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Abstract

In the last decade Caribbean coral reefs have suffered serious decline, and current
anthropogenic impacts are significantly reducing their ability to recover. Marine Protected
Areas (MPAs) are widely regarded as an effective means to promote reef resilience and aid
recovery. The Cayman Islands, isolated in the north-western Caribbean have enforced a
strictly regulated Marine Park network since 1986. In June and July 2010, belt-transects at
55 different sites within and outside of the Cayman Islands’ Marine Parks were surveyed,
covering a reef area of 3300m?. A total of 9819 coral colonies were surveyed providing
information on community structure, species diversity, coral cover, size distribution and the
prevalence of disease, bleaching and partial mortality. These measures were then compared
between the different islands; Grand Cayman, Little Cayman and Cayman Brac, protection
levels (within park & outside park), aspects (North, South & West) and terrace (shallow &
deep). Although the aspect of each island had a significant effect on the measures taken and
the effectiveness of the Marine Park Areas varied greatly between the islands, overall a
significantly positive effect was found. Community composition varied significantly between
protection levels, with a greater abundance of Agaricia and Montastraea within the parks.
There were a larger number of coral colonies found within the marine parks but a lower
species diversity, evenness and richness. These were found to be significantly higher on the
most exposed aspect of each island. The individual coral colony heights and mean diameters
were found to be significantly larger within the parks. With the prevalence of mortality,
bleaching and disease significantly lower. On Little Cayman and Cayman Brac it was found
that sites on the south aspect were consistently in better condition than sites on the north.
The condition of the reefs of all islands was lower than expected and showing clear signs of

hurricane damage and anthropogenic stressors.

This project was written as part fulfilment of the MRes Environmental Biology course at the
University of St Andrews.
Supervisor; Prof. Stephen Hubbard, University of St Andrews

Co-Supervisor; Croy McCoy, Department of Environment,

Cayman lIslands

Cover photo: The old and the New, foreground is a healthy Acropora palmata coral colony, in the background is a

much older dead colony.
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4 - List of Abbreviations:

DoE Department of Environment, Government of the Cayman Islands
GCM Grand Cayman

LC Little Cayman

CB Cayman Brac

MPA(s) Marine Protected Area(s)

CARICOMP Caribbean Coastal Marine Productivity Program
Ccv Conservation Value

ANOVA Analysis of Variance

WA Welch’s Analysis of Variance

ANOSIM Analysis of Similarities

MRPP Multiple Response Permutation Procedure
NMDS Non-metric Multi Dimensional Scaling
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< Less than
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SE Standard Error
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5 - Introduction:

Globally coral reefs are in rapid decline, thought to be either directly or indirectly
caused by human induced factors (Wilkinson 2000, Hughes et al., 2003). Studies
have shown that as much as 11% of coral reefs have already been lost and that by
2030 a further 60% may disappear (Hughes et al., 2003). This is thought to be due
to a number of factors; including, but not limited to, the projected increases in carbon
dioxide and temperature due to climate change (Hughes et al., 2003). Coral reefs
regularly undergo natural disturbance such as hurricanes and reassemble
themselves, regenerating to their former stature. However, the recent increase in
human induced disturbance may have significantly reduced their ability to recover -
termed resilience (Connell, 1978, Hughes & Connell 1999, Nystrom et al., 2000).

Coral reefs

Coral reefs are hugely diverse habitats; containing 32 of the 34 recognized animal
phyla in the world, compared to only 9 phyla in tropical rainforests (WWF, 2009).
They are highly valued ecosystems, providing essential goods and services to local
and often poor nations through tourism, recreation and fishing where 6 million tons of
fish per year come from coral reefs (Hughes et al., 2003, Pomeroy et al., 2004). They
act as vital protection to the coastlines, often of small islands, that they surround
(Spalding et al., 2001). Recent studies have estimated the annual net benefit of
goods and services from coral reefs to be US$30 billion to economies worldwide
(Cesar et al, 2002).

Historically coral reefs are largely composed of reef-building corals, colonial
animals or polyps. These polyps secrete calcium carbonate to build their skeletons
and live in a symbiotic relationship with zooxanthellae (a single-celled micro-algae),
contained within their body tissue. In the correct conditions; clear, low-nutrient,
tropical and sub-tropical waters, with optimum temperatures of 25-29°C, the polyps
come together in their hundreds of thousands to create the diverse ecosystems we
know as coral reefs. Despite their optimum temperature range being small they
actually exist in ranges from 18°C in Florida to 33°C in the Persian Gulf (Buddemeier
and Wilkinson, 1994). They have been dubbed the ,tropical rainforests of the oceans’
due to their vast diversity, occurring on just 0.2% of the ocean’s floor but containing

25% of its species (Roberts, 2003).
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In the last decade there has been various surveys of reefs worldwide, most
indicating that man has had a significant, negative effect. In a survey by G. Hodgson
in 1999, 300 reefs around the world were surveyed in 31 different countries and it
was shown that even very remote sites had still been affected by man (Hodgson
1999). More recently in 2004 a study by Wilkinson determined that already an
estimated 20% of coral reefs worldwide have been destroyed and of the ones that
remained, 24% are in imminent danger and 26% are under longer term danger of

collapse, leaving just 50% that are classed as under ,Jow risk’ (Wilkinson, 2004).

Reef resilience

The word resilience comes from the Latin ,resilere’, which literally means ,to
spring back’. Resilience is the ability of a reef system to resist disturbance without
undergoing a phase shift or losing its structure or function (Odum, 1989). A high
resilience reef is able to absorb or recover from disturbance and change, whilst
maintaining its functions (Grimsditch & Salm, 2005). An example of good resilience
would be a coral reefs ability to recover from a bleaching event without consequently
developing disease. Coral reefs regularly undergo natural disturbance such as
hurricanes and reassemble themselves, regenerating to their former stature. It is
even thought that these disturbances, at an intermediate level, may play an important
role in maintaining their high species diversity, therefore a high resilience is vital to

this recovery.

Risks to resilience

Today the world’s oceans are changing and consequently the resilience of coral
reefs is really being put to the test. The number of factors that are causing this
pressure is huge and varied. The increasing anthropogenic impacts are; destructive
fishing practices, increasing pollution, coastal development, sedimentation runoff
from agriculture, waste disposal, SCUBA diving and anchor damage (Grimsditch &
Salm, 2005). As well as in recent years, an increase in novel medicinal compounds
being extracted from reefs (Hodgson, 1999). Also factors that are not of
anthropogenic origin such as predator outbreaks, invasive species and epidemic
diseases can act synergistically to degrade coral reef resilience (Nystrom et al., 2000,
Hughes et al., 2003; Bellwood et al., 2004). However, possibly the worst threat to

coral reefs is climate change with global temperatures predicted to increase above
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anything seen since the Pliocene Era; 5.3-1.8 million years ago when the species

composition of coral reefs was very different.

Coral bleaching

The Earth’s climate has increased in temperature approximately 0.6°C in the past
100 years, with the majority of the increase lying between the years 1910 - 1945 and
after 1976. The rate of increase after 1976 is greater than at any other time in the last
1,000 years (Walther et al., 2002). This, coupled with the increase in Carbon Dioxide
levels has led to conditions that are now very different to that which coral reefs have
flourished in over 500,000 years (Hughes et al., 2003). Other studies have reported
that there has been an increase of as much as 1.0°C in the sea surface temperature

in many locations in the tropics over the past century (Hoegh-Guldberg, 1999).

It is only in the last 15 years however, that a link has been made between
increasing temperatures and a new threat to coral reefs, the threat of coral bleaching.
Bleaching occurs when there is a disruption of the symbiotic relationship between the
zooxanthellae and the polyps, which causes the expulsion of the micro-algae and
consequent loss of photosynthetic pigment (Grimsditch & Salm, 2005). It is the loss
of photosynthetic pigment that has given bleaching its name as it turns progressively
white with increased bleaching severity. Mass bleaching can occur in just a day but
take months to recover. An increase in water temperature is not the only possible
stressor that can cause coral bleaching but it is becoming one of the most common
with an increase in water temperature as small as 1 or 2°C above average, over a
long enough period of time, causing mass bleaching (Hoegh-Guldberg, 1999). The
consequences of coral bleaching are in reduced fecundity and growth rates plus
when stressors occur for long enough periods of time; mortality (Grimsditch & Salm,
2005). The first mass coral bleaching event recorded in-situ was on the island of
Jamaica (adjacent to the Cayman Islands) in 1963, and incidences have been

occurring with increased frequency and intensity since then (Glynn, 1991).

With this knowledge, the potential impact of the predicted temperature increase of
1-3°C on the sea surface by 2050 (Hoegh-Guldberg, 1999) becomes very apparent.
It is worth mentioning that there are other stressors that can cause coral bleaching

such as decreased salinity due to freshwater flooding, pollution, sedimentation and
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disease. Hoegh-Guldberg (1999) predicted that mass bleaching could become an

annual occurrence by 2020 in Southeast Asia and the Caribbean.

Disease

Coral colonies can completely recover from bleaching given enough time;
however with bleaching decreasing their resilience, disease can cause further,
irreversible damage. The higher temperature in the water that initially causes the
bleaching may increase the growth rate of the disease causing bacteria and other
pathogens already in the water (Brandt & McManus, 2009). However, bleaching is
also a significant stressor and so the coral’s disease resistance will be lowered and

thus more vulnerable.

Figure 5.1, below, shows a Diploria strigosa coral colony in the Caribbean.
Moving from left to right along the top you can see a healthy coral, bleaching occurs
and Black Band Disease spreads quickly across the coral head. In the bottom photos
you see what is left of the intact coral recovering from the bleaching, however the
diseased part will not recover and hereafter will likely be overgrown by macro-algae.
Disease spreads fast across coral, but coral growth and recovery is extremely slow.

Fig. 5.1; how bleaching and disease affects coral. Photo credit; Marilyn Brandt
(Ecological Society of America, 2009)
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Coral algal phase shift

In some instances, when the stressors do reach a level that overcomes the
resilience of the reef then a state of phase shift can occur. This means that the reef
will cease to be dominated by coral and instead by a different organism, most
commonly fleshy seaweed. It is not known how reversible these changes are, and so
many studies are presently being carried out to help understand these shifts
(Bellwood et al., 2004).

Caribbean Phase shift

The population of the Caribbean is currently over 116 million, with over 25 million
tourists visiting the area each year. A large proportion of these tourists will come to
experience the coral reefs, be it through snorkelling, diving or fishing (Burke &
Maidens, 2004). However, one tenth of these reefs are said to be under a very high
threat from human activities and specifically over-fishing is threatening over 60% of
the reefs (Burke & Maidens, 2004).

Over the past three decades in the Caribbean a phase shift has already been
occurring, with declining coral cover being reported region-wide and an increase in
macro-algae cover (Cote et al. 2005). This started in the late 1970s when both an
extensive outbreak of White Band Disease and then several hurricanes drastically
reduced coral cover on reefs across the Caribbean, especially of the then dominant
Acropora genus (Gladfelter, 1982). Following which, macro-algae species spread
faster than coral and impeded recruitment. With a healthy herbivore population the
reefs would have been able to recover, however in 1983 and 1984 mass mortality of
the keystone herbivore Diadema antillarum (sea urchin) occurred due to a species
specific pathogen; reducing its population by 93% (Hughes, 1993, Lessios et al.,
1988). It is thought that the over-fishing of herbivorous fish and the anthropogenic
addition of nutrients to the ocean also contributed to the phase shift (Knowlton,
1992). Due to its isolated location and evolutionary history the Caribbean has been
described as “functionally compromised” as it has just 28% of fish species and 14%
of corals compared to the Great Barrier Reef, which may reduce its chances of

recovery (Bellwood et al., 2004).
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Marine protected Areas

To ensure that coral reefs are able to resist stressors or recover from phase shifts
strict management strategies need to be developed to increase coral resistance and
reef resilience (Hughes et al., 2003). One such management strategy is marine
protected areas (MPAs), defined as; “A clearly defined geographical space,
recognized, dedicated and managed through legal or other effective means, to
achieve the long term conservation of nature with associated ecosystem services
and cultural value” (Laffoley, 2008). These areas can increase abundance, biomass,
size and diversity of species and also the fecundity, reproductive success and
genetic stability of organisms (Grimsditch & Salm, 2005, Newman et al., 2006).
However, MPAs do need strict enforcement and in the Caribbean, of the 285 MPAs
established only 6% were found to have effective management (Burke & maidens,
2005). Additionally it has been found that over fishing has reduced fish and
invertebrate indicator organisms to low levels at most reefs, even within Marine
Protected Areas (Hodgson 1999).

It is not just the type and strength of these management practices that are
important but also the locations. Marine Protected Areas and ,No Take’ zones are
often located in areas of extremely high species richness; however, evidence
suggests that in fact the opposite, areas of low richness (cool spots) may be more
important. These areas are more vulnerable, due to their low diversity and low
functional redundancy. These areas include the Caribbean basin and the Eastern
Pacific where each functional group may only be represented by one species. This
means that even a small change in the biodiversity, for instance through over fishing,

could have a major impact on the balance of the ecosystem (Bellwood et al., 2004).

MPA results in the Caribbean

Many studies have already been carried out across the Caribbean to assess reef
resilience, ranging from analysis of previous data collected to entirely new studies. In
a study by Coelho & Manfrino in 2007, the MPAs of the Cayman Islands were
assessed by measuring live hard coral coverage, coral diversity, abundance,
mortality, size, and prevalence of disease and bleaching. Although only nine sites
were surveyed, these surveys were repeated every year from 1999 to 2004. They

found that relative decline in mean hard coral coverage within the MPA (29% to 19%)
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was similar to outside the park (24% to 14%) and that there was no significant
difference between bleaching and disease inside and outside the park. They
concluded that more comprehensive management strategies were needed in order to

effectively protect coral communities from degradation (Coelho & Manfrino, 2007).

On the contrary in 2002, Halpern and Warner conducted a review of 112
independent measurements of 80 MPAs and found that the MPAs contained higher
average values of density, biomass, average organism size, and diversity (relative to
controls). Also that within the MPAs, these values reached mean levels within a short
(one to three years) period of time and consistently stayed at these higher than
average levels in reserves of ages up to 40 years (maximum measured). They
concluded that this data shows that biological responses inside MPAs appear to

increase quickly and last in the long term (Halpern & Warner, 2002).

With respect to conserving fish biomass, which MPAs were initially designed for,
there seems to be general agreement that when enforced sufficiently they are
successful. For example, in a visual census of fish population and individual sizes, by
Roberts in 1994, it was found that fish biomass significantly increased over time in
;o take zones’, most significantly with the predatory snapper (Lutjanidae), which
increased by 220% (Roberts, 1994). The same results of increased fish biomass
were found by McCoy et al. (2009), in the Grand Cayman MPA.

The Cayman Islands

The Cayman Islands consist of three islands, the largest; Grand Cayman, the
smallest; Little Cayman, and Cayman Brac in between. They are the only peaks of an
underwater ridge, running westwards from the Sierra Maestra mountain range of
Cuba. Dive tourism is an extremely important industry here with an estimated
350,000 divers visiting the islands per year (Tratalos & Austin, 2001) and so it is
important that the reefs are monitored closely and strictly protected. Surprisingly
though there was no coral reef monitoring programs before 1997. However, starting
in 1997 the Cayman Islands Government, Department of Environment established a

long-term monitoring program of reef health around the islands.

The Cayman Islands has however had a Marine Conservation Law since 1978,

which has been developed and expanded ever since. The law introduced strict
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regulations, setting size and catch limits for conch and lobster, regulating the use of
fishing nets and spear guns, introducing closed seasons, introducing laws preventing
raw sewerage from being discharged into the sea and also empowered the
Government to make additional regulations when they saw fit. The legislation also
prevented activities such as anchoring and fishing inside marine parks and
established the Marine Conservation Board, charged with protecting the marine

environment around the islands.
In the 1980s the Marine Park Network, enforced three strict main zones;

i.  Marine Park zones (hereafter marine parks or MPAs)
ii. Replenishment zones

iii. Environmental zones

Some additional smaller areas were also introduced, such as No Diving zones
and Designated Grouper Spawning areas. In 1986 twenty two permanent moorings
were installed inside the marine parks at all popular dive sites so there would no
longer be a need to anchor inside the parks. Table 5.1 (below) outlines the
regulations in each of these zones and figures 6.3, 6.4, 6.5 and 6.6 show the

locations of the different areas around the islands.

No taking of any marine life, dead or alive

Marine Park zone Fishing only by rod and line from the shore or in water deeper than 25
m (80ft)

(coral reefs)
No anchoring except in case of emergency or for boats of less than
60ft in sand

Replenishment zone No taking of conch or lobster
(breeding and

Line fishing and anchoring permitted
nursery areas)

No taking of marine life dead or alive
Environmental zone No fishing
(fringing mangroves) No in water activities or anchoring

Boat speeds of 5mph or less

Table 5.1 — The different zones of the Marine Park Network. Note; Marine Park zones will hereafter be known as

,Marine Park Areas’, ,MPAs’, or simply the ,parks’.
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Failing to adhere to any Marine Park Law in the Cayman Islands is an offence
carrying a maximum penalty of C1$500,000 (approx. £400,400) and one year in jail.
In 1995, further laws were implemented placing limits on the number of boats and the

number of scuba divers/snorkelers to 20 per boat that could visit the park each day.

Structure of the reefs

The reefs around the Cayman Islands nearly all exhibit a classic spur and groove
structure, as shown in figure 5.2. They have a shallow terrace, to a depth of
approximately 12m and a deep terrace, with much more pronounced spurs and
grooves to approximately 40m before dropping away into the depths. On the more
exposed southern coasts of the islands the difference between the crown and
buttresses (spurs and grooves) are typically around 12m on the shallow terrace and
20m on the deep terrace whereas on the more sheltered coasts they are much
shallower (Coelho & Manfrino, 2003, Blanchon & Jones, 1995).

20

30

40

Figure 5.2 — The spur and groove reef, classic of the more exposed reefs of the Cayman Islands. Only the
northern shore of Little Cayman does not exhibit this design as it lacks the deep terrace (Source: Blanchon &
Jones, 1995).
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5.1 - Aim

This investigation aims to be a comprehensive study on the effectiveness of the
use of Marine Protected Areas for the conservation of coral reefs in the Cayman
Islands. The investigation will study the differences in the coral community structure,
diversity, size distribution, mortality, disease and bleaching prevalence between the
different protection levels, islands, aspects and depths as potential confounding
factors. The Cayman Islands have used Marine Protected Areas as a management
tool to protect the reefs and increase coral resilience for the last 20 years.
Additionally they are an excellent location for this study; due to their isolation and the

lack of any major anthropogenic impacts on the reefs.

5.2 - Rationale

There is a distinct lack of knowledge on the effectiveness of MPAs when used for
the conservation of the coral colonies themselves in a reef ecosystem. There is need
for further study in the Caribbean and in the Cayman Islands specifically on what
affect the MPAs are having on the coral community structure, health and diversity.
This study also provides baseline data for the Department of Environment who can
then do repeat studies in order that useful comparisons to be made over a long term

scale.

5.3 - Hypothesis

Within the parks, sites have been protected since 1986 and so should have a
higher resilience and therefore lower prevalence of mortality, bleaching and disease
than the sites outside the parks. Also since they have been protected for this long
period of time, under less stress, they should have grown larger and have a higher

coral cover than outside the parks.
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6 - Methodology

6.1 - Project location

The Cayman Islands are three islands; Grand Cayman, Cayman Brac and Little
Cayman located in the Caribbean Sea, between 19°15'-19°45' N Latitude and
between 79°44'-81°27"' W longitude,167 miles northwest of Jamaica and 150 miles
south of Cuba. The total land area is 102 square miles, with a total population of
51,900 (2006 estimate) mainly found on the largest of the three Islands, Grand
Cayman (Cayman Islands Government, 2010). The Cayman Islands are also located
within what is known as ,Hurricane Alley’; in the northeast trade winds belt (between
19° and 20° N). They have a distinct winter dry season from December to April and a
wet summer season between May and November. Hurricane season is from the
beginning of June to the end of November. Ocean currents in the Cayman Islands
predominantly move in a north-westerly direction (Stoddard 1980), meaning that the
north sides of the islands and west side of Grand Cayman are the most sheltered,
with calmest waters. The southern shore is also subject to the greatest currents and

wave action.

The location is shown in figure 6.1 below:

)
AThe
* Bahamas

SETED
de Cuba
Cayman
Islands

N [ e
Jamaicary =
& RNl N e

Caribbean
Sea

Figure 6.1- Satellite image of northern Caribbean, showing the Cayman underwater ridge with the
Cayman Islands at the very centre of the map. Modified from Google maps; http://maps.google.co.uk/.
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Cayman Brac lies approximately 89 miles northeast of Grand Cayman, with Little

Cayman approximately 5 miles west of Cayman Brac, as shown by figure 6.2, below.

West Bay ’

Old Man
’ Bay.
Cayman

! * lslands
Savannah

Figure 6.2- Satellite image of the Cayman Islands, showing (from left to right) Grand Cayman, Little Cayman
and Cayman Brac. Modified from Google maps http://maps.google.co.uk/.

6.2 - Study Sites

A total of 55 sites were surveyed around the Cayman Islands in June and July
2010; consisting of 27 sites on Grand Cayman (fig. 6.3), 16 sites on Little Cayman
(fig. 6.5) and 12 sites on Cayman Brac (fig. 6.6). The site locations were
predetermined by the Department of Environment (DoE) as they had been used in
previous studies such as fish biomass and coral bleaching studies. The aim when
choosing the site locations was to distribute them evenly between within and outside
of the marine park, no-take areas around the different coasts (hereafter; aspects) of
the islands and between the two different terraces; shallow and deep. A full list of site

names, locations and depths can be found in Appendix A.

6.2.1 - Grand Cayman

Grand Cayman is the largest of the three Islands; 22 miles long with an average
width of four miles making a total area of approximately 76 square miles. It is also
where the capital of the three Islands; George Town, is located, situated at the south
end of West Bay, which has a population of 20,626 people (Cayman Islands
Government. 2010).
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The 27 sites were evenly spread between the different aspects; west (9), north
(10) and south (8) and the terraces, shallow (13) and deep (14). However, in order to
obtain the even spread between aspects an uneven distribution inside and outside of
the marine parks was required. Instead, double the numbers of within park sites were
surveyed outside the park. This method provides a high statistical power for marine
park assessment but unfortunately could not be repeated on the other two islands

due to time constraints.
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Figure 6.3 - GIS image of Grand Cayman, showing 27 sites surveyed and the different Marine zones around
the island. Note, MPA strictly refers to the Marine Park — No Take area, not the other protected zones.
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Figure 6.4 (below) shows a closer view of the MPA on the west coast of Grand

Cayman. The map shows that one site (GCM7) is actually just outside the park,

falling inside a replenishment zone, between two sections of the park. However DoE

consider this site to be part of the MPA due to its close proximity. As the entire west

coast is the park it is safe to assume that any benefits from it will spread to the small

area between the two sections of park; so for the purposes of this study it will also be
counted as inside the MPA.
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Figure 6.4 - GIS image of Grand Cayman MPA, showing the sites surveyed
around the West end of the island.
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6.2.2 - Little Cayman

Little Cayman is the smallest of the three Islands; 10 miles long with an average
width just over a mile, making the total area approximately 10 square miles (Cayman
Islands Government, 2010). The 16 Little Cayman sites were evenly spread, aspects;
North (8) and South (8), MPAs; inside (8) and outside (8), however, due to the lack of
a deep terrace on the North coast, there are 11 shallow sites and only five deep

sites.
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Figure 6.5 - GIS image of Little Cayman, showing all 16 sites surveyed and the different Marine zones
around the island.
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6.2.3 - Cayman Brac
Cayman Brac is slightly larger than Little Cayman, at 12 miles long with an
average width of 1.25 miles; it has a total area of approximately 15 square miles

(Cayman Islands Government, 2010).

The 12 Cayman Brac sites were evenly spread between the different aspects;
North (6) and South (6), MPAs; inside (6) and outside (6), however, due to the need
to spread the sites along the coasts there are eight shallow sites and only four deep

sites.
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Figure 6.6 - GIS image of Cayman Brac, showing all 12 sites surveyed and the different Marine zones
around the island.
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6.3 - Survey method

There are numerous different ways to survey coral reef benthic ecology. From the
Manta Tow Method that can be used to survey areas kilometres in scale, to quadrats,
50cm? or smaller, to measure coral recruitment. The method used depends largely on
the aims of the study being undertaken, however, the most important factors that
must be considered in any survey are to collect accurate, unbiased data with enough
replicates to provide high statistical power. Another factor, often overlooked, is the
importance of an approach that can be compared to other studies already
undertaken. A method that is increasing in popularity is video transect surveys.
Technological advances in recent years have meant that high definition digital video
cameras with extremely high resolution can be used to not only accurately survey a
reef but also provide a permanent record of the survey site. Unfortunately it was not
possible to use this methodology for this investigation as the equipment was not
available. The most common methods used by marine scientists are line-intercept,
quadrat, or belt-transect surveys, or often a combination of two (Zvuloni et al., 2008).
The line-intercept method records all organisms intercepted by a line or transect and
the quadrat method involves a rectangle being placed on the substrate with all
organisms within it recorded. A belt-transect is effectively a large (e.g. 20m by 1m)

quadrat.

Testing and developing a survey method that would make the best use of time
underwater and collect an accurate but extensive dataset was done in the week of 7™
— 14" of June, 2010. During this week, tests of quadrat, photo-quadrat, line-intercept
and belt-transect methods were undertaken to find the best option. Line-intercept
was the first to be dismissed, as the dataset it would generate per transect is very
small and so many replicates would be needed. This method would also always lead
to a positive bias toward larger colonies and a negative bias toward the smaller
colonies (Zvuloni et al., 2008), as shown in figure 6.7. The quadrat methods were
good, photo-quadrat was only dismissed as the time it took to take an accurate photo
of the quadrat meant that not enough could be taken in a dive to obtain high
statistical power in the dataset. It was therefore decided that belt-transects collected

the most accurate estimate of species diversity and coral cover.
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It was decided that the best width of belt

transect would be 1m, or 50cm each side of

the transect line. The amount of data
recorded per transect increases with the
width of that transect, and also the bias

towards the larger colonies decreases with

the width of the transect (Zvuloni et al.,
2008). Figure 6.7 demonstrates the method.
Line-intercept would only record a maximum
of 5 coral colonies in this diagram, and the

bias towards large colonies would affect

diversity and species richness estimates. A Figure 6.7 — Diagram of how small sized corals
. . are under-sampled in line transects compared
one metre wide belt-transect will record the to 1-m wide belt transects (Ault & Smith, 2007).

largest amount of information (29 colonies)
and thus also have the highest statistical power. During test dives it was found that
three 20m by 1m belt-transects could be accurately surveyed in one 60-90 minute

dive.

6.3.1 - The transects

Three belt transects were surveyed per site, each
belt transect was one metre wide and 20 metres long.
These transects were permanently marked with 60cm
long (1.27cm wide) rebar stakes (Fig. 6.8), hammered
20cm into dead coral using a 1.81kg maul hammer.
When these rebar stakes were first positioned, the first
stake was randomly placed close to the reef wall or the
end of a reef spur, and then the next was positioned
perpendicular to the reef wall/along a reef spur. Where

this wasn’t possible, often due to the reef being too

narrow, transects were laid parallel to the wall with at

Figure 6.8 - Rebar stake in dead

least five metres gap between the separate transects. coral, with transect tape and
flagging tape attached.

Transects were then numbered; starting with the closest
to the mooring buoy, or GPS location if it was an anchor drop site. The first transect

was marked with a single piece of fluorescent flagging tape, the second with two
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pieces and the third with three pieces. Prior to surveys commencing a measuring
tape was attached between corresponding rebar stakes, this was kept tight to

prevent movement in swell or currents.

6.3.2 - Preparation

Prior to a survey starting a new waterproof data sheet, designed for this survey,
was attached to a waterproof clipboard and the date and site name recorded. Along
with this data sheet a ,T-bar’ was used on all surveys. The T-bar consists of two
lengths of 18mm wide PVC tubing; one 60cm long and one a metre long, with the
60cm tube attached to the centre of the metre tube with a PVC T-connector. The
metre long PVC tube was marked in 10cm intervals along its length with black
electrical tape and in one of the end 10cm sections marked every centimetre, to be

used for measuring coral heads.

At the start and end of each transect the depth was recorded on the data sheet.
At the start of the first transect the time was recorded and at the start of the second
transect the temperature was recorded. This was done to give the temperature
gauge time to adjust. The survey of each transect was done by moving slowly along
the transect tape, holding the T-bar with its centre just above the tape, to measure

0.5m either side, and then the following data is recorded.

6.3.3 - Species

For every distinct coral colony, of any size identifiable with the naked eye (approx
>2cm), that has 50% or more of its structure within 50cm of the transect line, the
species name was recorded. The coral was identified using their CARICOMP-based
codes which is simply the first letter of the coral’s genus name followed by the first
three letters of the species name (e.qg., Porites astreoides = PAST). A coral colony is
one genetic individual of coral, with distinct margins between different colonies. For
lobate corals such as Montastraea annularis it is important to distinguish between

different colonies and not lobes.

6.3.4 - Dimensions

For every coral colony larger than 10cm at its widest point, the first measurements
are done on the dimensions that are perpendicular to its axis of growth. For most
coral colonies this is approximately perpendicular to the sea bed but it is important to
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always check before measuring, especially for encrusting species that could be
growing on the side of old dead coral heads. Once the axis of growth was identified
for any coral that had a maximum length, perpendicular to the axis of growth, over
ten centimetres (at its widest point), the dimensions were measured. The
measurements taken were maximum length, the maximum width, perpendicular to
the initial measurement, and the height of the coral colony. The height measured is
only the height of the coral that is live or if it has new or transitional mortality (terms
described below), to the lowest point of these areas. Measurements were done to the
nearest 1cm up to 10cm, 2cm to 20cm and 5cm to 50cm and 10cm when >50cm.
Measurements were only done for coral colonies greater than 10cm for reasons of

speed, due to limiting bottom times and air, especially on the deeper dives.

6.3.5 -Percentage partial mortality

For all coral heads whose species was recorded, the outward facing surface of
the colony (i.e. as before; perpendicular to axis of growth) was examined and an
estimate made of the percentage of the coral head that had died. The mortality was
first categorised into either ,new’, ,fransitional’ or ,old’. New mortality is defined as
mortality that has occurred in the last minutes, hours or few days at most, with the
corallites (surface skeleton) still intact and bright white with no algal growth or
sediment covering it. Care was taken not to confuse this with fish predation.
Transitional mortality is mortality that had occurred in the past days to few months at
most with the corallites structure still intact or slightly eroded but may be covered in a
film of microalgae or sediment. Old mortality is any mortality older than a few months
where the corallites structure is completely removed or covered by algal growth.
When <10% or >90% it was estimated to the nearest 1% for 10%>90% estimated to
the nearest 5%. If there were two types of mortality on a coral then the percentage of
each was estimated separately. Mortality was only estimated on the outward facing

surfaces for reasons of speed and estimation accuracy.

6.3.6 - Bleaching, disease and overgrowth

Lastly, three measures of coral health were recorded; the presence of bleaching,
disease and overgrowth. This was done for all coral colonies that were seen (50% or
more within transect), with a simple presence or absence measure for each colony.

Bleaching was recorded when there was significant paling on the colony. Care was
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taken not to confuse the naturally white tips of Agaricia spp. or A.cervicornis with
bleaching. Disease was usually easily noticeable, but to identify the disease is much
harder and so was not done in this study. Overgrowth was recorded as the presence
of one of two organisms, the first was a tunicate that rapidly grows over the surface
of the coral colony, and the second was a brown or black, zooxanthellate clionid

sponge. These both cause significant harm to the coral.

If during a survey there were any problems identifying a coral species or
distinguishing between bleaching and disease then a photo was taken for further

study once on land.
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Figure 6.9 - Black band disease spreading over a
Siderastrea sidereal coral colony. With close up of

disease border and ,new mortality’.

Figure 6.10 — White plague disease on Diploria
labyrinthiformis, showing a band of ,new mortality’

in the centre and ,fransitional mortality’ to the left.

Figure 6.11 (left) — Fish predation on Montastraea faveolata coral (not mortality). Figure 6.12 (centre) — ,Old
mortality’ on the top of a Montastraea cavernosa coral with algal mat growing over colony. Figure 6.13 (right)

— A single Montastraea annularis coral colony with tunicate overgrowth.

Figure 6.14 (left) — A single Montastraea annularis coral colony with bleaching on its extremities. Figure 6.15
(centre) — Healthy Agaricia coral (note; white tips). Figure 6.16 (right) — Healthy Montastraea faveolata coral

colony and Acropora cervicornis colony, note; white tips of A.cervicornis.
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6.4 - Data manipulation

Each site was given an ID code (Appendix A) and its data was written into an
Excel spreadsheet. Identifying coral species was aided using Humann & Deloach’s
(2007) book; “Reef Coral Identification: Florida, Caribbean, Bahamas” and the
website; www.coralpedia.com. Although studying the effects of the Marine no-take
Parks (MPAs) was the main aim of this study, all variables were analysed between a
range of ,study factors’, shown in table 6.4 below. The MPA could only be reported

as having a significant effect when the other variables were not.

Factor Description

Island Grand Cayman (GCM), Little Cayman (LC) and Cayman Brac (CB).
Protection Level Within Park or Outside Park
Aspect For All Islands combined and Grand Cayman alone; North, South and West. For

P Cayman Brac and Little Cayman; North and South.
Depth Mean depth. For coral cover; individual transect mean, other analysis; Site

P mean.

Determined on location at each site.

Terrace

Shallow; 6.756<X<13.17, Deep; 14.95<X<23.27.

Table 6.1 — Study factors. Note; during preliminary analysis it was found that Depth; due to its extra accuracy
(c.f. Terrace) predominantly returned more accurate P-values and sometimes showed significance when terrace
failed to. Therefore, when a mean depth is shown this is the mean of that Terrace; however the analysis is tested

on the mean Depth.

6.4.1 - Composition data

A separate spreadsheet was made for the composition data, consisting of a row
for each site surveyed and the total numbers of each individual coral species
identified in the corresponding columns. This was then repeated, categorising the
coral into their separate genera. Comparisons could then be made between the

different study factors.

6.4.2 - Diversity analysis

The diversity measures; coral colony number, species number, Shannon’s
Diversity Index, Simpson’s Diversity Index, Pielou’s evenness and species richness
were chosen as they cover all aspects of coral number and species diversity. The
total coral colony number is simply the total number of colonies of any size that were
found on each site. The species number is the total number of different species found

on each site. There is considerable discussion about which index is more accurate in
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measuring diversity; Shannon’s Diversity Index or Simpson’s Diversity Index.
Although they are very closely related; the exponent of the Shannon Index is linearly
related to the inverse of Simpson’s (Hill, 1973). However, the Simpson’s Index is
heavily weighted towards the most abundant species and the Shannon’s more
sensitive to rare species. As there are both very rare species and very abundant
species in the dataset it was thought the best option would be to use both indices.
Pielou’s evenness is a measure of how evenly the proportions of species are
distributed in the sample/site which is calculated as the Shannon index divided by the
natural log of the species number. Species richness is a measure of how many
species there in a sample, however rarefaction means that the richness is calculated

taking into account that some sites have a higher number of corals.

6.4.3 - Coral cover

For coral cover analysis, Millepora alcicornis was not included in the dataset as it
is a tall slender branching species and does not contribute to coral cover. The
percentage coral cover was calculated for each individual transect, using the

following calculations.

The radius of each coral head as follows;

1 (Length + Width)
T3 2

Then the total area of each coral head minus the (total) percentage mortality of
that head;

Coral Head (CH) = mr?

100 — percentage mortality
- 100 F e

To obtain the percentage covers per (20m by 1m) transect;

x(4)
Cover = (200000 * 100
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6.4.4 - Mortality Prevalence

The same was done for total mortality, new mortality, transitional mortality and old
mortality. The mortality area was calculated by the percentage of each type of
mortality divided by 100 and then multiplied by the area of each coral head
(calculated as above for coral cover). For the Island total, the total mortality for each
coral head was summed for every coral head on the island and then divided by the
total area of all coral heads (dead or alive) found on that island and then multiplied by
100. The same was then undertaken for within park coral heads, summing for all
heads inside the park, and then dividing by the total coral head area within park and

multiplying by 100.

6.4.5 - Disease, Bleaching and Overgrowth

This was calculated similarly to mortality prevalence. The total number of coral
heads that Disease, Bleaching and Overgrowth (separately) were present on, either
within park or per Island was divided by the total number of coral colonies (within
park or per island respectively) and multiplied by 100. This was then done similarly

for the aspect of each island.

6.4.6 - Conservation Index calculation

Conservation index calculations were first developed to assess which areas
MPAs would be most effective in, as they can provide an accurate measure of the
biodiversity of corals, fish or invertebrates (Harding et al., 2006). A modified form of
conservation index calculation was used for this study. It was designed with the aim
of summarising the large amount of data recorded into a simple scoring system in
order for comparisons to be made between the study factors. The scoring system
was simple. Mean values of what were thought to be the most important measures
were calculated for the three islands data combined; coral colony number, Shannon’s
Diversity Index, Simpson’s Diversity Index, Pielou’s evenness, species richness, total
mortality, mean diameter, height, bleaching and disease. Then for each variable on
each site, a score of zero was given if the site had a higher value than the mean and
a score of one if it was lower. For bleaching, disease and mortality the opposite was
done, as a ,better’ score is one that is lower than the mean and a ,worse’ score one
that is higher. Scores were then totalled for each site and then categorized into low

scoring (0<4), medium scoring (5>7) and high scoring (8>11).
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6.5 - Statistical Analysis

For all statistical analysis, the program ,R’, version 2.11.1 (R Development Core
Team, 2010) was used. A statistically significant result was reported when P < 0.05
and although not statistically significant a result when 0.05 > P > 0.1 was reported as
marginally insignificant. When interaction between factors was detected in a model
then P-values from the interactive model were recorded, if no interaction was

detected then P-values from a non-interactive model were used.

6.5.1 - Species composition

The total counts for each individual species were pooled for each site and
compared between all factors, for all three islands together and then each island
individually. The ,R’ package, vegan (Oksanen et al., 2010) version 1.17-3, was used
to do Permutational Multivariate Analysis of Variance Using Distance Matrices
(ADONIS) to test if there were significant differences between the study factors. It
was chosen as it is a more robust tool than alternatives such as ,anosim’ (Oksanen et
al., 2010). Bray-Curtis Dissimilarity Indices were utilized through Multiple Response
Permutation Procedure (MRPP), and Non-Metric Multidimensional Scaling (NMDS),
both in the vegan package, to create ordination diagrams and hierarchical clustering

dendrograms to compare the within group and between group dissimilarities.

6.5.2 - Genera and coral cover analysis

One-way Analysis of Variance (ANOVA) was used to determine whether any
significant differences existed between genera abundance or coral cover between
study factors. The assumption of homogeneity of variances was tested using the
JLevene test’ prior to all ANOVA analysis. Where heterogeneity was found, data was
square root transformed to a maximum of the fourth root and if it still failed then
Welch’s one-way ANOVA was used, as it does not require homogeneity of variances
(Welch, 1951). It is not required to test for normality prior to analysis as ANOVA is

robust to non-normality.
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7 - Results

During June and July 2010, a total of 9819 coral colonies were surveyed at 55

different sites around the Cayman Islands. At each site three transects, one metre

wide and 20m in length, were conducted covering a total reef area of 3300m?. This

included 27 sites on Grand Cayman (1620 m?), 16 sites on Little Cayman, (960 m?),

and 12 sites on Cayman Brac (720m2). These surveys provided data on coral colony

sizes, abundance, diversity, and health.

7.1 - Coral Community Composition

Of the 9819 coral colonies recorded a total of 33 different species were identified

around the Cayman Islands (Table 7.1). Note: Millepora alcicornis and Millepora

complanata are of the class; Hydrozoa, not of the true coral class; Anthozoa and

order; Scleractinia. However, the Millepora species’ lay down a calcareous skeleton

like those of the Scleractinian corals, meaning it is an important reef builder, and so

will be included in this study.

Coral Species

Acropora cervicornis

Madracis decactis

Mycetophyllia aliciae

Acropora palmata

Madracis mirabilis

Mycetophyllia lamarckiana

Agatricia spp*

Manicina areolata

Porites astreoides

Colpophyllia natans

Meandrina meandrites

Porites divaricata

Dichocoenia stokesii

Millepora alcicornis

Porites furcata

Diploria labyrinthiformis

Millepora complanata

Porites porites

Diploria strigosa

Montastraea annularis

Scolymia cubensis

Eusmilia fastigiata

Montastraea cavernosa

Siderastrea radians

Favia fragum

Montastraea faveolata

Siderastrea sidereal

Isophyllastrea rigida

Montastraea franksi

Solenastrea bournoni

Leptoseris cucullata

Mussa angulosa

Stephanocoenia intersepta

Table 7.1 - Coral species identified during surveys of reef sites on Grand Cayman (n = 27), Little Cayman (n = 16)
and Cayman Brac (n = 12) in June and July 2010. * Agaricia was only identified to genus level.
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7.1.1 - Differences in species composition with all islands’ data combined

Agaricia was found to have the highest abundance across the three islands;
however this is explained by it only being identified to genus level. Therefore the
most abundant single species found was Porites astreoides. Montastraea faveolata
was the second most abundant species on Grand Cayman and Little Cayman, but
third on Cayman Brac, after Siderastrea sidereal (Table 7.2). The rarest species were
Isophyllastrea rigida, found only twice on Little Cayman (LC3 and LC5, both within
the park), Solenastrea bournoni; only found once on the north coast of Little Cayman
(LC11, outside park) and Mussa angulosa, found only once on the south coast of
Grand Cayman (GCM21, outside the park).

Grand Cayman Little Cayman Cayman Brac
Species

Mean SE Mean SE Mean SE

Agatricia spp* 49.9 3.9 53.3 53 63.9 7.9
Porites astreoides 34.8 3.9 211 2.8 311 3.3
Montastraea faveolata 16.8 1.3 221 3.0 154 2.6
Siderastrea sidereal 15.4 20 20.5 3.2 15.8 3.7
Montastraea annularis 8.1 1.9 12.2 1.8 9.7 2.0
Montastraea cavernosa 10.9 1.5 7.8 1.7 3.3 0.8
Millepora alcicornis 6.2 1.3 7.5 1.2 6.5 1.4
Diploria strigosa 3.9 1.6 3.6 1.0 5.2 2.7
Porites divaricata 1.7 0.4 4.3 1.0 4.6 1.4
Millepora complanata 1.7 0.8 0.9 0.3 7.3 3.0
Dichocoenia stokesii 3.6 1.2 2.5 0.7 2.8 0.9
Porites furcata 3.0 0.6 3.7 0.9 2.2 0.8
Porites porites 2.5 0.6 3.6 0.8 2.2 0.5
Stephanocoenia intersepta 1.9 0.5 24 0.8 3.3 0.9
Montastraea franksi 3.1 0.7 1.8 0.6 1.9 0.9

Table 7.2 - Top 15 most abundant coral species (mean of all Islands) identified during surveys of reef sites on
Grand Cayman (n = 27), Little Cayman (n = 16) and Cayman Brac (n = 12) in June and July 2010. * Agaricia spp.
was only identified to genus level.

When the data for all three islands were compared together using ADONIS it was
found that island, protection level, aspect and depth all had very highly significant
affects on species composition (Table 7.3). It was also found that there were
significant interactive affects of island:aspect and protection level:aspect on species

composition. Protection level:aspect is most likely due to the entire west shore of
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Grand Cayman being inside the MPA and island:aspect due to there only being a

west aspect on Grand Cayman.

Factor (py F.model R2 P
Island (.15 3.453 0.0799 0.001
Protection Level (1, 1) 6.686 0.0774 0.001
Aspect (.15 5.028 0.1164 0.001
Depth (1, 15) 9.801 0.1134 0.001
Island:Aspect (2,15 1.827 0.0435 0.025
Protection Level:Aspect (1, 1g) 2.139 0.0247 0.038

Table 7.3 — Significant Results of Permutational Multivariate Analysis of Variance Using Distance Matrices
(ADONIS), with all three islands’ data combined, identified during surveys of reef sites on Grand Cayman (n = 27),
Little Cayman (n = 16) and Cayman Brac (n = 12) in June and July 2010.

7.1.1.1 - Differences between Islands

Further analysis of the differences between islands using MRPP yielded a
significance of delta = 0.002, this means that the between group dissimilarity is
significantly greater than the within group dissimilarity. The ordination diagram and
cluster plot in fig. 7.1 shows that Cayman Brac and Little Cayman are significantly
more similar in their overall species composition than they are to Grand Cayman.
NMDS confirms that the species composition of Grand Cayman is 39.9% dissimilar to
that of Cayman Brac and 39.1% dissimilar to Little Cayman, whilst the latter are only
37.5% dissimilar to each other. NMDS also shows that the within group dissimilarity
is 35.8% in Little Cayman, 37.3% in Cayman Brac and 38.8% in Grand Cayman. This
shows that there is a greater variation in species composition between all Islands

than there is within each Island group.

The differences found by MRPP and NMDS may be due to differences in the
species composition itself or differences between the within-group dissimilarities. This
means that the difference between Cayman Brac and Little Cayman may be
significant only because Cayman Brac has a greater dissimilarity among its sampling
units. To test this, ADONIS was used to test the difference between only Little
Cayman and Cayman Brac. This supported the previous findings with a significant
difference between the islands, albeit less statistically significant than with all three

islands together.
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Factor (o F.model R2 P
Island (1,3 3.785 0.0618 0.010
Protection Level (1 3 3.338 0.0545 0.014
Aspect (13) 7.771 0.1271 0.001
Depth (13 10.463 0.1711 0.001
ProtectionLevel:Aspect (4 3) 2.792 0.0456 0.031

Table 7.4 — Significant Results of ADONIS, for Cayman Brac and Little Cayman data combined, identified during
surveys of reef sites on Grand Cayman (n = 27), Little Cayman (n = 16) and Cayman Brac (n = 12) in June and
July 2010.

7.1.1.2 - Differences between protection levels

MRPP of the differences between protection levels of all Islands combined
yielded a significance of delta = 0.001, this means that the between group
dissimilarity is very highly significantly greater than the within group dissimilarity,
supporting the previous ADONIS result. The ordination diagram (fig. 7.2a) and cluster
analysis shows that the within group dissimilarity is greater outside park (39.3%) than
within park (34.0%). The between group dissimilarity was found to be 39.8%; this
means that with the three Islands combined, overall protection level is having an

effect on species composition, albeit possibly a small affect.

7.1.1.3 - Differences between Aspects

MRPP of the differences between Aspects yielded a significance of delta = 0.001,
this means that the between group dissimilarity is very highly significantly greater
than the within group dissimilarity, supporting the previous ADONIS result. The
Ordination diagram in figure 7.3 shows that the north and west aspects are more

similar in their overall species composition than the south aspect

Cluster analysis confirms that the species composition of the south is very
different to that of the north (40.3%) and west (43.6%), whilst the latter are more
closely related (34.6%). Cluster analysis also found that that the within group
dissimilarity is just 28.8% in the west, 34.2% in the north and 41.2% in the south. As
before this was checked with ADONIS which found that north and west were highly
significantly different (F1 14 = 6.127, R2= 0.265, P = 0.001).
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Fig. 7.2 Differences between
Protection Levels; 7.2a (left);
Ordination diagram of species
composition, Figure 7.2b (right);
plot of the mean dissimilarities
within and between Island
groups. Data was collected
during surveys of reef sites on
Grand Cayman (n = 27), Little
Cayman (n = 16) and Cayman
Brac (n = 12) in June and July
2010.

Fig. 7.1; Differences between
Islands. 7.1a (left); Ordination
diagram of species composition,
Figure 7.1b (right); Cluster plot of the
mean dissimilarities within and
between Island groups. Data was
collected during surveys of reef sites
on Grand Cayman (n = 27), Little
Cayman (n = 16) and Cayman Brac
(n =12) in June and July 2010.

Adam Barton

Figure 7.3 Differences between
Aspects; 7.3a (left); Ordination
diagram of species composition,
Figure 7.3b (right); Cluster plot of
the mean dissimilarities within and
between Island groups. Data was
collected during surveys of reef sites
on Grand Cayman (n = 27), Little
Cayman (n = 16) and Cayman Brac
(n =12) in June and July 2010.
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7.1.2 - Differences in species composition on Grand Cayman
Figure 7.4, below shows the coral community composition of the sites on Grand
Cayman separated into the different study factors. There seems to be slight

differences between the factors, however also a large amount of variation between

sites.
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Figure; 7.4; Charts showing the coral community structure of Grand Cayman. With Top-left; protection level, Top-
right aspect, Bottom-left; depth with increasing depth along the X-axis but divided into terraces. Data was
collected during surveys of reef sites on Grand Cayman (n = 27), Little Cayman (n = 16) and Cayman Brac (n =
12) in June and July 2010.

On Grand Cayman ADONIS found protection level to have a very highly

significant affect on species composition, depth was found to have a highly significant

effect and aspect was found to have a significant effect.

Factor (pf) F.model R2 P
Protection Level (13| 7.704 | 0.1945 | 0.001
Aspect (43 2.852 | 0.0720 | 0.010
Depth (13 2.926 | 0.0739 | 0.007

Table 7.5 — Significant Results of ADONIS, for Grand Cayman data alone, identified during surveys of reef sites
on Grand Cayman (n = 27), Little Cayman (n = 16) and Cayman Brac (n = 12) in June and July 2010.
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7.1.2.1 - Differences between protection levels

MRPP of the differences between protection levels confirmed that the between
group dissimilarity is very highly significantly greater than the within group
dissimilarity (& = 0.001). The ordination diagram (fig. 7.5a) shows that the within
group dissimilarity of the outside park group is much larger than the within park
group. Cluster analysis (fig. 7.5b) confirms this; the within park has a within group
dissimilarity of 28.8% and outside park has a within group dissimilarity of 38.3%,
whereas the between group dissimilarity is 41.6%. This means that there is a
significant difference in the species composition. However, GCM12 and GCM11
again seem to be outliers to the data which may explain the higher outside park

dissimilarity.

Figure; 7.5a (left); Ordination diagram of species composition, Figure 7.5b (right); Cluster plot of the mean
dissimilarities within and between protection level groups. Data was collected during surveys of reef sites on
Grand Cayman (n = 27), Little Cayman (n = 16) and Cayman Brac (n = 12) in June and July 2010.

Referring back to figure 7.4, graphs of species composition, the reason that
GCM11 and GCM12 are outliers can be explained, as they have a much higher
abundance of Diploria strigosa and Dichocoenia stokesii and also the presence of the
one of the rarest species Acropora palmata. This means that they should not be
removed from the data set for analysis, as although they are outliers, this is a natural

occurrence and not a mistake in the data.
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7.1.2.2 - Differences between aspects

MRPP of the differences between aspects yielded a significance of delta = 0.001,
this means that the between group dissimilarity is very highly significantly greater
than the within group dissimilarity, supporting the previous ADONIS result. The
ordination diagram (fig 7.6a) shows that the north and west aspects are more similar
in their overall species composition than the south, and that the south has a larger
within group dissimilarity. This is confirmed by cluster analysis (fig. 7.6b) showing that
the south is significantly different to the north (39.9%) and west (45.8%), whilst the
latter are relatively closely related (38.1%). Figure 7.6b also shows that the within
group dissimilarity of the south is quite large (43.2%) but much smaller in the north
(32.5%) and west (28.8%). The within group dissimilarity of the south is greater than
the average dissimilarity between it and the other two aspects, which means it cannot
be accurately described as significantly different from them. However, from the
Ordination diagram it looks as though GCM11 and GCM12 are outliers and so if they
were removed this would significantly reduce the within group dissimilarity. As before
this was checked with ADONIS which found that north and west were very highly
significantly different (F¢ 17 = 6.127, R2= 0.265, P = 0.001).

Figure; 7.6a (left); Ordination diagram of species composition, Figure 7.6b (right); Cluster plot of the mean
dissimilarities within and between aspect groups. Data was collected during surveys of reef sites on Grand
Cayman (n = 27), Little Cayman (n = 16) and Cayman Brac (n = 12) in June and July 2010.
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7.1.3 - Differences in Species composition on Little Cayman
Figure 7.7, below shows the coral community composition of the sites on Little
Cayman separated into the different study factors. There seems to be slight

differences between the factors, however also a large amount of variation between

sites.
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Fig. 7.7; Charts showing the coral community structure of Little Cayman. With Top-left; protection level, Top-right;
aspect, Bottom-left; depth; increasing depth along the X-axis but divided into terraces. Data was collected during
surveys of reef sites on Grand Cayman (n = 27), Little Cayman (n = 16) and Cayman Brac (n = 12) in June and
July 2010.

ADONIS analysis found aspect to have a very highly significant affect on species
composition, protection level was found to have a highly significant affect and depth
was found to have a significant affect. It was also found that there was a significant
interactive affect of aspect:protection level, which may mean that the MPA is having

a greater affect on one side of the Island.

Factor (pf) F.model R2 P
Protection Level (4 3 5.1048 | 0.1303 | 0.006
Aspect (13 54138 | 0.1719 | 0.001
Depth (13 2.9128 | 0.0925 | 0.011
Aspect:Protection Level (13 24098 | 0.0765 | 0.047

Table 7.6 — Significant results of ADONIS, for Little Cayman data alone, identified during surveys of reef sites on
Grand Cayman (n = 27), Little Cayman (n = 16) and Cayman Brac (n = 12) in June and July 2010.
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7.1.3.1 - Differences between Protection Levels

MRPP of the differences between Protection Levels yielded a significance of delta
= 0.007. The Ordination diagram (fig. 7.8a) shows that the two groups are quite
similar, but again LC5 looks like an outlier to the data. NMDS (fig. 7.8b) shows that;
within park has a within group dissimilarity of 33.5% and outside park has a within
group dissimilarity of 35.1%, whereas the between group dissimilarity is 37.1%. This

means that there is a significant difference in the species composition.

Figure; 7.8a (left); Ordination diagram of species composition, Figure 7b (right); Cluster plot of the mean
dissimilarities within and between protection level groups. Data was collected during surveys of reef sites on
Grand Cayman (n = 27), Little Cayman (n = 16) and Cayman Brac (n = 12) in June and July 2010.

7.1.3.2 - Differences between Aspects

MRPP of the differences between Aspects yielded a significance of delta = 0.035.
The ordination diagram (fig. 7.9a) and Cluster analysis (fig. 7.9b) confirm the
significant difference. North has a within group dissimilarity of 30.4% and south has a
within group dissimilarity of 36.6%, whereas the between group dissimilarity is 37.7%.
This means that there is a significant difference in the species composition. However,
LC5 seems to be an significant outlier to the data, looking at figure 7.7, it is obvious
why this is in an outlier as it has the smallest abundance of coral colonies of any

Little Cayman site.
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Figure; 7.9a (left); Ordination diagram of species composition, Figure 7.9b (right); Cluster plot of the mean
dissimilarities within and between aspect groups. Data was collected during surveys of reef sites on Grand
Cayman (n = 27), Little Cayman (n = 16) and Cayman Brac (n = 12) in June and July 2010.

7.1.4 - Differences in species composition on Cayman Brac

Figure 7.10, below, shows the coral community composition of the sites on
Cayman Brac separated into the different study factors. Again, there seems to be
slight differences between the factors, however also a large amount of variation

between sites.
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Fig. 7.10; Charts showing the coral community structure of Cayman Brac. With Top-left; Protection level, Top-
right; Aspect, Bottom-left; Depth; increasing depth along the X-axis but divided into Terraces. Data was collected
during surveys of reef sites on Grand Cayman (n = 27), Little Cayman (n = 16) and Cayman Brac (n = 12) in June

and July 2010.
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ADONIS analysis found depth to have a significant effect on species composition,
aspect was found to have a marginally insignificant affect and Protection Level was

found to have no significant effect.

Factor pr) F.model R2 P
Protection Level (1,10) 0.0692 0.0069 | 0.998
Aspect (1,10) 2.04791 0.17 0.064
Depth (1,10) 2.5413 0.2026 | 0.013

Table 7.7 — Significant Results of ADONIS, for Cayman Brac data alone, identified during surveys of reef sites on
Grand Cayman (n = 27), Little Cayman (n = 16) and Cayman Brac (n = 12) in June and July 2010.

7.1.4.1 - Differences between protection levels

MRPP of the differences between protection levels yielded a significance of delta
= 0.966, this means that the between group dissimilarity is less than the within group
dissimilarity, therefore there is no significant difference. NMDS confirms this; within
the park has a within group dissimilarity of 34.4% and outside the park has a within

group dissimilarity of 43.9%, whereas the between group dissimilarity is 35.9%.

7.1.4.2 - Differences between aspects

MRPP of the differences between aspects yielded a significance of delta = 0.019.
The ordination diagram (fig. 7.11a) shows that the two aspects are very similar;
however CB7 is an outlier, in being very different from the other data. Cluster
analysis (fig. 7.11b) confirms this, as north has a within group dissimilarity of 31.1%
and south has a within group dissimilarity of 39.6%, whereas the between group
dissimilarity is 39.0%. This means that there is not a significant difference in the
species composition and MRPP was simply showing a significant difference between
the within group dissimilarities. However, if CB7 was removed this would likely be a
very different result. Referring back to fig 7.10 it shows that CB7 has a slightly higher
number of Dichocoenia stokesii but perhaps more significantly it has no Siderastrea

sidereal; unlike any other Cayman Brac site.
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ARG

Figure; 7.11a (left); Ordination diagram of species composition, Figure 7.11b (right); Cluster plot of the mean
dissimilarities within and between protection level groups. Data was collected during surveys of reef sites on
Grand Cayman (n = 27), Little Cayman (n = 16) and Cayman Brac (n = 12) in June and July 2010.

7.2 - Coral Genera Distribution

Figure 7.12, below, shows the 10 most abundant genera over the three islands
and the differences between them. The top three genera, Agaricia, Porites and
Montastraea, dominate reefs across all islands, with the next three, Siderastrea,
Millepora and Diploria also contributing significantly to the reef community. From the
chart you can see that no island consistently had a higher abundance of genera, for
example Little Cayman has a much higher abundance of Agaricia than the other

islands but a smaller abundance of Montastraea.
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Figure; 7.12; Barplot showing the top 10 most abundant coral genera across all three islands. Data was collected
during surveys of reef sites on Grand Cayman (n = 27), Little Cayman (n = 16) and Cayman Brac (n = 12) in June
and July 2010.
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7.2.1 - Differences between islands

Appendix B(i) shows the results of ANOVA analysis on the top 6 genera. For the
factor island, marginally insignificant differences were found for Montastraea (F, 5, =
3.167, P = 0.050) with post hoc analysis showing the differences to lie between Little
Cayman and Cayman Brac alone (P = 0.04) and Millepora (F,5,=3.107, P = 0.053).
With post hoc showing the differences were between Grand Cayman and Cayman
Brac (P = 0.050) alone, no other genera were found to significantly vary between

islands.

7.2.2 - Differences between protection levels

When all islands data was combined it was found that abundance was
significantly higher within park for Agaricia and Montastraea but significantly lower for
Siderastrea and (marginally insignificantly) lower for Diploria. For Grand Cayman
data alone it was found that there was significantly higher abundance of Agaricia,
Porites and (marginally insignificantly) Montastraea within park but significantly less
Siderastrea. For Little Cayman; Agaricia and Montastraea were significantly more
abundant within park but Porites was (marginally insignificantly) higher outside park.
For Cayman Brac there was no significant difference between protection levels for

any of the genera.

7.2.3 - Differences between aspects

When all islands data was combined it was found that there was a significant
difference between aspects for; Agaricia and Porites (south<north<west), Siderastrea
and Diploria (west<north<south). For Grand Cayman data alone the same
significance was found but different distributions; Agaricia (south<north<west),
Porites (north<south<west), Siderastrea (west<south<north) and Diploria
(west<north<south). The post hoc analysis for all islands and Grand Cayman can be
found in Appendix B(ii), the majority of the significance lies between the west and
south aspects but some between other aspects also. For Little Cayman; only Porites
(south<north) was found to be marginally insignificant. Finally, for Cayman Brac only

Agaricia (south<north) was found to have a significant difference between aspects.
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7.2.4 - Differences with depth

When all islands data was combined it was found that there was a significant
difference over depth for Millepora and Diploria (shallow<deep) and a marginally
insignificant difference for Siderastrea (deep<shallow). For Grand Cayman data
alone, Agaricia (shallow<deep) and Diploria (deep<shallow) were again found to be
significantly different and Porites (shallow<deep) was found to be marginally
insignificant. For Little Cayman, only Siderastrea (shallow<deep) was found to be
marginally insignificant. Finally, for Cayman Brac only Millepora (deep<shallow) was

found to have a significant difference over depth.

7.3 - Species Diversity

The total coral colonies, species abundance, Shannon-Weiner Diversity Index,
Simpson’s Diversity Index, species richness (rarefied), and Pielou’s evenness were
calculated for each Site on Grand Cayman, Little Cayman and Cayman Brac. These
were then compared using one-way ANOVA for protection level, aspect and depth
between all islands (Appendix C) and then each island individually (Appendix D).
Although not all corals were identified to species level, as the same identification
method was used for all sites the diversity measures and indices would be useful for

comparisons.

7.3.1 - Differences between islands

Little Cayman was the most diverse of the islands, with the highest values for
species abundance, both diversity indices and species richness, with Grand Cayman
having a higher evenness of species and Cayman Brac having a higher total coral

colonies count.

Total Shannon- Simpson’s
Species Weiner npsol Pielou’s Species
Island Coral . . Diversity .
. Abundance Diversity Evenness | Richness
Colonies Index
Index

Grand Cayman 175.3 16.07 2.093 0.82 0.757 1.83

Little Cayman 178.6 18.19 2.190 0.83 0.756 1.84

Cayman Brac 185.1 17.33 2.058 0.80 0.723 1.80

Table; 7.8; Table showing mean results of diversity analysis for each island. Data was collected during surveys of
reef sites on Grand Cayman (n = 27), Little Cayman (n = 16) and Cayman Brac (n = 12) in June and July 2010.
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7.3.2 - Differences between protection levels

When all islands data was combined it was found that there was significantly
more (total) coral colonies and (marginally insignificantly) higher species abundance
within the park but significantly lower Simpson’s Diversity Index, Species Richness
and Pielou’s evenness (Appendix C). For Grand Cayman alone, similar was true with
Shannon’s and Simpson’s Diversity Indices, species richness and Pielou’s evenness
all significantly greater outside park and total coral colonies significantly greater
within park. For Little Cayman the same trend was present but not significant for any
of the diversity factors. For Cayman Brac there was only a significant difference for

species abundance which was higher within park.

7.3.3 - Differences between aspects

When all islands data was combined it was found that there was a significant
difference between aspects for total coral colonies, Simpson’s Diversity Index,
Shannon Weiner Diversity Index, species richness and Pielou’s evenness. The post-
hoc analysis can be seen in Appendix C. As the west aspect is entirely within the
park, the statistically significant aspect data can be used to support the findings of
the protection level analysis. For total coral colonies, west is greatest followed by
south then north, however with the diversity, richness and evenness data the west,

within the park, values are smallest; south is highest followed by north and then west.

For Grand Cayman alone, the same diversity factors were found to be significant
(all factors except species abundance) and post hoc analysis showed that total coral
colonies and the Shannon-Weiner Diversity Index significantly differed between west-
north and Simpson’s Diversity Index, species richness and Pielou’s evenness all
differed significantly between west-north and west-south (Appendix D). As there was
no significant differences between north and south for any of the factors the same
pattern as the all Islands combined data cannot be described, however, west/inside
park does have the highest total coral colonies and lowest diversity, richness and

evenness of the three aspects.

For Little Cayman there was a trend of greater coral colonies but lower diversity
on the south (more exposed) aspect but no significant differences. For Cayman Brac,
Simpson’s Diversity Index, species sichness and Pielou’s evenness were all found to

be significantly higher on the south aspects.
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7.3.4 - Differences over depth

When all islands data was combined it was found that there was no significant
difference over depth for any of the diversity measures although all measures tended
to be larger in shallow sites. For Grand Cayman alone there was the same trend with
only a significant difference of total coral colonies over depth. For Little Cayman there
were a lower number of coral colonies on shallow sites and a greater diversity,
richness and evenness but not significantly. On Cayman Brac there were no
significant differences in any of the diversity factors and no discernable trend, except

the same greater number of coral colonies in deeper sites.

7.4 - Coral Cover

Statistic results of coral cover analysis can be found in Appendix E. Coral cover
was calculated for all 165 transects surveyed and compared using one-way ANOVA
between all study factors, over all islands combined and for each island individually.
Over all the sites coral cover ranged from 1.33% found at site CB11 (transect three)
located outside the park on the north shore of Cayman Brac to 36.6% found at site

GCMA19 (transect two) outside the park on the north shore of Grand Cayman.

7.4.1 - Differences between islands

ANOVA found there to be a significant difference of coral cover between islands
(F2.162= 14.376, P < 0.001). With coral cover highest on Little Cayman (14.2%)
followed by Cayman Brac (11.0%) with the lowest on Grand Cayman (8.7%).

7.4.2 - Differences between protection levels

For all islands combined there was a significantly higher coral cover within park.
For Grand Cayman there was a lower cover within park but not significantly. For Little
Cayman there was a very highly significantly higher coral cover within park and for
Cayman Brac there was a slightly higher coral cover within park but not significantly.
The much higher coral cover within park of Little Cayman is probably what is showing

in the all Island result.

7.4.3 - Differences between aspects
For all islands combined aspect was significant with post hoc analysis showing

that south was significantly higher than both north and west. North also had higher
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coral cover than west but not significantly. There was no statistically significant result
for Grand Cayman alone, but the south aspect tended to have a higher coral cover,
followed by west and then north. For both Little Cayman and Cayman Brac sites

there was significantly higher coral cover on the south coasts.

7.4.4 - Differences over depth

For all islands combined there was significantly higher coral cover in shallow sites
compared to deep. This was also true for Grand Cayman sites and tended to be true
on Cayman Brac but not significantly. Little Cayman tended to have a higher coral

cover on deep sites but was also not significantly true.

7.4.5 - Differences between Sites

When the data for all islands combined was analysed, site had a very highly
significant affect on coral cover (Fs4 110 = 5.682, P < 0.001), meaning that there was a
large amount of variation between sites, this value is more significant than the
protection level or depth results and so it cannot be said that they are having a
significant affect. Little Cayman also had significant variation between sites (F1 .46 =
4.462, P = 0.040) but was less than that of protection level (P < 0.001) and aspect (P
= 0.035). Grand Cayman and Cayman Brac did not have a significant difference
between their sites. There was no significant difference between transects for any

island.

7.5 - Size Analysis

7.5.1 - Mean diameter

All coral colonies that were measured in situ during the survey dives (210cm
largest diameter) were analysed for differences between the study factors. Overall
Little Cayman had the largest coral heads (mean; 27.37cm), significantly higher than
Cayman Brac (P < 0.001). Grand Cayman and Cayman Brac were very similar but
Grand Cayman had slightly larger coral heads (23.85cm) than Cayman Brac
(23.82cm). The GLM analysis results can be found in Appendix F and the means for

each study factor can be found in Appendix H.
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7.5.1.1 - Differences between protection levels

Overall, with the data from all islands pooled, protection level was found to have a
significant effect, with coral heads on average 2.27cm smaller outside parks (P <
0.001). On Grand Cayman alone, it was found the same was true, with coral heads
outside the park significantly smaller (P = 0.02), with a difference between their mean
diameters of 1.44cm. On Little Cayman it was also found that overall the mean
diameter of coral heads was smaller outside the MPAs (P < 0.001) by approximately
2.94cm. There was also an interactive affect occurring between protection level and
aspect showing that the coral heads are larger on the south coast, both inside the
parks (P = 0.002) and outside the parks (P < 0.001). It is worth noting that the coral
heads inside the park on the north coast were also smaller than the coral heads
outside the park on the south coast. On Cayman Brac there was no overall affect of
protection level on coral head size (P = 0.77) however interactive affects were again
found between protection level and aspect showing that the coral heads were larger
both inside (P < 0.001) and outside (P = 0.006) the park on the south coast. When
the north and south were analysed separately it was found that protection level was
having a significant positive effect on the South coast (Estimate = -2.775, t value = -
2.51, P=0.01).

7.5.1.2 - Differences between aspects

On Grand Cayman it was found that coral heads on the west coast had the
largest mean diameter (24.79cm) with north very similar (24.03cm) but the south had
a significantly smaller (22.57cm) mean diameter (P = 0.04). On Little Cayman it was
found that the south had significantly larger (7.82cm) coral heads compared to the
north (P < 0.001). On Cayman Brac it was also found that the south coast had
significantly larger (4.58cm) coral heads (P < 0.001) than the north coast.

7.5.1.3 - Differences over depth

For all islands combined depth was found to have a significant, negative effect on
the mean diameter (P = 0.002). On Grand Cayman alone it was found that overall as
depth increased, the mean diameter of coral heads decreased (P < 0.001). The same
was found to Little Cayman (P < 0.001). Cayman Brac was the only Island not to
show this trend of decreasing coral head diameter with depth (P = 0.144). However,

when the aspects were considered separately it was found that on the north coast
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there was a significant decrease in size with depth (Estimate = -0.447, t value = -
3.776, P < 0.001).

7.5.2 - Height

All coral colonies that were measured in situ during the survey dives (210cm
largest diameter) were analysed for differences of their heights between the study
factors. Overall Cayman Brac had the smallest heights (mean; 13.71cm), with both
Grand Cayman (14.81cm) and Little Cayman (15.91cm) significantly higher (both; P
< 0.001). The GLM analysis results can be found in Appendix G and the means for

each study factor can be found in Appendix H.

7.5.2.1 - Differences between protection levels

Overall it was found that the heights of coral colonies outside the parks were
significantly smaller (1.12cm) than inside the parks (P < 0.001). Grand Cayman
showed the same result with corals outside the park 1.44cm smaller than inside (P <
0.001). Little Cayman showed the same, coral outside the parks 1.5cm smaller than
inside (P < 0.001). However, on Little Cayman there was an interaction found
between protection level and aspect with coral colonies inside the park on the south
coast smaller (but not significantly) than inside the north coast park. The colonies
outside the park on the south coast were significantly larger than the colonies outside
the park on the north coast (P < 0.001). On Cayman Brac there was no significant
difference between protection levels for the whole island or the south and north

coast’s separately.

7.5.2.2 - Differences between aspects

On Grand Cayman it was found that the south had significantly shorter coral
heads (P < 0.001) than the north and the west had significantly taller coral heads
than the north (P < 0.001), the heights ranged from 14.22cm on the south to 16.58cm
on the west. For Little Cayman it was found that overall the colonies on the south
coast were slightly smaller than the north, but not significantly. On Cayman Brac
there was no significant result but the colonies tended to be larger on the south

coast.
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7.5.2.3 - Differences over depth

For all islands combined, depth was found to have a significant, negative effect on
the height of coral heads (P < 0.001). On Grand Cayman alone it was found that
overall as depth increased the mean height of coral colonies decreased but not
significantly so. A significant effect was however found for Little Cayman (P < 0.001)
and Cayman Brac (P < 0.001).

7.6 - Presence of mortality, disease, bleaching and

overgrowth

7.6.1 - Mortality

Overall Grand Cayman had the highest prevalence of all classifications of
mortality between the three islands, followed by Little Cayman and then Cayman
Brac. Porites furcata had the highest total mortality of all the species followed by
Porites astreoides and Montastraea cavernosa. The total mortality prevalence on
Grand Cayman was found to be significantly higher (GLM; Estimate=9.254, t value =
12.635, P < 0.001) than the other Islands with Little Cayman second, still significantly
higher (GLM; Estimate=1.850, t value= 2.334, P = 0.02) than Cayman Brac.

Overall the total mortality was found to be lower outside the parks (GLM; Estimate
= -1.561, value= -2.676, P = 0.007). However, when the islands were analysed
separately, the total mortality outside the MPA was lower on both Grand Cayman
(GLM; Estimate = -7.639, t value= -7.702, P < 0.001) and (not significantly) Cayman
Brac whereas Little Cayman had a higher prevalence outside the park (GLM,;
Estimate = 1.945, t value= 2.082, P = 0.04).

Total New Transitional Oid

Total | Park | Total | Park | Total | Park | Total | Park

Grand Cayman 30.8 | 39.7 1.7 1.1 5.3 5.5 23.7 | 33.1

Little Cayman 18.4 | 17.6 0.6 0.8 0.5 0.6 174 | 16.2

Cayman Brac 171 | 21.6 0.3 0.2 0.4 0.2 16.4 | 21.2

Table; 7.9; Table showing percentage prevalence of mortality: the cm mortality per cm coral head, multiplied
by 100. Data was collected during surveys of reef sites on Grand Cayman (n = 27), Little Cayman (n = 16) and
Cayman Brac (n = 12) in June and July 2010.
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7.6.2 - Disease, bleaching and overgrowth

Overall, the total prevalence of disease, bleaching and overgrowth was greatest
on Grand Cayman, Little Cayman was second for bleaching and overgrowth,
whereas Cayman Brac was second for disease. However the only statistically
significant result was for bleaching, significantly higher on Grand Cayman (GLM;
Estimate= 0.025255, t value= 5.456, P < 0.001).

Overall disease was significantly more prevalent outside the MPAs (GLM;
Estimate= 0.008, t value= 2.704, P = 0.007). On individual islands it was significantly
more prevalent outside on Little Cayman (GLM; Estimate= 0.010, t value= 2.904, P =
0.004), but not Grand Cayman or Cayman Brac. Overall bleaching was also
significantly higher outside parks (GLM; Estimate= 0.014, t value= 3.851, P < 0.001).
On individual islands it was found to be very highly significant on Grand Cayman
(GLM; Estimate= 0.024, t value= 4.596, P < 0.001) but not significant on either Little
Cayman or Cayman Brac. Overall there was no significant difference found for

overgrowth (P = 0.33), neither was it significant on any individuals islands.

Disease Bleaching Overgrowth
Total Park Total Park Total Park
Grand Cayman 1.11 0.82 3.12 1.59 1.40 1.53
Little Cayman 0.87 0.40 2.52 3.7 1.22 1.52
Cayman Brac 0.95 0.79 0.68 0.52 1.04 0.87

Table; 7.10; Table showing the percentage prevalence of disease, bleaching and overgrowth: the number of
affected corals divided by the total number of corals, multiplied by 100. Data was collected during surveys of reef
sites on Grand Cayman (n = 27), Little Cayman (n = 16) and Cayman Brac (n = 12) in June and July 2010.

Overall Stephanocoenia intersepta had the highest prevalence of disease (3 out
of 86 coral colonies), second was Siderastrea sidereal with (22 out of 636 coral
colonies), followed by species of the Montastraea genus. Bleaching had greatest
prevalence in the Acropora cervicornis coral (4/9), followed by Diploria strigosa
(13/75) and Montastraea annularis (23/518). Overgrowth was greatest on; Eusmilia

fastigiata (5/53) and Colpophyllia natans (5/75).
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7.6.3 - Differences between aspects

No statistical significance was found for all islands' combined data for disease,
bleaching or overgrowth. However, trends were pronounced for bleaching, which was
greatest on the south coasts of all Islands (GLM; Estimate= 0.007, t value= 1.872, P
= 0.06). On Grand Cayman alone, disease was highest on the south coast (GLM,;
Estimate= 0.011, t value= 2.041, P = 0.04), with no significant difference between
west and north. For bleaching the south coast of Grand Cayman had a significantly
higher prevalence (GLM; Estimate= 0.017, t value= 2.036, P = 0.04), again with no
significant difference between west and north. On Little Cayman, disease was
significantly lower on the south coast (GLM; Estimate= -0.014, t value= -2.909, P =
0.004) but no significant difference was found for bleaching. On Cayman Brac no
significant differences were found for disease or bleaching and no significant

difference was found for overgrowth between the aspects of any islands.

Overall, mortality was significantly greater on the most sheltered aspect of all
islands (west on Grand Cayman, north on Little Cayman and Cayman Brac). Again,
on Grand Cayman it was second largest on the north coast; the second most
sheltered coast. This was shown in statistically significant results for west having
greater mortality (GLM; Estimate=9.140, t value= 10.985, P < 0.001) and south
significantly less (GLM; Estimate=-3.974, t value= -6.383, P < 0.001). When the
islands were analysed separately the same pattern was found, each with a

significance of P < 0.01.

Grand Cayman Little Cayman Cayman Brac
North South | West | North South North South

Disease 0.84 1.79 0.82 1.40 0.35 1.04 0.84
Bleaching 2.79 5.45 1.59 0.91 412 0.43 0.94
Overgrowth 1.10 1.57 1.53 1.33 1.12 1.21 0.84
Total Mortality 2.44 1.68 2.99 1.36 0.77 1.47 0.73

Table; 7.11; Table showing the percentage prevalence of disease, bleaching overgrowth and total mortality on
each aspect. Data was collected during surveys of reef sites on Grand Cayman (n = 27), Little Cayman (n = 16)
and Cayman Brac (n = 12) in June and July 2010.

Adam Barton Page | 55



An Assessment of Caymanian Coral Reefs, Are the Long Established Marine No-Take Zones Enough?

7.6.4 - Differences over depth

When all the islands data was analysed together, it was found that disease,
bleaching and total mortality all significantly increased with depth, with overgrowth
not significant. However, when the islands were analysed separately it was found
that these significant differences were due to Grand Cayman alone. With total
mortality, (GLM; Estimate=0.225, t value= 2.223, P = 0.03), disease (GLM;
Estimate=0.001, t value= 2.597, P = 0.009) and bleaching (GLM; Estimate=0.002, t
value= 2.793, P = 0.005) significantly increasing with depth, although the difference

are fairly small.

7.7 - Conservation Values

Conservation values were made for all sites with the aim of compiling all the
analysis previously done into a simple score that could easily be compared between
the study factors. The mean values per site, over all islands, was calculated for the
total coral colonies (Total), Shannon’s Diversity Index (Shann), Simpson’s Diversity
Index (Simp), Pielou’s evenness (Even), species richness (Rich), percentage coral
cover (cover), the mean coral diameter (Diam), the mean coral height (Height), the
average total mortality (Mort), disease (Dis) and bleaching (Bleach). Each site was
given a zero score if its mean was lower than the overall mean and a score of one if it
was higher for all factors except mortality, disease and bleaching; which were scored

conversely. The means for all sites and all factors can be found in Appendix I.

The values varied between levels on all Islands. Overall Little Cayman was the
highest scoring with a mean value of 7.13. It also contained the only site scoring the
highest possible mark, 11. Cayman Brac was second with a mean value of 5.83 and
Grand Cayman last with 4.93. Table 7.11 shows the distribution of the different sites,
classified into high, medium and low status. Overall more sites classed as high status
were found inside parks than out, however the mean value showed a slight converse
difference with 5.65 inside and 5.84 outside.
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Status Grand Cayman Little Cayman Cayman Brac Total
Outside Inside Outside Inside Outside Inside Outside Inside
High 1 2 3 4 3 2 6 7
Medium 10 1 4 3 0 1 15 6
Low 7 6 1 1 3 3 11 10

Table; 7.11; Table showing conservation values between protection levels. High status denotes scores of 8<11,
Medium; 5<7 and low 0<4. Data was collected during surveys of reef sites on Grand Cayman (n = 27), Little
Cayman (n = 16) and Cayman Brac (n = 12) in June and July 2010.

Conservation values were also divided into different aspects to see if any pattern
arose (table 7.12). This showed that on Little Cayman and Cayman Brac the majority
of the high status sites were found on the south coast, whereas on Grand Cayman
they were found on the west. Overall the south had the highest average conservation
value (6.7), followed by the north (5.5) and then the west (4.2).

Status Grand Cayman Little Cayman Cayman Brac
North South West North South North South

High 1 0 2 2 5 1 4

Medium 6 4 1 5 2 1 0

Low 3 4 6 1 1 4 2

Table; 7.12; Table showing conservation values between aspects. High status denotes scores of 8<11, Medium;
5<7 and low 0<4. Data was collected during surveys of reef sites on Grand Cayman (n = 27), Little Cayman (n =
16) and Cayman Brac (n = 12) in June and July 2010.

7.7.1 - Grand Cayman sites

The results of the conservation value analysis are shown in Table 7.13 overleaf,
sites GCM1 to GCM9 are found within the marine park, green highlights high status
sites, orange medium and red low. As mentioned previously, Grand Cayman had few
high status sites, with only two falling within the marine park. The two sites within the
park that were given high status were the northern most site in the park (GCM1) and
the southernmost site (GCMS5), plus the only medium status site (GCM7) was also
found at the very north end of the park. These sites would be furthest away from the

main town; George Town and where the cruise ships anchor.
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GCM15 0 1 1 1 1 0 0 0 1 1 0 6

GCM16 1 1 1 1 1 0 0 0 1 0 0 6
GCM17 1 1 1 1 1 1 0 0 1 0 0 7

GCM19 1 0 0 0 0 1 1 1 0 1 0 5

GCM20 1 1 1 1 1 0 0 1 1 0 0 7

Table; 7.13; Conservation values for Grand Cayman, with green highlighting high status sites (8>11), orange
medium (5>7) and red low (0>4). Data was collected during surveys of reef sites on Grand Cayman (n = 27), Little
Cayman (n = 16) and Cayman Brac (n = 12) in June and July 2010.

7.7.2 - Little Cayman

The results of the conservation value analysis are shown in table 7.14 overleaf,
sites LC1 to LC7 are found within the marine parks, green highlights high status
sites, orange medium and red low. Little Cayman is dominated equally by medium
and high status sites, with only two sites of low status. Only one low status site was
found within the park; LC7. The site with the highest value out of all the Islands, LC3
is found inside the marine park on the north shore. The three sites with the highest
status were not inside the marine parks but were found towards the centre of the

south’s more exposed coast.
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LC4 0 1 0 0 0 0 0 1 1 1 1 5
LC5 0 0 0 0 0 1 1 1 0 1 1 5

Table; 7.14; Conservation values for Little Cayman, with green highlighting high status sites (8>11), orange
medium (5>7) and red low (0>4). Data was collected during surveys of reef sites on Grand Cayman (n = 27), Little
Cayman (n = 16) and Cayman Brac (n = 12) in June and July 2010.

7.7.3 - Cayman Brac

The results of the conservation values analysis are shown in table 7.15 overleaf.
Sites CB1 to CB6 are found within the marine parks, green highlights high status
sites, orange medium and red low. Cayman Brac is an island of extremes dominated
by either very high conservation scores or very low scores, with only one medium
status site. The two high status sites were both found in the south coast marine park
and two of the outside park high status sites were also found on the south coast, with

the only other high status site, CB9 found on the north coast.
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Table; 7.15; Conservation values for Cayman Brac, with green highlighting high status sites (8>11), orange
medium (5>7) and red low (0>4). Data was collected during surveys of reef sites on Grand Cayman (n = 27), Little
Cayman (n = 16) and Cayman Brac (n = 12) in June and July 2010.

7.8 - Conservation index statistics

The raw data collected for the conservation value calculations, shown in Appendix
[, is @ matrix of the most comprehensive site descriptions with regards to all aspects
of coral health, diversity and cover. Using the same methods that were used for
species composition analysis earlier, this data can be analysed to give an extremely

accurate measure of the affect of protection level, aspect and island.

7.8.1 - Differences between islands

ADONIS analysis found the island has a significant effect on the sites (ADONIS;
F.Model, 54 = 2.933, P = 0.026). MRPP confirmed this with a significance of delta =
0.035. NMDS also agreed that Grand Cayman has a within group dissimilarity of
21.9%, Little Cayman; 18.4% and Cayman Brac 17.7%. The between group
dissimilarity of Cayman Brac and Little Cayman was small; 18.4%, but much larger
for Grand Cayman and Little Cayman; 20.7% and Grand Cayman and Cayman Brac
22.2%. The ordinance diagram (fig. 7.13a) and dendrogram (fig. 7.13b) show that
there is a lot of variation on all islands but it seems Little Cayman and Cayman Brac

are closely related.
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Figure; 7.13a (left); Ordination diagram of site differences, Figure 7.13b (right); Cluster plot of the mean
dissimilarities within and between Island groups. Data was collected during surveys of reef sites on Grand

Cayman (n = 27), Little Cayman (n = 16) and Cayman Brac (n = 12) in June and July 2010.

7.8.2 - Differences between protection levels

ADONIS analysis found protection level to have a significant effect on the sites
(ADONIS; F.Model1,54= 6.616, P=0.005). MRPP confirmed this with a significance of
delta = 0.006. NMDS also agreed that the park has a within group dissimilarity of

19.9% and outside park has a within group dissimilarity of 19.4%, whereas the

between group dissimilarity is 21.9%. This may be a very small difference, but it is a

significant one nonetheless. The ordinance diagram (fig. 7.14a, below) shows that

the difference between protection levels is indeed very small but the dendrogram (fig.

7.14b) shows that there is a large difference in the dissimilarities.

Figure; 7.14a (left); Ordination diagram of site differences, Figure 7.14b (right); Cluster plot of the mean
dissimilarities within and between Protection Level groups. Data was collected during surveys of reef sites on
Grand Cayman (n = 27), Little Cayman (n = 16) and Cayman Brac (n = 12) in June and July 2010.
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7.8.3 - Differences between aspects

ADONIS analysis found aspect to have a significant effect on the sites (ADONIS;
F.Model; 54=5.610, P=0.004). MRPP confirmed this with a significance of delta =
0.001. NMDS also agreed that north has a within group dissimilarity of 20.9%, south;
18.0% and west 16.8%. The between group dissimilarity of north and south was
small, 19.6%, but much larger for west and north at 23.0% and west and south
24.7%. The ordinance diagram (fig 7.15, below) and dendrogram shows that there is
a stronger relationship between the north and south aspects than either has with the
north aspect. This is most likely due to the west aspect only being present on Grand

Cayman.

RIS

Figure; 7.15a (left); Ordination diagram of site differences, Figure 7.15b (right); Cluster plot of the mean
dissimilarities within and between Protection Level groups. Data was collected during surveys of reef sites on
Grand Cayman (n = 27), Little Cayman (n = 16) and Cayman Brac (n = 12) in June and July 2010.
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7.8.4 - Summary of findings

Using GLM analysis on the conservation index matrix the following table (Table

7.16 overleaf) was created to summarise the findings of this study. All statistics on

the conservation index matrix agreed with previous analysis, albeit with less

statistical power due to the sample sizes being smaller (only the means are analysed

here as opposed to raw data). Only Shannon’s Diversity Index failed to show at least

a marginally insignificant statistical result.

Factor Protection Level

Inside Outside
Total Higher **
Shannon Higher
Simpson Higher *
Evenness Higher **
Richness Higher *
Coral Cover Higher .
Diameter Higher .
Height Higher **
Mortality Lower *
Disease Lower .
Bleaching Lower *

Signif. codes: 0 ,*** 0.001 ,* 0.01 ,° 0.05,’0.1," 1

Table 7.16; Summary of findings of conservation index statistics. Data was collected during surveys of reef sites
on Grand Cayman (n = 27), Little Cayman (n = 16) and Cayman Brac (n = 12) in June and July 2010.
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8 - Discussion

The aim of this study was to be a comprehensive investigation into the
effectiveness of the use of Marine Protected Areas for the conservation of coral reefs
using the Cayman Islands as a case study. The investigation studied the differences
in the coral community composition, diversity, size distribution, mortality, disease and

bleaching prevalence between the different protection levels.

This investigation found that overall, the species composition had a significant
difference between protection levels of 3.15% (difference involving the between
group dissimilarity and the mean within group dissimilarity). This was confirmed by
genera analysis showing that Agaricia and Montastraea were more abundant inside
the parks, whereas Siderastrea and (marginally insignificantly) Diploria were less
abundant inside the parks. The investigation also found that there was a significantly
higher number of (total) coral colonies and (marginally insignificantly) higher species
abundance within park but significantly lower Simpson’s Diversity Index, species
richness and Pielou’s evenness. The height of coral colonies, the mean diameter and
percentage coral cover were all found to be significantly higher inside the parks. The
mortality, disease and bleaching prevalence were all found to be significantly lower
inside the parks. Conservation index calculation found there to be a small difference
between protection levels with a slightly higher number of high status sites inside the

parks.

From this data it could be concluded that the marine parks are having significant
positive effect on the individual coral colony health and size but are failing to
preserve the diversity and richness of the coral community. However, each island
when considered separately showed different trends and have different factors
affecting their resilience and so judgement should be made on each island

separately.
8.1 - Assessment of the Cayman Islands reefs

The coral reefs of the three islands are very different from each other. Their
species compositions are significantly different, with NMDS showing that the two
smaller islands, Little Cayman and Cayman Brac bare a closer similarity to each

other than to Grand Cayman. The differences in species composition is possibly due
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to the geographical distance of Little Cayman and Cayman Brac (80 — 90 miles) from
Grand Cayman, but this is unlikely as the coral species found in the northern
Caribbean is fairly uniform. A more likely cause is that although the ratio of shallow
to deep sites on Grand Cayman was almost equal (13:14), on Little Cayman and
Cayman Brac the surveys were dominated by shallow sites, with 11:5 and 8:4,
respectively. Depth was also shown to have a significant effect on species
composition and so if an unequal number of deep and shallow sites were surveyed
on each island, the species composition of the dataset will be affected. If all islands
had an equal ratio of deep to shallow sites the relationship may have been found to
be equal. This does not affect the results of this study however, because its aim to
analyse the differences between protection levels not differences in species

composition between islands.

Little Cayman has the highest diversity and richness measures of the islands, with
Grand Cayman tending to be second and Cayman Brac last. There are many factors
that play a part to increase and preserve diversity and species richness on a reef.
These include light, usually correlated with depth, temperature, sedimentation, wave
energy, frequency of mortality caused by storms, and grazing by fish and urchins
(Huston, 1985). Coral reefs are also known to benefit from high energy environments
as explained by the Intermediate Disturbance hypothesis devised by Connell (1978).
This states that the high diversity of coral reefs (and rainforests) are maintained only
in a non-equilibrium state and if they are not disturbed further then they develop into
a low-diversity equilibrium community (Connell, 1978). The theory explains that after
severe disturbance diversity is low, because the time for colonization is short and so
the individuals that colonise are chosen by chance, whichever species happens to be
producing propagules and are within dispersal range will be the first colonizers
(Connell, 1978). Specifically on Caymanian reefs this would most likely be macro
algae as it is known to colonise areas quickly after disturbance (McCook et al., 2001).
However, as the time between disturbance events increases, diversity will increase,
as more species will have time to colonise, including ones that are slow to reach
maturity (Connell, 1978). As the length between disturbances lengthens further the
diversity will decrease due to competition, with either the individual that is most
efficient at exploiting limited resources or most effective in directly interfering with

other individuals will prevail (Connell, 1978). Connell’s theory has received significant
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debate over the years but is accepted by many marine scientists. The intermediate
disturbances may be due to wave damage in the shallow reefs, or destructive storms
on the deeper reefs and even occasional hurricanes can have some positive affects
(Connell, 1978). A good example is a study done by Grigg & Maragos (1974), who
showed that in the 8m deep survey sites in Hawaii, coral cover was significantly lower

but diversity significantly higher on the most exposed reefs (Grigg & Maragos, 1974).

This Intermediate Disturbance hypothesis may not be the reason why Little
Cayman has the highest diversity, as all islands have a fairly similar exposure to
storms and hurricanes, however it may explain the differences found between the
aspects of each island. As although the Cayman Islands do not suffer from any long-
fetch Atlantic waves, due to being sheltered by the Antilles Island Arc, Hispaniola,
and Cuba, they are hit by trade winds coming predominantly from the southeast in
the summer and northeast in the winter (Manfrino et al. 2003). The shift in the winter
months (October-May) is due to polar fronts pushing storms south causing the winds
to shift, blowing from the north. The southern shores of all islands are also more
exposed to currents and wave action (Manfrino et al. 2003). This means that the
eastern end of Grand Cayman is the most exposed followed by the south then north
with its western shore very sheltered. Little Cayman and Cayman Brac lie southwest
to northeast, so the southern sides are the most exposed to the prevailing winds and
waves (Manfrino et al. 2003). The differences between the aspects of each island will

be discussed in depth later.

The mean height of coral colonies on the Cayman Islands (> 10cm) was 14.81cm
and the mean diameter was 25.01cm. The coral colonies mean heights and mean
diameters were both highest on Little Cayman and lowest on Cayman Brac. The size
of coral colonies is extremely important to the future of a coral reef, as it is the size
(not age) that determines the reproductive output of a coral (Soong, 1992, Soong &
Lang 1992). The mean diameter is especially important when considered for each
species individually as massive corals such as Diploria strigosa and Siderastrea
sidereal only spawn when they grow beyond 100cm? Whereas medium sized species
such as Porites astreoides spawn (all year round) when they reach a size of
approximately 70cm? and small species such as Favia fragum and Siderastrea

radians spawn at small as 2-4cm? (Soong, 1992).
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The breaking of tall branching coral appendages is a known consequence of large
storms and hurricanes, which may be the reason that the average height was so low.
Also fragments of coral, broken by storms, typically have a reduced fecundity or are
sometimes completely infertile (Soong, 1992, Soong & Lang 1992). Many destructive
hurricanes have passed close to the Cayman Islands, the worst of which in recent
years have been Hurricane Ivan in 2004 and Hurricane Paloma in 2008. The
damage and recovery of Jamaican coral reefs after Hurricane Allen in 1980 is very
well documented, and as Jamaica is situated very close to the Cayman Islands it can
be used as an accurate comparison. Damage was seen to depths as much as 50m,
where plates of some Agaricia species were broken (Woodley et al. 1981). In
shallower depths the amount of damage was greatly influenced by the size and
morphology of corals with branching Acropora species being highly damaged,
whereas massive forms such as Montastraea annularis and encrusting forms such as
Agaricia agaricia and Porites astreoides were much less affected (Woodley et al.
1981). This may be a driving factor in the species composition of the Cayman
Islands, dominated by Agaricia, Porites and Montastraea, the genera containing the

most storm tolerant species.

The mean percentage coral cover was found to be slightly higher on Caymanian
reefs than in the rest of the Caribbean. The mean for the Cayman Islands was found
to be 11.3% whereas the mean for reefs in the Caribbean, shallower than 20 metres,
is 10%, reduced from 50% in the last three decades (Hughes & Tanner, 2000,
Gardner et al., 2003). Mean percentage Coral cover was highest on Little Cayman
(14.2% cover) followed by Cayman Brac (11.0% cover) with the lowest on Grand
Cayman (8.7% cover). Therefore only Grand Cayman is below average for the
Caribbean. The coral cover was dominated by Agaricia and Porites genera which is
characteristic of Caribbean reefs since the previously dominant Acropora genus was
wiped out by disease in the 1970s (Gardner et al., 2003, Hughes & Tanner, 2000).
Agaricia and Porites are not framework building corals as they are predominantly
small and encrusting species; however a positive sign for the Cayman Islands is that
the third most dominant genus Montastraea is a significant framework builder
(Gardner et al. 2003). Further evidence of the coral-algal phase shift is apparent
when looking at previous studies done in the Cayman Islands. The earliest available

data is from a study in the early 1990s by Ghiold et al., (1994) who only surveyed five
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sites, but calculated a mean coral cover of 29% on the shallow terrace and 34.3% on
the deep terrace. Between the early 1990s and now there has been many studies
that show mean coral cover has been declining. On Little Cayman Coelho & Manfrino
(2007) calculated coral cover was declining yearly from 26.5% in 1999 to 16.3% in
2004, and on Grand Cayman Jones et al. (2004) calculated it to be 25.7% in 1997
and 15.4% in 2001. The decline in coral cover seems to be slowing somewhat when
the results of this study are included, however coral cover is now extremely low

compared to just ten years ago.

Bleaching was significantly higher on Grand Cayman, followed by Little Cayman
with much less found on Cayman Brac. As specific details of the bleaching of each
coral colony were not recorded on survey dives, it is possible that the bleaching seen
was either recovery from a previous bleaching event or new bleaching. In September
2009 there was a mass bleaching event in the Cayman Islands, with bleaching being
seen on the vast majority of coral colonies on Grand Cayman and Little Cayman but
lesser on Cayman Brac (C. McCoy, Pers. Comm.). This correlates perfectly with the
levels of bleaching found on the different islands in the present study. Figure 8.1
shows the cause of this bleaching event, when in September the sea surface
temperature rose to 30.6°C, above the bleaching threshold. The darkest black line is

the temperature of 2010 but this is better shown by figure 8.2, overleaf.
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Figure 8.1: Sea Surface Temperature (SST) in the Cayman Islands from 1 Janurary 2001 to 30" August 2010.
The peak in temperature that caused the mass bleaching event of September 2009 is shown by the arrow.
(Source: http://coralreefwatch.noaa.gov/satellite/virtual stations/graphs/vs multiyear exp Caymanlslands.png)

The elevated temperatures were reported as deep as 46m on the reef wall, with
data collected by a Remotely Operate Vehicle (ROV) showing bleaching to have
occurred at depths beyond 90m. Figure 8.2, overleaf, shows the sea surface
temperatures of 2010 to date. It shows that over the winter months the temperature
was low, meaning the coral could possible recover from the event of last September.
However, in June and the start of July the temperature rose to 30.0°C and very close
to the bleaching threshold, meaning that new bleaching in the more susceptible
species may have occurred. The temperature currently 30.1°C (26/08/2010) still

above average and there may well be another mass bleaching event this summer.
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Figure 8.2: Sea Surface Temperature (SST) in the Cayman Islands from 18 Janurary 2010 to 30" August 2010.
(Source: http://coralreefwatch.noaa.gov/satellite/virtual _stations/greater_caribbean.html)

All islands had a fairly similar level of disease and overgrowth, with Grand
Cayman only marginally higher for both. The main diseases that were identified were
black band disease, white plague and dark spot. The diseases recorded in this study
are likely due to the previous bleaching event, as it is known that following a
bleaching event coral is more susceptible to disease (Manfrino et al. 2003) due to a
decreased resilience. In a study on Little Cayman in 2003, Manfrino et al. also found
a much higher abundance of disease, with white plague alone in over 90% of sites
and so the levels of disease found in this study are comparatively low (Manfrino et al.
2003).

Grand Cayman had the highest prevalence of mortality, with Little Cayman and
Cayman Brac similarly much lower than Grand Cayman. High coral morality is
associated with natural events such as periods of high temperature or storms and
hurricanes (Sebens 1994). In the study by Manfrino et al. (2003), mentioned
previously, a high level of mortality was found on Little Cayman, and it was
concluded that this was also most likely due to the 1998 mass bleaching event
(Manfrino et al., 2003) therefore much of the mortality recorded in this study may also
be attributed to the bleaching event of September 2009. This may be either direct
mortality caused by the bleaching or because of the increased susceptibility to

disease following the bleaching event.
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8.2 - Grand Cayman

Grand Cayman has the largest population of the three islands and therefore the
highest level of anthropogenic impact on the reefs. The marine park is situated on
west coast of the island, covering almost the entire coast. The location was chosen
due to the West Bay being very sheltered, meaning that it can be used for SCUBA
and water sports almost 365 days a year. The reefs here are under the most
pressure from diving, greater than Little Cayman or Cayman Brac. The West Bay
Marine Park is thought to contain some of the highest dived sites in the world
(Tratalos & Austin, 2001). The north coast is the next most sheltered coast and then
the south and east coasts are the most exposed. The capital of the Cayman Islands;
George Town, is on Grand Cayman, situated on the west coast, and close by is
where many cruise ships anchor plus the majority of hotels are also situated towards
the centre of West Bay. Consequently there is a high anthropogenic impact on the
reefs in this area. Grand Cayman was found to have an mean conservation score of
4.93, the lowest of the three islands. Only three sites were classed as being high
status, two were inside the MPA but were at the extreme north and south ends of the
park. The sites that were situated closest to George Town were all found to have low

status, reflecting the anthropogenic impact in this area.

Grand Cayman had the greatest difference in the species composition between
protection levels, with an 8.05% difference. However, this may be explained largely
because of the MPA on Grand Cayman also being the entire west aspect dataset,
therefore this means that analysis between protection levels should show the same
results as analysing between aspects. This also makes it difficult to attribute the
differences between the level of protection and the level of exposure to wave action,
currents and prevailing winds. When comparing the different aspects, cluster analysis
confirms that the species composition of the South is very different to that of the
North (39.9%) and West (45.8%), whilst the latter are more closely related (38.1%).
This translates to the two more sheltered aspects have a higher similarity in species
composition than the most exposed aspect. It was also found that the within group
dissimilarity is 28.8% in the West, 32.5% in the North and 43.2% in the South. This
shows that the variability in the species composition increases with exposure, and
variability in species composition could be correlated with the diversity of species on

that aspect. The difference in species composition between protection levels can be
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explained by the significantly higher abundance of Agaricia, Porites and (marginally
insignificantly) Montastraea within park but significantly less Siderastrea. The genera
analysis of aspect also somewhat correlates with the protection level results,

particularly with significant results for Agaricia; South<West.

Shannon’s and Simpson’s Diversity Indices, Species Richness and Pielou’s
evenness were all found to be significantly greater outside the park which correlates
with the species composition results. When the same factors were analysed for
aspect, west/inside park had the highest total coral colonies and lowest diversity,
richness and evenness of the three aspects. For all measures, the north and south
were fairly similar but the west was significantly different. As discussed earlier, these
differences in diversity can be attributed to the level of exposure and therefore
disturbance (Connell, 1978, Grigg & Maragos, 1974). There is a higher abundance of
Agaricia and Porites on the most sheltered aspect, and these species are strong
competitors as they both grow relatively quickly and become sexually mature at a
small size. Agaricia are brooders that become sexually mature at or before
approximately 10cm diameter (Van Moorsel 1983), Porites are broadcasters that
become sexually mature at approximately 70cm? (Soong, 1992). They are known for
being fast to colonise but very susceptible to disturbance (Gardner, 2003). As there
are less disturbance events on the west coast, the higher numbers of these species
could be attributed to these genera out-competing other species and dominating

these reefs.

The total number of coral colonies was significantly greater within the MPA
whereas coral cover was found to be slightly lower, but not statistically significantly
so. Conversely, the mean diameter of coral heads (>10cm) were found to be
significantly larger inside the park; with a difference between their mean diameters of;
1.44cm. The fact that coral cover is slightly lower within the park but the coral heads
(>10cm) were found to be larger and the total number of coral colonies greater,
means that there is a very high number of coral colonies that are smaller than 10cm,
which are not contributing significantly to coral cover. The presence of these small
corals, coupled with the fact corals grow larger inside the park than outside, is a very
positive sign for the future of the reefs inside the park. The coral cover results found

for Grand Cayman may be due to higher anthropogenic impacts found in the West
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Bay, particularly the impact of SCUBA diving, increasing mortality and therefore
decreasing coral cover. The heights of coral colonies inside the park were also found
to be significantly larger by 1.44cm, most likely due to the shelter provided by the
island preventing the fragmenting of the colonies. This could also be due to the strict
ban on anchoring of boats inside the park, as anchor damage can cause significant
damage to coral colonies and easily break tall colonies. The south had the smallest
mean diameter and heights of the aspects, this being likely due to disturbance events

such as storms periodically reducing the taller branching colonies.

Disease was found to be higher outside the MPA on Grand Cayman but not
significantly, however it was found to be significantly greater on the south aspect than
the north and west. Bleaching was found to be very significantly more prevalent
outside the MPA, again with the south significantly higher than the other aspects. The
higher prevalence of bleaching outside the MPA may be an indicator that resilience is
greater on reefs inside the park, as either the coral colonies have recovered faster
from previous bleaching events or have become more resistant to stressors that
cause bleaching. The most exposed aspect may have the lowest resilience to
bleaching and possible consequential disease due to a higher level of stressors and
disturbance. Bleaching may also be higher on the exposed aspects as currents may

bring with them the warmer temperatures.

Total mortality was the only factor that was found to be significantly worse inside
the MPA of Grand Cayman, however it was found across all islands to be highest on
the most sheltered aspect. This could be attributed to the impact of SCUBA diving, as
more than 350,000 divers visit the Cayman Islands each year and the more sheltered
sites of the West Bay Marine Park are dived the most often. Several studies have
been done on the impact of diving on coral reefs. One such study by Hawkins and
Roberts (1993), found that there was significantly more damaged coral and a higher
amount of partially dead coral colonies in three regularly dived reefs in Egypt,
compared to control areas (Hawkins & Roberts, 1993). A study on the sites within the
Grand Cayman West Bay MPA by Tratalos & Austin (2001), albeit using different
sites to the ones surveyed in this study, found that there was a larger proportion of
dead coral and coral rubble at the sites dived with the highest intensity. They also

found that these sites have a higher proportion of Agaricia colonies, which supports
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the finding of this study with a higher abundance of Agaricia within the MPA of Grand
Cayman (Tratalos & Austin, 2001). Tratalos & Austin concluded that their findings
suggested a need for a new management approach to conserve the most popular

dive sites on Grand Cayman (Tratalos & Austin, 2001).

Two of the sites of this survey, within the MPA on Grand Cayman, are not
frequent dive sites; GCM2 and GCM7. Analysis was attempted to compare these
sites to dived sites. However, GCM2 and GCM7 are extremely different to each other
with conservation scores of 1/11 and 5/11 respectively. Looking at figure 7.13 and
Appendix |, GCM7 has much higher values for all measures of diversity, as it has no
bleaching or disease, whereas GCM2 has several incidences, but does however
have less mortality. Therefore as these two sites have such a large difference
between them it was not possible to accurately compare them with frequently dived

sites.

The lack of any control sites on the west coast, outside of the MPA has somewhat
restricted the analysis that is possible for Grand Cayman as it is difficult to discern
which affects can be attributed to the MPA and which to its sheltered location. There
is undoubtedly a positive affect occurring, increasing the resilience of these reefs, as
the lower levels of disease and bleaching show. However, the level of anthropogenic
impact in this area, especially due to SCUBA diving is likely reducing benefits. The
future of the West Bay Marine Park does look positive with the high number of small
colonies and possibility of growing to a large size, as long as the park continues to be

managed effectively.

8.3 - Little Cayman

Little Cayman, with only approximately 150 residents, is one of the least
populated and most remote islands in the northwest Caribbean. The low population
and lack of large hotels means that not only does it produce very little anthropogenic
stressors but also, due to its remote location, it escapes most regional stressors. It
also has a very low fishing pressure. However, there are two significant factors that
may affect the reefs here. The first is periodic hurricane disturbance as discussed
earlier, especially hurricanes Poloma and lvan which were particularly destructive to
both Little Cayman and Cayman Brac (albeit more so for Cayman Brac). The second
factor is the dive industry, which has grown significantly over the past decade.
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Despite these two factors Little Cayman was consistently the top scoring island of the
three in nearly all results, this is reflected in the average conservation score being
7.13 out of 11, the highest of the three islands. There was no discernable trend in the
distribution of the conservation scores, however, as they were fairly evenly

distributed around the island.

Little Cayman also had significant impacts on its species composition, with a 2.8%
difference between protection levels and a 4.2% difference between aspects.
Agaricia and Montastraea were significantly more abundant within park but Porites
was (marginally insignificantly) higher both outside park and the only genus that was
(marginally insignificantly) more abundant on the north coast. The results for Agaricia
and Montastraea, with greater abundance inside the MPA correlate with the results
for Grand Cayman. The Agaricia result specifically correlates with the Tratalos &

Austin (2001) study, showing it to be more abundant in highly dived areas.

The same trend was present for the diversity measures as on Grand Cayman,
with a higher number of (total) coral colonies both outside the park and on the more
sheltered aspect (north) but higher diversity measures on the more exposed, higher
disturbance aspect. However, there was no statistical significance found for these
results. The coral cover inside the MPAs was very significantly higher as were those
for the south, more exposed coast. Little Cayman also had a larger mean diameter
and height of coral heads inside the MPAs. The south coast had a significantly larger
(7.82cm) mean diameter but no significant difference between the aspects for height.
This is most likely due to hurricanes periodically regulating and reducing the height of
corals on both aspects equally. The aspect of Little Cayman was found to have a
larger effect than protection level on the mean diameter of coral heads, shown by the
coral heads outside the MPA on the south coast growing to a larger size than the
coral heads inside (or outside) the park on the north coast. Little Cayman was the
only island to have a significantly lower total mortality inside the MPAs with the south
also having significantly less. Disease was also significantly less prevalent inside the
MPAs and significantly less on the south coast. Bleaching had no significant

difference between protection levels or aspect.

The majority of diving on Little Cayman occurs within the Bloody Bay Marine Park

on its northern shore. It is very positive to note that not only are Little Cayman’s reefs
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in the best condition of the three islands but the reefs in the most dived area are in as
just as high condition as those within the south coast marine park. This could mean
that, at present levels, the restrictions on diving inside the parks are working. These
results all show that the MPAs on Little Cayman are having a positive affect on the
coral reefs, albeit not a large effect and that the south aspect is having an equally

positive effect.

8.4 - Cayman Brac

Cayman Brac suffers from a higher anthropogenic pressure than Little Cayman,
with a larger population and a higher fishing pressure. Cayman Brac received an
mean conservation score of 5.83, second of the three islands, with the majority of the
high status sites (4 out of 6) found on the south coast. Cayman Brac was very badly
affected by Hurricane Paloma, worse than Little Cayman despite being just five miles
apart. Although no studies could be found comparing Cayman Brac before and after
Paloma, Rogers et al. (1991) undertook a comparable study on St John in the U.S.
Virgin Islands. They found that following Hurricane Hugo in 1989 there was a loss of
up to 40% of coral cover in some areas. Following the loss of coral cover the first
species to colonise open areas would be
macroalgae, which is able to grow much faster
than coral. It is likely this is what happened on

Cayman Brac.

The species of algae found on Cayman Brac;
Microdictyon is found, with an extremely high
cover on the northern shore as shown in figure
8.3. The algal growth is so high that it is even
overgrowing some coral colonies causing mortality
on their extremities, as shown previously in figure
6.12.

The surveys in this study were done during the )
Figure 8.3: Algal overgrowth on north

summer months, when there may have been an coast of Cayman Brac

increase in the algae cover due to seasonal blooming. However, as the algae has a
much lower abundance on the southern, more exposed coast, it is likely that year

round cover of this algae occurs due to the north’s calmer waters. A similar scenario
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was found in a study by Pekhol et al. (2003) at San Salvador in the Bahamas where
Microdictyon dominated the sheltered coast in 1998. Studies have suggested that
algal mats like this dominate reefs that have low nutrient inputs which could again be

caused by the sheltered nature of the north coast (Aronson & Precht, 2000).

In a extensive review of 57 published papers, McCook et al. (2001) suggested
that the replacement of coral by algae in a reef environment most often indicates a
high level of coral mortality due to an external disturbance and not competitive
overgrowth (McCook et al. 2001). Once this disturbance has occurred however, the
algal will often competitively inhibit coral recruitment and hence reef recovery
(McCook et al. 2001). It is often assumed that algae will always outcompete coral,
however there are studies that show coral can inhibit algal growth (de Ruyter van
Steveninck et al. 1988, McCook et al., 2001) or even overgrow and Kill the algae
(Meesters et al. 1994). This may be what is happening on Cayman Brac, where
hurricane damage decimated the reefs, and perhaps did worse damage on the north
coast, followed by macro-algae colonising and dominating the newly bare substrate.
However, the stronger currents and more exposed nature of the south coast meant
that less algae could colonise, reducing its dominance and increasing the possibility

of coral recovery.

Protection level had no significant effect on species composition on Cayman Brac
however aspect had a marginally insignificant effect with a 3.65% difference.
Protection level also had no effect on genera distribution, and only Agaricia was
significant for aspect with a higher abundance on the north, more sheltered coast, the
same as for the sheltered coasts of Grand Cayman and Little Cayman. Protection
level only had a significant effect on species abundance, with no discernable trend
for the other diversity measures. For aspect however, the exact same trend as for
Little Cayman and Grand Cayman was shown, with the total coral colonies and
species abundance greater on the north, more sheltered coast (albeit not
significantly) and Simpson’s Diversity Index, species richness and Peilou’s evenness
all significantly greater on the south. There was a slightly higher coral cover within
the parks but not significantly but the south coast has significantly higher cover than
the north. For coral height there was no affect of protection level or aspect. There

was no overall affect of protection level on coral head size, however when the data
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was separated it was found the MPA was having a significant positive effect on the
south coast but not the north. Coral heads were also significantly larger on the south
coast; both inside and outside the park. There was no significant difference for
disease, bleaching or overgrowth between aspects or protection levels. However,
mortality was found to be significantly greater on the north coast perhaps due to the

increased algal competition.

Overall the marine parks of Cayman Brac are not having a significant effect on
coral health, diversity or cover. The south aspect’s diversity measures were as high
as the sites on Little Cayman, with only slightly lower coral cover, mean diameter and
heights found on Cayman Brac. The south aspect also had very low levels of
bleaching and mortality, with average levels of disease for Caymanian reefs. These
results iterate that the south coast of Cayman Brac is extremely different to the north
coast, although when considered separately the only significant difference found for
protection level was an increased mean diameter of coral heads inside the south

coast marine park.

8.5 - Depth

Coral reefs are known to be of the highest diversity in intermediate depths due to
a trade-off between obtaining as much sunlight as possible but also avoiding strong
wave action or air-exposure at low tides. The sites surveyed on the shallow terrace
ranged in depth from 6.75m to 13.17m meaning most of these could be classed as

intermediate depth.

Overall depth was found to have a significant effect on species composition, both
when all island’s data was combined and for each island separately. When all islands
data was combined it was found that there was a significant difference over depth for
Millepora and Diploria (Shallow<Deep) and a marginally insignificant difference for
Siderastrea (Deep<Shallow). For the diversity measures it was found that there was
no significant difference over Depth although all measures tended to be larger in
Shallow sites on all islands. For all islands combined there was significantly higher
coral cover in shallow sites compared to deep. This was also true for Grand Cayman
sites and tended to be true on Cayman Brac but not significantly. Little Cayman
tended to have a higher coral cover on deep sites but this was also not significant. It
was also found that overall as depth increased, the mean diameter of coral heads
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decreased. The same was found for Grand Cayman and Little Cayman but not
Cayman Brac, which showed no significant difference. However, when Cayman
Brac’s north and south coast were considered separately it was found that on the
North coast there was a significant decrease in size with depth. On all islands there
was a trend for height to decrease with depth,this however was not significant on
Grand Cayman. Depth had a significantly detrimental effect on bleaching, disease

and total mortality on Grand Cayman but not any of the other islands.

The shallower sites tended to be healthier, have a slight higher diversity, mean
diameter, height and coral cover. Although results showed little statistical

significance, depth was definitely having an effect on Caymanian coral reefs.

9 - Conclusion

This study has achieved its aims in that it is a comprehensive study on the
effectiveness of the use of Marine Protected Areas for the conservation of coral
reefs. Through the study of differences in the coral community structure, diversity,
size distribution, mortality, disease and bleaching prevalence between the different
protection levels, islands, aspects and depths have provided a detail insight of the

Cayman Islands.

9.1 - Summary of results

The results of this study confirm that the reefs around the Cayman Islands, just
like many around the Caribbean have undergone a phase shift, with declines in coral
cover and a higher dominance of algae. The causal factors are well documented and
discussed, namely the loss of Acropora to disease, the low abundance of the sea
urchin; Diadema and other herbivores. It is positive to note that although few
Acropora species were seen on transects, healthy specimens of both A.cervicornis
and A.palmata were seen on many sites around the islands, particularly in shallow

areas. Diadema however, was rarely seen on any of the islands.

On Grand Cayman the MPA had significant positive effects on reef resilience as
there were lower levels of disease and bleaching, and also positive effects on the
coral sizes; both diameter and height. Although coral cover was found to be slightly

lower inside the park it is unlikely that this is due to algal competition. In a fish
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biomass study by McCoy et al. (2009) it was found that both herbivorous fish
biomass and total fish biomass was higher within the park of Grand Cayman which
will be controlling the macro algae cover to some extent (McCoy et al. 2009). In some
respects it is hard to discern whether the positive traits seen in the West Bay Marine
Park can be attributed to the shelter of the island or of the park itself. However, the
fact that sites within the West Bay Marine Park are in as good as or better condition
than the sites outside the park is a very positive indicator, as the extent of
anthropogenic impact in the park is extremely high. The increasing development in
both tourism and industry on Grand Cayman will likely increase anthropogenic
impacts in the future and so it is paramount that management continues to be strict
and extensive. The carrying capacity for SCUBA diving on the MPA reefs could
easily be exceeded with the level of tourism rising and so must be kept under close

control to prevent any further decline in reef condition.

On Little Cayman, where reefs of the highest condition are located, the marine
parks are also having some positive effects. There is a considerable increase in coral
cover inside the parks, with taller and larger diameter corals, exhibiting less disease
than outside the parks. The fact that these traits are so pronounced, even on an
island with such high quality reefs is a very good sign of the effectiveness of the
MPAs. As mentioned previously, Little Cayman is one of the least populated and
most remote islands in the north western Caribbean, with a very low level of
anthropogenic pressure. It is again of paramount importance that the island stays this
way, so that the reefs are not degraded by human activities like those of many other

islands.

On Cayman Brac we have a complicated scenario. On the South coast there are
reefs in very good condition, with high coral cover and high diversity, whereas on the
north coast there is an extremely high cover of macro algae, with smaller coral heads
and higher mortality. The MPAs of Cayman Brac were not found to be having a
significant effect on coral cover or resilience factors. The causes of this are likely
beyond our control with the main factor being hurricane damage. The only negative
impact on these reefs that could be controlled is fishing pressure. Although it is not
presently at a high level anywhere around the Cayman Islands, any increase in

herbivorous fish population would greatly help the reefs of northern Cayman Brac.
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The Intermediate Disturbance Hypothesis has been mentioned several times in
this study, due to the significantly higher levels of diversity on the more exposed
aspects of all islands (Connell, 1978). This is also supported by the cluster analysis
of species composition that showed the west and north aspects of all islands to be
closer related, with lower within group variation, than the south aspect. Coral diversity
is one of the main factors attributed to coral reef health and condition and was the
only factor that was consistently lower inside the MPAs of the Cayman Islands.
Although this may not be a desirable trait of protection it does reflect the greater
shelter from disturbance the marine protected areas are providing the coral reefs of

the Cayman lIslands.

9.2 - Possible Improvements

Although this study has been as comprehensive and extensive as possible there
are some improvements and further study that could be done. The lack of baseline
data prior to the coral-algal phase shift or prior to Hurricane Ivan or Paloma meant
that comparisons over time were restricted. However this will improve in the future as
this study can be repeated and compared periodically for years to come. The data is
also somewhat restricted by the study sites with the lack of control sites on the
western coast of Grand Cayman, the reduced number of deep sites on Little Cayman
and Cayman Brac, the limited number of sites outside of the MPAs of Little Cayman
and Cayman Brac. However, these problems were necessitated by time constraints
and the requirement to use pre-determined transects and so were unavoidable. Time
has also restricted the analysis that could be done, specifically with respect to the
size and mortality data collected. Further analysis could be done on species specific
and size specific mortality and also the type of mortality recorded. Further analysis
could also be done to see if there is any species specific correlation between the
coral sizes recorded in this study, the size a species becomes reproductively able,
and the different locations the individuals were found. Finally, further studies on the
prevalence of reproductively active, mature corals would shed further light on the

future of reefs around the Cayman Islands.
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11 - Appendix

Appendix A - Site Information

A(i); Grand Cayman site information

Site Name Site ID Latitude | Longitude | Depth | Aspect Protection
Big Tunnels GCM!1 19.36828 | -81.41653 16.23 West Inside Park
Deep Control GCM2 | 19.34778 | -81.39389 | 16.78 West Inside Park
Caribbean Paradise GCM3 | 19.33213 | -81.39167 18.55 West Inside Park
Holiday Inn Dropoff GCM4 19.33777 | -81.39185 16.98 West Inside Park
Eagle Ray Rock GCM5 19.27407 | -81.39520 17.40 West Inside Park
Victoria's Secret GCM6 | 19.35578 | -81.39467 | 11.63 West Inside Park
Shallow Control GCM7 | 19.35754 | -81.39607 9.97 West Inside Park
Oro Verde Stern GCM8 | 19.33857 | -81.39048 10.37 West Inside Park
Seaview Reef GCM9 | 19.29133 | -81.38967 7.07 West Inside Park
Deila's Delight GCM10 | 19.35895 | -81.24530 | 14.95 North Outside Park
Grouper Grotto GCM11 | 19.29628 | -81.08598 6.75 South Outside Park
Pallas Reef West GCM12 | 19.26215 | -81.37842 7.10 South Outside Park
Main Street GCM13 | 19.39088 | -81.34327 | 16.93 North Outside Park

White Stoke Canyon GCM14 | 19.38143 | -81.28830 18.43 North Outside Park

Fish Tank GCM15 | 19.35675 | -81.10697 | 11.23 North Outside Park
Waypoint 13 GCM16 | 19.35383 | -81.19901 11.53 North Outside Park
Waypoint 15 GCM17 | 19.29224 | -81.20589 | 11.12 South | Outside Park
Waypoint 16 GCM18 | 19.26583 | -81.30801 | 21.68 South | Outside Park
Andy's Reef GCM19 | 19.36397 | -81.25381 8.78 North Outside Park
McKenny's Canyon GCM20 | 19.29343 | -81.09037 18.32 South Outside Park

Pallas Pinnacle West GCM21 19.25972 -81.37670 23.08 South Outside Park

Pinnacle Reef GCM22 | 19.37942 -81.29390 8.70 North Outside Park

Conch Point GCM23 | 19.39362 -81.40012 9.57 North Outside Park

Black Rock Canyon GCM24 | 19.35760 | -81.10542 17.78 North Outside Park

Waypoint 12 GCM25 | 19.35395 | -81.19702 18.00 North Outside Park
Waypoint 14 GCM26 | 19.29154 | -81.20350 18.63 South Outside Park
Spotts Reef GCM27 | 19.26862 | -81.31138 9.05 South Outside Park
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A(ii); Little Cayman site information

Site Name Site ID | Latitude | Longitude | Depth | Aspect | Protection
Three Fathom Wall LC1 19.68492 | -80.07800 | 10.63 | North Within Park
Eagle Ray Roundup North LC2 19.69072 | -80.06942 | 10.87 North Within Park
Bus Stop LC3 | 19.68886 | -80.07081 8.25 North Within Park
Randy's Gazebo LC4 19.68378 | -80.08297 | 10.12 North Within Park
Windsock Reef LC5 | 19.65731 | -80.09189 | 7.73 South Within Park
Pirates Point Reef LC6 | 19.65658 | -80.09781 | 10.45 | South Within Park
Black Hole LC7 | 19.65600 | -80.09206 | 17.32 | South Within Park
Patty's Place LC8 | 19.65506 | -80.09744 | 17.78 | South Within Park
Waypoint 9 LC9 19.70406 | -80.02973 9.47 North | Outside Park
Sailfin Reef LC10 | 19.70683 | -80.01219 | 9.17 North | Outside Park
Booby Pass LC11 19.70803 | -80.01339 | 17.50 North | Outside Park
Waypoint 20 LC12 | 19.70260 | -80.04984 9.78 North | Outside Park
Coral City LC13 | 19.68075 | -80.02331 | 10.28 | South | Outside Park
Luca's Ledges LC14 | 19.66883 | -80.04244 | 13.17 | South | Outside Park
Rockhouse Wall LC15 | 19.66736 | -80.04217 | 23.15 | South | Outside Park
Diggary Point LC16 | 19.68914 | -79.99508 | 18.95 | South | Outside Park
A(iii); Cayman Brac site information
Site Name Site ID Latitude Longitude Depth | Aspect Protection
Grunt Valley CB1 19.70019 -79.87428 9.67 North Within Park
Charlie's Reef CB2 19.69731 -79.87767 8.17 North Within Park
Cayman Keys CB3 19.68628 -79.85561 10.1 South Within Park
Butterfly Reef CB4 19.68139 -79.87603 9.67 South Within Park
Cemetary Reef CB5 19.69847 -79.87797 18.87 North Within Park
Seafeather Wall CB6 19.67931 -79.87489 23.27 South Within Park
Bert's Brother cB7 19.75819 -79.74094 8.22 North Outside Park
Shark Hole CB8 19.72382 -79.82494 9.15 North Outside Park
Waypoint 41 CB9 19.70617 -79.80350 11.43 South Outside Park
Tarpon Reef CB10 19.67986 -79.88911 8.12 South Outside Park
Jan's Drop CB11 19.72344 -79.82761 20.35 North Outside Park
Waypoint 42 CB12 19.69349 -79.82884 22.75 South Outside Park
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ANOVA Analysis

For all ANOVAs shown in this appendix: One-way Analysis of Variance was used,
except if data failed the Levene test of homogeneity, then Welch’s ANOVA was used,
Grand Cayman (within; n = 9, outside; n = 18; north; n = 10, south; n = 8, west; n = 9;
deep; n =14, shallow; n = 13), Little Cayman (within; n = 8, outside; n = 8; north; n =
8, south; n = 8; deep; n = 5, shallow; n =11) and Cayman Brac (within; n = 6, outside;
n = 6; north; n = 6, south; n = 6; deep; n = 4, shallow; n = 8). Post hoc analysis used
Tukey’s Honest Significant Differences test between islands and aspects. Bold type

denotes a significant relationship.
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Appendix B - Genera ANOVAs

Analysis of the differences between the six most commonly found coral genera

and the study factors.

Protection level Aspect Depth
All Islands
Agaricia Fy53=19.289, P <0.001 | F,5,=5.808, P =0.005 | F;53=0.048, P=0.83
Porites Fi153=1.986, P=0.16 | F,s5,=8.654, P <0.001 Fi53=2.692, P=0.11
Montastraea | Fq53=5.657, P =0.02 Fz5,=1.179, P=0.32 Fi53=2.250, P=0.14

Siderastrea

Fi53=6.234, P = 0.02

F252=3.747, P = 0.03

Fi53=2.808, P=0.010

Millepora

Fi53=0.447, P=0.51

F252.=0.728, P=0.49

Fi5:=14.068, P < 0.001

Diploria

F1’53= 3064, P =0.086

F25,=8.976, P < 0.001

F1’53= 6285, P =0.02

Grand Cayman

Agaricia | Fis=21.973, P < 0.001 | Fp5e= 11.759, P < 0.001 | Fy.5= 1.462, P=0.24
Porites Fuzs=11.142, P = 0.003 | Fyz=6.089, P =0.007 | F,,=3.807, P =0.06
Montastraea | Fi,s=3.057, P=0.09 | WA Faua0r=2.049, 1 ¢ _q518 p=048

P=0.17

Siderastrea

F125=18.265, P < 0.001

F224=8.690 P = 0.001

Fi25=0.139, P=0.71

Millepora

Fi25=1.644, P=0.21

F2’24= 1169, P=0.33

F1’25= 6169, P =0.02

Diploria

Fi25=2.201, P=0.15

F224=4.811 P =0.02

F125=9.636, P = 0.005

Little Cayman

Agaricia F114=4.832,P=0.05 | F;1,=1.155 P=0.30 | Fy14=0.443 P=0.52
Porites F114=4.415 P=0.054 | F;1,=3.355 P=0.088 | F.=1406, P=0.26
Montastraea | Fq14=5.370,P=0.04 | F,.,=1.388 P=026 | F;.,=0683 P=0.42

Siderastrea

F114=2.718, P=0.12

Fi114=1.777, P=0.20

F114=7.731, P =0.01

Millepora

F114=0.011, P=0.92

F1’14= 0406, P=0.53

F1,14= 1180, P=0.30

Diploria

F114=0.851, P=0.37

F114=2.180, P=0.16

F114=0.045, P=0.83

Cayman Brac

Agaricia F110=0.631, P=0.45 F1,10=6.785, P =0.03 Fi10=0.140, P=0.72
Porites F110=0.002, P=0.97 Fi10=1.132, P=0.31 F110=0.138, P=0.72
Montastraea | F440=0.012, P=0.91 F110=0.265, P=0.62 F110=2.180, P=0.17

Siderastrea

F1y10= 0047, P=0.83

F1y1o= 2535, P=0.14

F1’10= 2044, P=0.18

Millepora

F110=0.692, P=0.42

F1’10= 1454, P=0.26

F1’10 = 7828, P =0.02

Diploria

Fy10=0.645, P = 0.4

Fi10=1.954, P=0.19

F110=0.428, P=0.53
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Post hoc analysis on Aspect; for All Islands combined and

Grand Cayman (North, South and West):

| South-North | WestNorth |  West-South
All Islands
Agaricia P =0.05 P=0.38 P =0.008
Porites P=0.90 P =0.002 P <0.001
Montastraea P=0.90 P=0.28 P =047
Siderastrea P=0.33 P=0.23 P =0.02
Millepora P=0.52 P=0.66 P=1.00
Diploria P =0.006 P=0.37 P =0.001
Grand Cayman
Agaricia P=0.50 P <0.001 P <0.001
Porites P=0.58 P =0.006 P=0.08
Montastraea P=0.55 P=0.54 P=0.12
Siderastrea P=0.94 P =0.002 P =0.008
Millepora P=0.68 P=0.30 P=0.81
Diploria P=0.11 P=0.55 P =0.01
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Appendix C - All Islands Combined Diversity Analysis

Analysis of a range of diversity measures between the study factors.

Protection level Aspect Depth
Within | Outside | North | South | West | Shallow | Deep
All Islands
Total Coral 1963 | 1656 | 1716 | 1744 | 2064 | 1814 | 1742
Colonies

F153=10.446, P = 0.002

F2s52 =3.270, P = 0.05

Fi153=0.921, P=0.34

Species abundance

177 | 164

175 | 166 | 162

174 | 164

F1,53= 3567, P=0.06

F252=1.243, P=0.30

F1'53 = 0776, P=0.38

Shannon-Weiner 208 | 214 213 | 216 | 197 214 | 207
Diversity Index Fis5=1.638, P=0.21 F50 = 3.536, P = 0.04 Fi25 = 0.615, P = 0.44
e 081 | o083 082 | o84 | 079 [ o082 | o082

Simpson’s Diversity — —
Index F1s3 = 6.205, P = 0.02 Fas2 = 4.678, P = 0.01 Fss = 0092106’ i
1.81 1.84 182 | 1.84 | 1.80 1.83 1.82
Species Richness
Fys3 = 6.564, P = 0.01 Fus2=4.782,P=0.01 | Fys5=0.002, P=0.96
0.72 0.77 074 | 077 | 0.71 0.75 0.74

Pielou’s Evenness

F1,53 = 11673, P =0.001

F2’52 = 5768, P =0.005

F1y53 =0.1 17, P=0.73

Post hoc analysis for Aspect.

South-North West-North West-South

Total Coral Colonies P=0.96 P =0.04 P=0.07
Species abundance P=0.44 P=0.37 P=0.91
Shannon-Weiner

Diversity Index P =10.81 P=0.08 P =0.03
Simpson’s Diversity Index P=0.16 P=0.26 P=0.01
Species Richness P=0.17 P=0.23 P =0.01
Pielou’s Evenness P=0.12 P=0.18 P =0.005
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Appendix D; Diversity analysis of Individual Islands

Grand Cayman

Protection level Aspect Depth

Within | Outside | North | South | West | Shallow | Deep

Grand Cayman
Total Coral 2064 | 159.8 154 | 167 2064 | 1957 | 1564
Colonies F125=9.502, P = 0.005 Fa24 =4.931, P = 0.02 F125= 8.986, P = 0.006
Species 162 | 16 167 | 151 | 162 [ 168 | 154
abundance F125=0.038, P=0.9 F224=0.728, P=0.5 Fi25=1.772,P=0.20

197 | 215 | 248 [ 212 [197 | 214 | 205

Shannon-Weiner

Diversity Index

Fi125=6.552, P = 0.01

F224 = 3.433, P =0.05

Fi25=0.926, P=0.35

Simpson’s 079 | o084 084 | 084 o079 08 | o082
Diversity Index Fi25=16.78, P <0.001 | F,,,=8.098, P=0.002 | F;,= 0.059, P=0.81
o 180 | 1.84 184 | 18 | 18 183 |  1.83
Species Richness I = = 17.936, P <0.001 | Fy=8.643, P<0.001 | F;,=0025 P=088
0.71 | 078 078 | 079 | 0.71 0.76 | 0.75

Pielou’s Evenness

F125 =29.957, P <0.001

F224=14.999, P <0.001

F125=0.032, P=0.86

Post Hoc analysis (Grand Cayman; Aspect);

South-North West-North West-South

Total Coral Colonies P=0.75 P=0.01 P=0.10
Species abundance P=0.47 P=0.93 P=0.70
Shannon-Weiner P=078 P =0.04 P=0.20
Diversity Index

Simpson’s Diversity Index P=0.97 P =0.005 P =0.005
Species Richness P=0.98 P =0.004 P =0.004
Pielou’s Evenness P=0.74 P <0.001 P <0.001
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Little Cayman diversity analysis

Pielou’s Evenness

Protection level Aspect Depth
Within | Outside | North | South | West | Shallow | Deep
Little Cayman
Total Coral 1889 | 1686 | 1785 | 179 | - 168.3 | 2018
Colonies Fi14=1.320, P=0.27 Fi14 =7e-04, P=0.98 Fi14 =1.645, P=0.22
Species 185 | 18 189 | 176 | - 183 [ 182
abundance Fi14=0.368, P=0.55 Fi4 =2.672, P=0.12 Fi44 =0.008, P=0.93
Shannon-Wainer 218 | 221 22 | 219 | - 222 | 214
Diversity Index Fi14=0.230, P = 0.64 Fi14 =0.031, P=0.86 Fi1 =1.046, P=0.32
Simpson’s 082 | o084 083 | o84 | - 084 | o082
Diversity Index Fi14=1.379, P=0.26 Fi14 =0.257, P=0.62 Fi14 =0.484, P=0.50
Soesios Rich 183 | 185 183 | 184 | - 184 | 1.82
PeCIes RICNESS 1 ¢ 14=1.456,P=0.25 | Fy1 =0.264, P=0.62 | Fy4 =0.546, P = 0.47
075 | 0.76 075 | 076 | - 0.76 | 0.74

F1y14 = 0880, P=0.36

F1‘14= 0576, P=0.46

F1’14 = 1473, P=0.25

Cayman Brac diversity analysis

Pielou’s Evenness

Protection level Aspect Depth
Within | Outside | North | South | West | Shallow | Deep
Cayman Brac
Total Coral 190.8 | 1793 | 1922 | 178 | - 1764 | 2025
Colonies Fi10=0.444, P=0.52 Fi10 =0.689, P=0.43 Fi10=1.410,P=0.26
Species 188 | 1538 173 | 173 | - 18 | 17
abundance Fi10=12.461, P =0.005 | F; =1.73e-30, P=1 Fi10 =0.930, P=0.36
Shannon-Weiner 210 | 202 195 | 247 | - 205 | 207
Diversity Index Fi10=0.375, P=0.55 Fi10 =3.97, P=0.07 Fy10 =0.358, P =0.56
Simpson's 080 | 080 076 | 083 | - 080 | 080
Diversity Index Fi110=2.7e-05,P=0.99 | Fq40 =6.342, P =0.03 F110=0.191, P=0.67
Soodios Rich 180 | 1.80 177 | 184 | - 180 |  1.80
PeCIes RIChNeSS 1 ¢ 0= 2.66-06, P=0.99 | Fy1 =6.347,P=0.03 | F,1=0.178, P=0.68
072 | 0.73 068 | 076 | - 073 | 0.72

Fi10 =0.147, P=0.71

F1‘10 = 5642, P =0.04

F110=0.039, P=0.85
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Appendix E - Coral cover data

lsland Protection level Aspect Depth
slan
Within Outside North | South | West Shallow Deep
12.45 9.66 9.20 13.52 8.57 11.92 9.13
All . = F2’162= 11373, P <0.001
WA; Frizsan™ T-08T, | South-North; P <0.001 | Fye=5.782, P=0.02
’ West-South; P < 0.001
8.57 8.78 8.22 9.47 8.57 10.65 6.91
Grand Cayman
Fy79=0.022, P=0.88 F,76=0.295, P=0.75 F479=10.235, P = 0.002
17.85 10.63 1131 | 1716 | - 14.17 14.39
Little Cayman
F1,46= 16171, P <0.001 F1,46= 9476, P =0.004 F1’46 = 0010, P=0.75
11.07 11.02 8.01 14.08 - 11.40 10.34

Cayman Brac

F134=8e-04, P=0.98

F1,34= 22933, P <0.001

F134=0.091, P=0.76

Appendix F; GLM analysis of Mean Diameter

Overall - gim(Average_Diameter~Island+Protection_level)

Coefficients:

(Intercept)
Island=Grand
Island=L.ittle

Protection=Outside

Estimate Std. Error t value Pr(>|t])
24.7654 0.4635 53.431 < 2e-16 ***
0.2933 0.509 0.576 0.564
3.4356 0.5478 6.272 3.79e-10 ***
-1.8537 0.4038 -4.591 4.49e-06 ***

Signif. codes: 0 “*** 0.001 “** 0.01 *’ 0.05°. 0.1 * * 1

Grand Cayman; Aspect - gim(Average_Diameter[Island=="Grand"]~Aspect[Island=="Grand"]+
Depth[Island=="Grand"])

Coefficients:

(Intercept)
Aspect=South
Aspect=West
Depth

Estimate Std. Error t value Pr(>|t])
26.99578 0.94278 28.634 < 2e-16 ***
-1.47336 0.70245 -2.097 0.036035 *
0.82814 0.67781 1.222 0.221883
-0.21964 0.06012 -3.653 0.000263 ***

Signif. codes: 0 “***’ 0.001 “** 0.01 “** 0.05‘." 0.1 ‘" 1
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Grand Cayman; Protection level - gim(Average_Diameter[lsland=="Grand"]~
Protection_level[lsland=="Grand"])

Coefficients:

Estimate Std. Error t value Pr(>t])
(Intercept) 24.7856 0.4801 51.630 <2e-16 ***
Protection=Outside -1.4343 0.5948 -2.411 0.0160 *

Signif. codes: 0 “**** 0.001 “** 0.01 “*’ 0.05°.’ 0.1 * * 1

Little Cayman; Aspect; gim((Average Diameter[lsland=="Little"])~Aspect[Island=="Little"]
+Depth[Island=="Little"])

Coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 28.94659 1.16905 24.761 < 2e-16 ***
Aspect=South 5.11024 0.85209 5.997 2.37e-09 ***
Depth -0.32585 0.09662 -3.372 0.000759 ***

Signif. codes: 0 “**** 0.001 “*** 0.01 ** 0.05°.” 0.1 ‘1

Little Cayman; Protection level;
glm((Average_Diameter[Island=="Little"])~Protection_level[lsland=="Little"] +
Protection_level[lsland=="Little"]:Aspect[Island=="Little"])

Coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 27.1077 0.7188 37.711 <2e-16 **
Protection_level=Outside -3.7495 1.0792 -3.474 0.000523 ***
Aoacteaoutn - neide: 3.0642 1.0016 3059  0.002248 **
Protection_level=Outside : 45760 11137 4109 4.136-05 ***

Aspect=South

Signif. codes: 0 “**** 0.001 “** 0.01 “*’ 0.05°. 0.1 ‘* 1

Cayman Brac; Aspect - gim(Average_Diameter[lsland=="Brac"]~Aspect[Island=="Brac"]
+Depth[Island=="Brac"])

Coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 22.55609 1.01612 22.198 < 2e-16 ***
Aspect=South 4.86114 0.81468 5.967 3.01e-09 ***
Depth -0.10118 0.06924 -1.461 0.144

Signif. codes: 0 ***’ 0.001 “** 0.01 “** 0.05‘.” 0.1 ‘’ 1
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Cayman Brac; Protection; gim(Average Diameter[Island=="Brac"]~Protection_level[lsland=="Brac"]
+Protection_level[lsland=="Brac"]:Aspect[Island=="Brac"])

Coefficients:

Estimate Std. Error t value Pr(>t|)
(Intercept) 21.1709 0.8154 25.964 <2e-16 ***
Protection_level=Outside 0.3454 1.1651 0.296 0.76693
Protection_level=Inside : _—
Aspect=South 6.2076 1.1260 5.513 4.15e-08
Protection_level=Outside : 3.0870 11137 2772 0.00564 **

Aspect=South

Signif. codes: 0 “**** 0.001 “** 0.01 *’ 0.05°.” 0.1 ** 1

Appendix G - GLM Analysis of Mean Height

Overall - gim(Height~Island+Protection_level)

Coefficients:

Estimate Std. Error t value Pr(>|t))
(Intercept) 14.5742 0.3053 47.735 <2e-16 ***
Island=Grand 1.3372 0.3353 3.988 6.72e-05 ***
Island=Little 2.0938 0.3608 5.803 6.83e-09 ***
Protection_level=Outside -1.6918 0.2660 -6.361 2.14e-10 ***

Signif. codes: 0 “**** 0.001 “*** 0.01 ** 0.05°." 0.1 ‘1

Grand Cayman; Aspect - gim(Height[Island=="Grand"]~Aspect[Island=="Grand"]
+Depth[Island=="Grand"])

Coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 15.62363 0.66307 23.563 < 2e-16 ***
Aspect=South -2.00151 0.49404 -4.051 5.22e-05 ***
Aspect=West 1.80952 0.47672 3.796 0.00015 ***
Depth -0.06165 0.04228 -1.458 0.14496

Signif. codes: 0 “**** 0.001 “*** 0.01 ** 0.05°." 0.1’ 1

Grand Cayman; Protection level - gim(Height[lsland=="Grand"]~Protection_level[lsland=="Grand"])

Coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 16.5803 0.3377 49.101 < 2e-16 ***
Protection_level=Outside -2.7190 0.4184 -6.498 9.42e-11 ***

Signif. codes: 0 “**** 0.001 “** 0.01 *’ 0.05°.’ 0.1 * * 1
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Little Cayman; Protection level - gim(Height[Island=="Little"]~Protection_level[lsland=="Little"]
+Protection_level[lsland=="Little"]:Aspect[Island=="Little"]
+Depth[Island=="Little"])

Coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 20.6970 0.7560 27.378 <2e-16 ***
Protection_level=Outside -3.3435 0.6719 -4.976 7.02e-07 ***
Depth -0.3015 0.0609 -4.951 7.99e-07 ***
Protection_level=Inside :
Aspect=South -0.8447 0.6675 -1.265 0.206
Protection_level=Outside : 3.6749 0.7361 4992 648007 *

Aspect=South

Signif. codes: 0 “**** 0.001 “** 0.01 “*’ 0.05°. 0.1 ** 1

Cayman Brac; Aspect — gim(Height[Island=="Brac"]~Aspect[Island=="Brac"]+Depth[Island == "Brac"])

Coefficients:

Estimate Std. Error t value Pr(>]t])
(Intercept) 15.73211 0.62904 25.010 <2e-16 ***
Aspect=South 0.56010 0.50434 1.111 0.267
Depth -0.17195 0.04287 -4.011 6.34e-05 ***

Signif. codes: 0 “**** 0.001 “** 0.01 ** 0.05°." 0.1’ 1

Cayman Brac; Protection Level - gim(Height[Island=="Brac"]~Protection_level[lsland=="Brac"]
+Protection_level[lsland=="Brac"]:Aspect[Island=="Brac"])

Coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 13.8490 0.5082 27.251 <2e-16 ***
Protection_level=Outside -0.3742 0.7261 -0.515 0.606
Protection_level=inside : -0.2469 0.7018 0.352 0.725
Aspect=South
Protection_level=Outside : 0.4196 0.6941 0.604 0,546

Aspect=South

Signif. codes: 0 “** 0.001 “*** 0.01 * 0.05°." 0.1 ‘1

Appendix H; Mean Diameters and heights of coral heads
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Protection level Aspect Depth

Within Outside | North | South | West | Shallow | Deep
All Islands
Average Diameter 26.19 23.92 23.86 26.02 | 24.79 25.65 23.91
Height 15.87 14.13 14.93 14.22 | 16.58 15.48 14.09
Grand Cayman
Average Diameter 24.79 23.35 24.03 | 22.57 | 24.79 24.72 22.97
Height 16.58 13.86 14.79 12.79 | 16.58 14.86 14.76
Little Cayman
Average Diameter 28.69 25.75 25.44 29.16 - 27.56 27.00
Height 16.58 15.08 15.97 15.85 - 16.88 14.02
Cayman Brac
Average Diameter 24.43 23.24 21.34 25.92 - 24.48 22.67
Height 13.72 13.71 13.67 | 13.76 - 14.52 12.29

Appendix I - Conservation Value calculation

Mean values

KEY; Total = Total Coral colonies
Shann= Shannon’s Diversity Index
Simp = Simpson’s Diversity Index
Even = Pielou’s Evenness
Rich = Species Richness (rarefied)
Cover = Percentage coral cover (%)
Diam = Mean Diameter (cm)
Height= Mean Height (cm)
Mort = Average Mortality (cm?)
Dis = Disease
Bleach= Bleaching

Total Shan Simp Even Rich Cover Diam Height Mort Dis Bleach

178.42 | 2.113485 | 0.820896 | 0.749332 | 1.825744 | 10.82805 | 24.9245 | 14.90073 | 163.2517 | 1.673 2.709
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Grand Cayman Values

Site Total Shan Simp Even Rich Cover Diam Height Mort Dis Bleach
GCM1 209 2.252623 0.85259 0.765043 | 1.856689 7.40496 20.76645 | 15.92763 | 163.0269 1 1
GCM2 198 1.770921 | 0.751658 | 0.671043 | 1.755474 | 4.226913 | 18.79167 | 12.99167 | 174.9001 5 7
GCM3 191 1.862021 | 0.775088 | 0.671582 | 1.779168 | 5.259153 | 23.28689 | 14.77869 347.575 4 4
GCM4 176 1.879667 | 0.768918 | 0.712249 | 1.773312 | 3.832282 | 20.26404 18.4382 161.4171 1 0
GCM5 162 2.226214 | 0.848118 | 0.785756 | 1.853385 | 15.03335 | 31.40816 | 18.09524 | 342.8671 0 6
GCM6 203 1.905327 | 0.780655 | 0.703579 | 1.784519 | 7.403347 23.1405 13.52893 | 281.8147 0 4
GCM7 272 1.930802 | 0.784197 0.69639 1.78709 8.48965 25.94 15.98 257.8018 0 0
GCM8 175 1.843558 | 0.771657 0.71875 1.776092 | 6.339213 | 28.23529 | 21.08235 | 456.2441 0 0
GCM9 272 2.08058 0.797902 0.6731 1.800847 | 19.14363 29.5719 19.24837 | 304.5311 3 3
GCM10 133 2.163582 | 0.836904 | 0.763649 | 1.843244 | 5.284558 | 22.85263 | 14.33684 | 232.1005 0 2
GCM11 155 1.948242 | 0.818314 | 0.78403 1.823628 | 5.229668 | 19.99444 | 10.23333 | 63.25237 0 5
GCM12 210 2.208148 | 0.860499 | 0.815402 | 1.864616 | 8.753268 | 20.18841 | 11.92754 | 46.42984 2 4
GCM13 116 2.004789 | 0.820303 | 0.759661 | 1.827436 | 6.380013 | 24.53529 | 14.31765 | 161.2575 2 4
GCM14 130 2.021186 0.81645 0.746362 | 1.822779 | 7.403075 24.075 13 121.3686 1 3
GCM15 142 2.471657 0.88048 0.825059 | 1.886725 5.71592 21.95918 | 13.57143 | 116.3676 0 3
GCM16 209 2.463859 | 0.888304 | 0.809276 | 1.892575 | 8.526048 20.58 13.86667 | 112.6665 3 6
GCM17 202 2.117199 | 0.846029 | 0.781817 | 1.850217 | 12.23822 | 21.89474 | 11.27632 | 90.60595 5 7
GCM18 109 1.888434 | 0.822995 | 0.787538 | 1.830615 | 3.730115 | 21.15789 | 13.97368 | 158.9513 2 6
GCM19 186 2.037013 | 0.791787 | 0.734697 | 1.796044 21.009 31.97581 | 16.93548 | 403.3677 0 5
GCM20 184 2.216697 | 0.855801 | 0.766925 | 1.860478 | 9.172517 | 22.45038 | 16.20611 | 143.7955 3 8
GCM21 124 2.284662 | 0.846976 | 0.790439 | 1.853806 | 5.493867 | 20.37059 | 11.36471 | 68.15778 3 3
GCM22 115 2.251661 | 0.845671 | 0.812115 | 1.853089 | 5.069045 28.8125 17.42188 | 401.2581 0 1
GCM23 195 2.320541 | 0.850809 0.78811 1.855194 | 8.706603 | 22.97518 | 16.10638 | 186.9398 1 3
GCM24 155 1.918036 | 0.812404 | 0.747787 | 1.817679 | 8.429847 | 23.36179 | 16.26016 | 83.88555 0 2
GCM25 159 2.130785 | 0.835331 | 0.768518 | 1.840618 | 5.725235 | 21.45327 | 12.17757 | 157.6547 6 7
GCM26 144 2.037605 | 0.832562 | 0.794404 | 1.838384 | 9.303652 | 23.84211 | 12.31579 | 146.4137 3 11
GCM27 208 2.276726 | 0.84412 0.773229 | 1.848178 | 21.83838 | 27.72671 | 14.16149 | 222.5488 4 3

Little Cayman values
Total | Shan Simp Even Rich Cover Diam Height Mort Dis Bleach Total

LC1 198 2.174022 | 0.837415 | 0.725706 | 1.841665 14.68205 27.68493 | 18.00685 | 164.2772 0 2
LC2 187 2.156703 | 0.815351 | 0.732466 | 1.819734 | 22.11043 | 31.12987 | 18.87662 | 327.0542 1 1
LC3 211 2.234877 | 0.836819 | 0.773214 | 1.840803 | 14.86275 | 26.30479 | 16.82192 | 102.7147 1 1
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LC4 160 2.123413 | 0.811016 0.72116 1.816116 | 6.862762 | 21.35784 | 16.54902 | 50.37155 1 0
LC5 112 2.017521 | 0.796078 | 0.727667 1.80325 21.47436 | 32.62371 | 17.90722 | 287.8241 0 0
LC6 171 2.183248 | 0.840669 0.78744 1.845614 | 20.21909 | 31.47778 | 16.74815 | 167.7807 0 4
LC7 248 2.07527 0.795298 0.70481 1.798518 18.79496 27.8787 12.11243 | 109.0724 1 0
LC8 224 | 2.437217 | 0.861368 | 0.800525 | 1.865231 | 23.80674 | 30.02486 | 16.64088 | 105.1026 2 5
LC9 148 2.439397 | 0.878561 | 0.801241 | 1.884538 | 7.162315 | 22.50431 | 14.62069 | 192.1009 3 1
LC10 157 2.27143 | 0.849527 | 0.77143 1.854973 | 8.547017 | 24.39691 | 14.58763 110.978 2 1
LC11 220 1.941146 | 0.774463 | 0.70012 1.777999 | 6.471737 | 20.55217 | 11.76522 | 130.0432 6 3
LC12 145 2.207374 | 0.823781 | 0.763699 | 1.829502 | 9.874382 | 26.30275 | 14.57798 | 173.4041 4 2
LC13 195 2.329065 | 0.879527 | 0.822058 1.88406 18.00548 | 31.08889 | 18.57037 | 200.274 0 1
LC14 167 2.241559 0.85073 0.775526 | 1.855855 12.06127 | 25.69565 | 16.85217 | 48.71449 1 3
LC15 150 2.073377 | 0.826489 | 0.717339 | 1.832036 | 8.794638 | 26.90594 | 14.87129 | 174.3879 1 2
LC16 165 2.127644 | 0.840698 | 0.767386 | 1.845824 | 14.10091 27.4252 14.1811 61.4404 0 1
Cayman Brac Values
Total | Shan Simp Even Rich Cover Diam Height Mort Dis Bleach Total
CB1 170 1.952984 | 0.730311 | 0.651922 | 1.734633 4.83779 19.15169 | 13.83146 | 150.9988 0 1
CB2 204 2.157201 | 0.809448 | 0.720091 | 1.813436 9.41341 25.52632 | 15.89474 314.039 1 0
CB3 164 | 2.359943 | 0.881172 | 0.816484 | 1.886578 19.1559 29.79771 | 14.41221 | 143.2677 2 1
CB4 166 2.000571 | 0.788721 | 0.69215 1.793501 11.27152 25.2521 14.55462 | 165.6101 0 1
CB5 254 1.936297 | 0.763997 | 0.669913 | 1.767016 | 7.497585 19.03041 | 12.28378 | 67.47101 4 0
CB6 187 2.178468 | 0.824387 | 0.739858 1.82882 14.24955 26.91241 12 80.69393 1 2
CB7 209 1.551281 | 0.678235 | 0.587816 | 1.681496 | 9.010998 19.50347 | 12.64583 | 39.06708 1 2
CB8 152 2.188145 | 0.845828 | 0.789206 | 1.851429 13.38305 28.15347 | 16.44554 | 106.5439 4 1
CB9 187 2.206487 | 0.853613 | 0.795822 | 1.858203 15.17488 26.31293 | 15.61224 | 60.60649 2 2
CB10 159 1.989191 | 0.806772 0.75375 1.811878 8.970187 21.29464 | 13.02679 | 118.8178 0 0
CB11 164 1.895934 | 0.760039 | 0.683814 | 1.764701 | 3.929673 17.38043 | 11.51087 | 34.89644 1 0
CB12 205 2.27936 0.852445 | 0.774124 | 1.856624 15.67575 25.31737 | 12.96407 | 71.53296 4 4
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