurricane years, and in years when
there were no hurricanes. N refers to the number of years for each sample.
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Figure 2. Size-frequency distribution of the coral Diploriastrigosa at the fringing reef sites Rio Bueno (RB), M1 (m1), Dancing La-
dies (DL), Dairy Bull (DB) and Pear Tree Bottom (PTB) on the North coast of Jamaica in 2002 (Figure 2(a)) and 2008 Figure 2(b)).
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Rugosities were calculated for each site on the North
coast of Jamaica: Rio Bueno, 1.05 + 0.15; M1, 1.17 £
0.12; Dancing Ladies, 1.3 + 0.15; Dairy Bull, 2.3 + 0.16
and Pear Tree Bottom, 1.23 + 0.11. Figure 3 shows that
there were significant relationships between mean rugos-
ity values at these sites and changes in both small (<250
mm?) and medium-large sized (>250 mm? Colpophyllia
natans colony numbers from 2006-2009. R? values were
0.77 for colonies < 250 mm? and 0.91 for colonies > 250
mm?Z.From 2006-2009, after the mass bleaching event of
2005, there was an increase in small colony numbers,
with a greater increase at sites with high rugosity. For
medium-large sized colonies, there was a decrease in
colony numbers from 2006-2009 at sites where the
rugosity was <1.8. Only at Dairy Bull, where the rugosity
was 2.3, did medium-large sized C. natans numbers in-
crease between 2006 and 2009.

4. Discussion

Our studies indicate that recruitment of non-branching
coras on both fringing and barrier reefs in the Caribbean
declined significantly in years following hurricanes and
storms. While this study did not measure recruitment
directly, settlement plates experiments in Tobago gave
results that agreed with modelling studies [26]. Jamaican
non-branching coral recruitment on the North coast took
1-2 yearsto return to pre-hurricane levels [2], a much more
rapid recovery than seen on Tobago's reefs following the
combined effects of Hurricane Ivan and cora bleaching

[26]. This could be because there were significantly more
degree heating weeks experienced by the reefs of Tobago
than of North Jamaica[9]. In Belize, in 1998 coral popu-
lations simultaneously experienced a severe coral blea-
ching event and Hurricane Mitch. A study of coral re-
cruits [37] found that whilst bleaching alone had no effect
on recruitment density or community structure, the com-
bined effects resulted in a 20% reduction of pre-disturbance
levels. Sixty-six percent of Tobago’'s coral colonies suf-
fered from bleaching, with an estimated 73% mortality of
C. natans and Diploria species [38]. In recruitment stud-
ies on Tobago, Diploria species dominated the limited
number of recruits observed from 2004 to 2006, with
some C. natans also recruiting in 2006, indicating low
levels of recovery for these framework-building species
[26]. While occasional storms can increase the survivor-
ship of branching Acropora palmata colonies [39], storm-
induced decrease in reef rugosity can limit the settlement
of cora planulae, as survival is greater in the shade or
under surfaces[40].

Measurements of size-frequency distribution are useful
in evaluating the condition of and changes in coral popu-
lations caused by acute and chronic disturbances [41-43].
Despite the multiple influences on the reef sites of North
Jamaica over the study period, the size classes of D.
strigosa showed some resilience to change, not least in
colony numbers of the smallest size class. This behaviour
of D. strigosa was similar to distribution of other non-
branching species, particularly P. astreoides [44].

Change in small (<250 mm?) and medium-large sized
3 C. natans (>250 mm? from 2006-2009

change in colony numbers 2006-2009
[}

-10

Rugosity

Figure 3. Relationships between mean rugosity values at sites on the North coast of Jamaica near Discovery Bay and changes
in both small (0) (<250 mm?*) and medium-large sized (A) (>250 mm?) Colpophyllia natans colony numbers from 2006-2009.
R? values were 0.77 for colonies < 250 mm*and 0.91 for colonies > 250 mm’.
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Reef rugosity, contact of corals with macroalgae, and
aggregation and competition between coras can influ-
ence reef resilience together with species and functional
diversity, connectivity to larval sources, appropriate sub-
strates for larval settlement, and protection from other
anthropogenic effects [11,12].As reefs become increas-
ingly subjected to high sea surface temperatures and
thermal stress [45], it is important for reef managers to
consider all these factors to ensure coral resilience to
continued environmental stressors. We have shown that
rugosity positively correlates with coral cover of Acro-
pora cervicornis colonies [46]. Increase in A. cervicornis
cover was one of the main reasons for suggesting a
phase-shift reversal at Dairy Bull reef [47].

The continued presence of small coral colonies over
time can indicate reef resilience [48,49], and here we
demonstrate that increases in colony numbers of both the
smallest size class (<250 mm? and the medium-large
size class (>250 mm?) for C. natans are significantly
correlated with reef rugosity at al the sites studied
around Discovery Bay on the North coast of Jamaica
since the mass bleaching event of 2005. The major dif-
ference between the size classes is that where the rugos-
ity is < 1.8, i.e. for most of the sites studied, there is a
decrease in colony numbers of the medium-large sized C.
natans. This suggests that while recruitment and initial
growth since 2005 has been successful for this species at
the sites studied in North Jamaica, medium and large
sized colonies of this species have decreased in numbers
since the bleaching event at most sites, except where the
rugosity is highest, at Dairy Bull reef. At Dairy Bull, the
bleaching event in 2005 led to significant loss of coral
cover [44], which alowed space for the development of
new colonies. Water quality is not a factor in differences
between the reef sites[50].

These findings suggest that the three dimensional to-
pography and complexity is important for reef resilience
and viability in the face of extreme environmental stress-
ors. Interestingly, rugosity aso correlates well with fish
abundance on other reefs, for example with parrotfish
(Scarid) abundance on reefs of Oahu, Hawaii [51], and
rugosity has been used in regional modelling of coral
habitats for marine conservation [52].

Reefs are under stress from a variety of insults that act
in synergy [53]. It may be that under conditions of low
cora cover, low reef rugosity and low biodiversity, a
major disturbance such as the 2005 bleaching event
crosses a ‘threshold” which then induces a cascade to
induce the crossing of other thresholds, leading to a sta-
ble but less desirable alternative state [54]. An example

where this has happened may be the reefs of Tobago [26].

On the reefs of North Jamaica, there is a variable re-
sponse and resilience, strongest in the case of Dairy Bull
reef, which exhibits relatively high rugosity, coral cover
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and biodiversity with no significant macroalgal cover
[46].Whether the niche diversification and multiple sym-
biont clades in corals at Dairy Bull Reef is sufficient to
allow for adaptive radiation [55] in a period of intense
climate change and ocean acidification is yet to be re-
solved.
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